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INITIAL-BOUNDARY VALUE PROBLEM FOR SECOND ORDER
HYPERBOLIC OPERATOR WITH MIXED BOUNDARY
CONDITIONS
- [CORRECTED FINAL VERSION]-

DJAMAL AIT-AKLI*, ABDELKADER MERAKEB!
DECEMBER 15, 2021

ABSTRACT. We deal with a linear hyperbolic differential operator of the second
order on a bounded planar domain with a smooth boundary. We establish a
well-posedness result in case where a mixed, Dirichlet-Neumann, condition is
prescribed on the boundary. We focus on the case of a non-homogeneous
Dirichlet data and a homogeneous Neumann one. The presented proof is
based on a functional theoretical approach and on an approximation argu-
ment. Moreover, this work discuss an improvement of a result concerning the
range of some operators related to the considered hyperbolic PDE yielding
characterizations for the range space of these operators.

1. INTRODUCTION

Throughout this paper, we let @ C R? to be a bounded planar domain with a C>
boundary. This boundary, 02 :=I';UT,, is formed out of two parts, each of which
is of strictly positive measure. We assume, for simplicity, that 'y is connected and
denote:

We are interested in the study of the second order hyperbolic operator:
Hu == 9}u — Lu, (1.2)

where L is a second order uniformly and strongly elliptic operator, one can think
of the Laplace or the Lamé operator for instance. In the sequel, and only for the
sake of clarity of presentation, the operator £ will be represented by the Laplace
operator £ = A. We consider the partial differential equation:

Hu=f ae. in (0,T) x Q, (1.3)

where T > 0. The equation (1.3) is completed with a mixed boundary condition.
More precisely, we prescribe a Dirichlet condition on (0,7) x I'y and a Neumann
condition on (0,7) x Iy, i.e. we have in the sens of trace:

ou

u=G on (0,T)xTy aj:O on (0,7) x Ty, (1.4)
[
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where 77 is the exterior unit normal defined at each point of I';, and (%‘ denotes
the normal derivative of u. Moreover, initial-in-time conditions are also prescribed:

u(0,2) = ¥0(z), Owu(0,z) = ¥'(z) on Q. (1.5)

Such a problem is known to model wave propagation in case when £ = A is the
Laplace and models for instance the time-dependent elasticity behavior in case
where L is the Lamé system. We address in this work the issue of existence and
uniqueness of a solution to the problem associated to equation (1.3) when endowed
with the conditions (1.4) and (1.5). Moreover, we establish an energy estimate that
asserts the continuous dependence of the solution of this problem with respect to
the data, this estimate expresses the stability of the solution.

Let’s place our work in perspective: a well-posedness result, in case of an homo-
geneous Dirichlet conditions, can be found in [1]. A similar study for the case of a
non-homogeneous Dirichlet condition, on the entire boundary, is dealt with in [2].
Regarding other types of boundary condition, the work presented in [3] deals with
the case of the non-homogenous Neumann-type boundary condition. The problem
with a mixed homogeneous type condition has been dealt with in [4], see also [5].
Statement of the main result. The problem under consideration is given in the
following system:

OPu—Au=f in (0,T) x Q,
u=G on (0,T) x Ty,

ou (1.6)
77 = 0 on (0,7) x Ty,

w(0,2) =9°  Qu(0,z) =T in Q.
Let K () denote the completion of the set of the up to boundary smooth functions

in €2, vanishing on a neighborhood of I'y, with respect to the Sobolev H!()-norm
ie.

K(Q):={veC>(), suppvnly= @}H HHI. (1.7)

Two functions ¢ and n are said to satisfy the weak boundary condition, cf. [4,
Definition 2, p.170], if:

(&n) € K(Q) x K(),
/Aéwz/VfV@, Vo € K(Q).
Q Q

The main result of the paper is stated in the following theorem:

(1.8)

Theorem 1.1. Let f € C1([0,T]; L*(Q)). Assume that (¥°, W) satisfy the weak
boundary condition (1.8). Let G € H'((0,T) x Ty) such that there exists G €
HY((0,T) x 09Q) satisfying:

G=G on (0,T)xTy, (1.9)

G(0,2) =0 on 09. (1.10)

Let {s;}; be defined as in (1.1). We assume further that G satisfy point-wisely a
domination condition near s;, that is:

Iy >0, |G(t, ) O (Jz —s;|*™), vt € (0,7), i =1,2. (1.11)

T—S;
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Then, there is a unique solution u € C°([0,T]; HY(2))NCL([0,T]; L?(Q)) of system
(1.6), moreover this solution satisfies the following energy estimate:
[ullco (o112 (2)) + [[0¢ullcoo, 771 (22))

(1.12)
< C (Gl mo.myxra) + 1F 10,2 ) + 190 @) + 19| 22(0) -

3
where o = — — € and where € > 0 is arbitrary small. (1.13)

The plan of the paper. We prove in section 2 an auxiliary Lemma which states
that the solution of a problem similar to (1.6) i.e. with homogeneous second mem-
ber and initial data, satisfy an energy estimate, cf. Estimate (1.12). As a second
step, we construct in section 3 a sequence of functions that solves approximating
problems similar to (1.6) and that effectively satisfy energy estimate of Lemma 3.1.
We finally pass to the limit and conclude the results of Theorem 1.1.

In all the sequel, we denote by E* the topological dual space of the Banach or
Hilbert space E and if M is a subset of the euclidean space, we denote by C§°(M)
the set of smooth function with compact support in M.

2. PRELIMINARY FACTS

Before presenting the two auxiliary results, we need to set some preliminary
facts:

Remark 2.1. Consider the Dirichlet boundary value problem:
O2u—Au=0 in (0,T) x 9,
u=G on (0,T) x 09, (2.1)
w(0,2) =0, Owu(0,z) =0 1in Q,
where G € HY((0,T) x 09) satisfy the same compatibility conditions as G in
(1.10). Following [2, Theorem 2.1, p.151], there exists a unique solution u €
C°([0,T]; HY(Q)) N C([0,T]; L*(Q)) to problem (2.1), moreover % € L2((0,T) x
00). Let us denote g := (%‘ € L%((0,T) x 09Q) the Neumann data associated to

system (2.1). Combining [3, Theorem A.1, p. 117] and the remark at the beginning
of [3, section 1.2, p. 116], we conclude that u satisfy following energy estimate:
[ullcoo, a2 () + [10rullcogo,r;ma-1(0)
(2.2)
< Cligllzz(o,m)x09)-

where « is giwven by (1.13). Using the continuity of the trace operator on 92 we
deduce from (2.2):

151l o (0.1:m° "3 (00)) ~ el o (015773 (9)) < Cligllzzomxom)- (2.3)
We state a useful density fact that will be used in the proof of Lemma 3.1:
Remark 2.2. Pose
J ={v e C®((0,T) x 99Q), supp v N ({0} x 9Q) = 0}. (2.4)
Pose

—H? —H

j% =7 , h=J |, (2.5)



4 D. AIT-AKLI, A. MERAKEB

which are respectively the completion of J with respect to the H= ((0,T)xdQ)—norm
and HY((0,T) x 9Q)—norm. We claim that J e [J1]". Consider the mized

boundary value problem associated to the Laplace operator on (0,T) x §:

—Av=0 in (0,7) x £,

v=0 on {0} xQ,

% =g on ((0,7) x 0N)U{T} x Q),
where 0((0,T) x Q) := ((0,T) x 9Q) U ({0} x Q) U ({T} x Q). Then consider the
operator

K:[J:" =V CHY((0,T) x Q)
9= K(g) =v,

where V = K([J%]*). The operator K is invertible and continuous between the

closed, and then Banach, spaces [J%]* and V, we deduce that its inverse K1 is
also continuous i.e.

1K= ()l

for allv e V. On the other hand we know that

= HQH[J%]* < Calvllaro,m)x0) (2.6)

[N

{v e C>®((0,T)xQ), suppvN ({0} xQ)=0}CT

is dense in (V, I |‘H1((07T)><Q)) and that K=' maps C™ functions into C* func-
tions. Thus we deuce, using (2.6), that J is dense in [J1]"*. Let us show that

CE°((0,7) x 99) = [H'((0,T) x 99)]". (2.7)

Recall the standard result C§°((0,T) x 09) < L2((0,T) x 02). On another hand,

for any element f € [H*((0,T) x OQ)|* there exists fo, f1, f2, f3 € L*((0,T) x 0L)
such that f is represented by: < f,v >= [ fov + fivy + fox1 + f3vs,. The density
claim follows immediately. To obtain such a representation of f € [H']*, one can
use the Riesz representation theorem and the definition of the Sobolev space H*(M)
on the manifold M := (0,T) x 02, see for instance [6, Section 2.2, p.21-22].

3. AUXILIARY RESULTS

We state the essential auxiliary Lemma needed subsequently for the proof of
Theorem 1.1:

Lemma 3.1. Consider the mized boundary value problem given by:
Ofu—Au=0 in (0,T) x Q,

u=G on (0,T)xTy,

ou (3.1)
ajn—o on (O,T)xfn,

w(0,2) =0, Jwu(0,2) =0 in .
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where we assume that G meet the same compatibility conditions as G in (1.10) on
[y. Then the subspace G C HY((0,T) x T'y):
G € H'((0,T) x T'y) : problem (3.1)
G := { admits a unique solution u such that . (3.2)
ue C%0,T; H*(Q)) N CH0,T; H*1(Q))
isn’t trivial. Moreover, any solution u of problem (3.1) satisfy the energy estimate:

ou
Hajn”Hﬂ((O,T)de) + llull oo, 7 (0)) + 10cull o1 0,77 1o -1(02))

< Cil|Gllm (0.1)xr0) (3.3)

for all G € G, where the exponent 8 equals 2(1 — «) and « is given by (1.13). A
trivial subspace means: a vector space containing only the zero element Og1.

Regarding the non triviality of G, we construct, in step 1 of the proof of the main

result cf. problem (4.12), a sequence of functions that are different from the zero

element and which belong to G, this shows the first claim of Lemma 3.1. Remark

that:

G e H'((0,T) x 99) : G satisfy the —u! (3.4)
compatibility conditions (1.10) on Q[ )

where 7 is defined by (2.4). The equivalence is due to the fact that 0 ((0,7") x 0Q) =
{{0} x 9Q}U{{1} x 9Q}. Consider the non necessarily homogeneous Dirichlet prob-
lem given by the following system:

O*u—Au=0 1in (0,T) x Q,

u=G on (0,T) x 09, (3.5)

w(0,2) =0, Ju(0,z) =0 in Q,
where G € J1 € H*((0,T) x 09). Consider the operator T' defined by:

T:H*((0,T) x 0Q) — L*((0,T) x 00)
Oou (3.6)
G—TG)=g:=
—T(G)=y Fra

the operator T associates to every Dirichlet data G € J; € H((0,T) x 99),
the unique Neumann data g € L?((0,7) x 99Q) corresponding to the solution u of
problem (3.5). Following [2, Theorem 2.1, p.151], the operator T is well defined.
According to [2, Remark 2.2, p.152] the operator T : H* — L? is also bounded.
That said, T(H*((0,T) x 9Q)) C L*((0,T) x 09) can not be complete for the
L?-norm. This is the reason why we restrict, in the sequel, the operator T to
more regular spaces, namely D and A, which are respectively given in (3.19) and
(3.18). But before doing this, we need to consider less regular space. For the case
of distributional Neumann data, following [3, Theorem G, p.119], we know that

T=H(H'((0,T) x 0Q)]") < [Va]", (3.7)
where
Vs :={h € H?((0,T) x 09), h(0,.) = 0}, (3.8)
and 8 = 2(1 — «), where « is given by (1.13).
Before going further, we need to derive a crucial adjoint identity, this is the
subject of Lemma 3.2:



6 D. AIT-AKLI, A. MERAKEB

Lemma 3.2. Let Y be given by (5.8). Two functions G € T-Y(T(H') NYs) C
HY((0,T) x 9) and g € T(H') NYp are respectively the Dirichlet and Neumann
data relatively to a solution of problem (3.5) if and only if the following adjoint
identity is fulfilled:
<G >1p=<g,h >y, vy (3.9)
for alln € [H'((0,T) x OQ)]* and all h =T~*(n) € [Y5]*.
We will prove in the sequel, namely as a consequence of the first step of the
proof of Lemma 3.1, that T'(J1) = Y3, thus estimate (3.9) holds for G € J; and

g € T(J) = Ys, where J and J; are given by (2.5). We now present a proof of
Lemma 3.2:

Proof. Consider the problem, cf. [2, Problem 2.63, p.163]:
02p—Ap=0 in (0,T) x Q,
¢="h on(0,T)x dQ, (3.10)
d(T,x) = 0:p(T,x) =0 in Q.

Pose: n(t,x) := g—%(t,x). According to [2, Estimate (2.65), p.163], we know that if

GeJy C HY(0,T) x Q) and g € L? are respectively the Dirichlet and Neumann
data corresponding to the solution to problem (3.5), then we have:

/ Gn = / gh. (3.11)
(0, T)x 0% (0, T)x 0

for all h € H*((0,T) x 02) D H}((0,T) x 9Q) and all n = T'(h) € L*((0,T) x 9)
such that (h,n) corresponds to the solution ¢ of problem (3.10), which presup-
poses the compatibility condition h(T,.) = 0, cf. Problem (3.10). Set F := {¢ €
HY((0,T) x Q) : ¢(T,.) = 0;¢(T,.) = 0}. We claim that: C5°((0,T) x 92) C
T(F r(OA’T)X(’)Q)) i.e. if the Neumann data is C§°, then the corresponding solution
u of the Dirichlet problem (3.5) satisfy uw € F. To see it, consider the Neumann
problem given by:
2o —Ap=0 in (0,T) xQ,

Vo7 =n on(0,T)xdQ, (3.12)
»(0,z) = 0pp(0,2) =0 in Q.
We denote, in case when ¢ is smooth, h := ¢ [ 1)xan. There is an important

fact to emphasize. Let n € C§°((0,T) x 92). Consider the T'—shifted function
t — nr(t) == n(T —t). Then n(0) = nr(0) = 0. Since the given Neumann data
7 are mapped into solutions ¢ of problem (3.12), then T—shifted Neumann data
n(T — .,.) are mapped into T'—shifted solution ¢r; to see this, one may consider [3,
Identity 1.3, 1.6 p.115]. Consequently for every n € C§°((0,T) x 012), the solution
@7 corresponding to nr satisfy ¢ € F. But since n € Cg° if and only if nr € C§°,
then for every n € C5°((0,T) x 09), the corresponding solution ¢ satisfy ¢ € F,
this proves the claim. We infer that every (h,n) satisfying n € C§°((0,T) x 9)
and h = T—1(n) fulfills the identity (3.11). On another hand, following [3, Theorem
G, p.119], one can see that for every Neumann data n € [H! ((0,T) x 02)]*, there
exists a unique solution to problem (3.12) whose corresponding Dirichlet data satisfy
h = T~*(n) € [Ys]*. Moreover, one may consider the continuity statement at the
beginning of [3, section 1.2, p. 116] to deduce that there exists C' > 0 s.t.:

2l 1yap 0.y x09) = 1T ) llvays < Clinllia o, xo0) (3.13)
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for all n € [H' ((0,T) x 92)]* where Yj is given by (3.8). According to the claim
proved in the beginning of this proof, estimate (3.11) can be rewritten in the fol-
lowing setting: for G € T~' (T(H')NY3) C H' and g € Y3 NT(H') we have:

<G n>1pp=<9,h >y, v, (3.14)

for all n € C§°((0,T) x 9Q) and all h = T~Y(n), h(T,.) = h(0,.) = 0. Let

€ [HY((0,T) x 99)]*. Applying the density fact (2.7), stated in Remark 2.2,
there exists a sequence (™)., in C§°((0,T') x 982) such that ||n™ —nl[(g1)- — 0, this
convergence implies, by using (3.13), that ||h™—h||[y,}- — 0, where h™ := T~*(ny™).
Then (h™,n™) do satisfy:

<G > =< g, B >y, vy (3.15)

for all m € N. Letting m — oo in (3.15), we discover that (3.11) can be extended
to the form:

<G,n>1pp=<g,h >y, [v,)* (3.16)

forallm € [H'((0,T)x0Q)]* and all h = T~!(n) € [Y3]*. The estimate (3.16) is the
desired adjoint identity. Actually we have established the necessary condition part
of the lemma. To see the other direction of the equivalence, it suffices to integrate
by part in (3.16) against adequately regular test functions n and h and then deduce
that (G, g) actually solves problem (3.5). O

The identity (3.9) in Lemma 3.2 is the key for proving the completeness of the
functional space D defined by (3.19). Denote £ to be the closure of T—!([H!]*)
with respect to the strong norm of the dual, b(Y3, [Y3]*):

b([Y35],[Ys]*
([B][B])C

& = T-1([H]) Y], (3.17)

Notice that, since the involved spaces in the topology b are normed, this dual
topology is equivalent to the topology induced by the operator norm. The space £
is a Banach and admits a (non necessarily unique) pre-dual. The existence of such
a pre-dual, that we denote A, can be shown using the sufficient condition stated
in [7, Proposition 1, p.88]. Indeed, since £ is a complete, and so a closed subspace
of the reflexive space [Y3]*, then it is also reflexive. This means that the natural
embedding in the bidual is onto an thus it can be easily shown that the, above
mentioned, sufficient condition for existence is fulfilled. Let us denote

A := a pre-dual of the space £ containing J D C{°. (3.18)
where J is defined by (2.4). We report four observations:

Observation 1. We claim that A C Y. Consider the isometry U : Y — [Y3]* that
associate to each element of Y the unique corresponding element in [Ya]* via the
Riesz representation theorem with respect to the inner product induced by (,)gs i.e.
for every f € [Yg]*, there exists a unique uy € Yz such that: (uy,v)ge =< f,v >
for allv € Yg. Since € is a closed subspace of [Yg]*, then by continuity of ¥ we
deduce that V=1(&) is also closed and thus is a Hilbert space. By definition, every
element of &€ C [Ys]* is continuous on Yz, and thus is continuous on $=1(€) C Y3,
this is due to the fact that both Yz and V=1(&) are endowed with the same norm
|| |- We consider the restriction of ¥ defined by: ¥ : W=1(E) — &, it is still an
isometric isomorphism. Using (3.18), we infer that A = W=1(E). Hence A C Yj
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and A is closed, thus it a Banach space.

Pose:
D :={G € Ji,: there exists g € A, T(G) = g}. (3.19)

1
where J; = jH . The subspace D is endowed with the H*((0,7) x 0§)-norm.
This space is characterized as the largest subspace of J; whose direct image by T
is included in A i.e. such that A D T(D).
B Te!
Observation 2. Let A be a predual of £. We claim that Jy := JH — A. Indeed,
first recall that the spaces A and Jy are reflexive and Banach. Moreover, we have
clearly (since J < Yg and J < Jy <> Yg) that J; < Y, then [Yp]* < [J1]"
C c c

and thus, following (3.17), we have & < [‘7%]*. According to the density fact stated
in Remark 2.2, we have J 7 [J%]*. Consequently, and since J C &£, we have
£ 7 [j%]*. We conclude immediately that j% — [£]* = A. Since J1 — j%, the

claim follows.

Observation 3. The subspace A, being a predual of the closed and then reflexive
subspace € C [Yp]*, is reflexive. Moreover, according to observation 1, it is complete
(with respect to the norm || ||gs ). From preceding observations J C Jh1 C AC Yg,
then we immediately deduce that:

A=Y;. (3.20)
This implies that € = [A]* = [Y3]* then, using (3.17), we have
T () < ] (3.21)

We claim that actually we have T~ ([HY*)* 2 [Y3]** = [Y3] (since Yp is reflexive).
Indeed, since T~1([H']*) is a dense subspace of the Banach space [Y3]* then its
orthogonal complement is trivial i.e. T~ ([H']*)* = {0}. Consequently, we have
the isometric isomorphism:

v5) = (V5] /(T—l([Hl]*))L ~ [TV ([H'])] (3.22)

this shows the claim.

Observation 4. According to [2, Remark 2.10, p.167], for every G € J, we have
g =T(G) € C>*((0,T) x Q). Moreover, given the necessary compatibility condi-
tion (of the Neumann data with initial data) we infer that g(0,x) = 9%(0,2) = 0
for x € 99Q; indeed, this can be deduced using the continuity of the gradient of the
solution corresponding to G on the surface (0,T) x 02 (near {0} x 9Q), cf. the clas-
sical theory of Neumann problems for linear Hyperbolic operators. Consequently,
g=T(G) e Aie T(J)C A, we infer from these arguments that J C D.

An important consequence of this observation is the existence of a unique predual
A of the space £ containing 7. Observation 2 shows also that D and A aren’t trivial.

The operator T : D — T'(D) C A, given by (3.6), is clearly linear and invertible.
The procedure for proving estimate (3.3) is based on the boundedness of its inverse
operator, denoted T~!. For this we need to make use of the Banach isomorphism
theorem. In order to apply this theorem, we need, in addition to the fact that
(A, || llgs) is complete, to show that A = T(D) and that the subspace (D, || |[z:)
is a Banach spaces. We now present a proof of the second claim of Lemma 3.1:
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Recall that Lemma 3.2 asserts that: G € D and g = T(G) € A are respectively
the Dirichlet and Neumann data associated to the solution of problem (3.5) if and
only if (3.9) holds for all € [H']* and all h € T-Y([H']*) C [A]* = €.

Proof of Lemma 3.1:

Proof. The proof is done in two steps:

Step 1: completeness of D. First recall that A = Y3 is reflexive. Let D be as
defined by (3.19). Let G,, € D be a convergent sequence i.e. such that |G, —
G|lzr — 0, then we show that G € D. By assumption, for all n € N, there exists
gn € A=Y such that T(G,) = g,. Surely we have the weak convergence:

Go = G, (3.23)

Using (3.9) we can write:
< Gnyn >111=< gn, h >v; v+ (3.24)

for all n € [H']* and all h = T~Y(n) € T~*([H']*). Then, combining (3.23) and
(3.24), we infer that

gn T H[H'T) =R
h—<gn,h >Y57[YB]*
is point-wisly bounded i.e. for all h € T~1([H']*) there is ¢, > 0 such that
sup | < gn, h >y, vs)+ | < cn- (3.25)

According to (3.22), gn € [Y5] = [T~H([H']*)]*, then g, can be viewed as a linear
functional on T~([H']*). On another hand, since T—1([H!]*) ? [Ys]* then, for

all n € N, there exists a unique bounded linear functional F,, that extends g,, from
T~Y([H']*) to the Banach space [Y3]* such that ||Fn||£([yﬁ]*’R) = lgnllzer—1m117),®)

i.e. such that
< gn,h > < F,,h>
sup _— = _

ner-1qa)) WPl nepva)s hllvs
Following (3.25) We deduce that F,, is point-wisly bounded on [Y3]*. Since [Y3]*
is a Banach space then, according to the uniform boundedness principle, we de-
duce that F), is uniformly bounded. Thus, using (3.22) and (3.26), we infer that
||gn||[T*1([H1]*)]* = ||gn||y[3 is uniformly bounded. i.e. there exists g € Y3 such that
In ;5\ g. Then, letting n — oo in (3.24), we deduce easily that A 3 g = T(G) and

(3.26)

thus G € D. Consequently D is complete. Hence, (D, || ||g:) is a Banach space.
Using Observation 4 we conclude, by density, that D = J;. As a consequence of the
preceding argument, we infer that weakly convergent sequences in J; are mapped
into weakly convergent sequences in A. This observation leads to the conclusion
that the operator T : (J1,| ||g1) = (A, || ||gs) is weakly continuous, and since it is
linear, then it is bounded i.e. 3C > O:

TGl a5 0,1y x09) < CIG 1 ((0,7)x09)5 (3.27)

for all G € J;.
Another important consequence of the above arguments is that T(J71) = Yj.
Indeed, we know that J 7 A. Let g € A, there exists (gn)n, € J such that

llg = gnllzrs — 0, according to the above results, there exists (G,,), € J1 such that
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gn = T(G,,) for all n. Following these assumptions, < g,, h > is a Cauchy sequence
for all h € T~H([H']*), thus < G,,,n > is also Cauchy for all n € [H']*. Then, since
D = J is weakly complete (it is indeed reflexive), there exists G € H' such that:
<G,np>=<g,h>

for all n € [H']* and all h € T-Y([H']*). We deduce easily, by performing an
integration by part, that g = T(G), this implies that g € T(D), thus T(J1) = A.
Step 2: proof of Estimate (3.3). Since J; and A are Banach space and using
(3.27), we apply the isomorphism theorem, to infer that the inverse operator is
bounded i.e. there exists C_; > 0 s.t.

1T~ (Dl 0,1y x09) = Gl 10,1y x00) < C=1llgllm5 ((0,7) %09 (3.28)
for all g € T(J1) = A= Yjs. Set B to be the subspace:
B:={gec H?((0,T)x9Q): g=0on (0,T) xT',}.

The subspace (B, || || g¢) is clearly closed. We infer that A N B is also closed, thus
it is a Banach space. Since T : J; C H' — A is continuous, as well as its inverse,
then T71(A N B) is a complete subspace of i, thus it is a Banach. We remark
that:

e The space T~1(ANB) isn’t trivial. Indeed, one can see with ease that the
non trivial space G, given by (3.2), is nothing but the restriction to I'y of
functions of the spaces T~1(ANB), this is due to the fact that any solution
u of problem (3.1) should satisfy the compatibility conditions (1.10) on
(0,T) x 09, and thus we infer the claimed non triviality.

We immediately deduce from estimate (3.28) that:

|Gl & (0,7)xT0) = ||T71(9)||H1((0,T)xrd) (3.20)
< Coallgllgso,myxra)s
for all g € AN B. Then the restriction of the operator 7~! defined by:
T ANB-T Y ANB) C T
g T 9 =G
is continuous. Consider the operator Re| r)xr, defined by:
Rejo1)xr, : T (ANB) C Ty = C
G — Tryo,mxr,G,
where C := Rejo,7)xr, © T (AN B). The space C is the set of restrictions to

(0,T) x I'y of Dirichlet data G € T~'(A N B) that correspond to Neumann data,
in Yg, which are identically zero on I'),. Following the above remark, we have:

Rej(o,r)xr, o T~ (ANB) =G,
where G is given by (3.2). Estimate (3.29) shows that the operator
P:= (Reoryxr, T ")t ANB—=C=G

is continuous, and it is, obviously, one-to-one and onto. One can easily see, using
the completeness of A and B, in addition to the estimate (3.27), that the subspace
C = G is a Banach space. Then applying the isomorphism theorem we show that
the operator P has a bounded inverse i.e. there exists C7 > 0 s.t.:

9]l s 0.7y xr0) = IPTHG) L2017y xr0) < C1llGlla2 (0,1 xTa) (3.30)
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for all G € G € HY((0,T) x T'y). Finally, by combining estimates (3.30), (2.2) and
the continuous mebedding of H? in L?, we conclude immediately Estimate (3.3).
This ends the proof of Lemma 3.1. (]

4. PROOF OF THE MAIN RESULT

Presently we establish Theorem 1.1, which is about the well-posedness of system
(1.6), this is done using mainly the result of Lemma 3.1.

Proof. The proof is carried in two steps. In the first one we construct, starting
from a Dirichlet problem, a sequence of functions, (u!)., each of which solves an
approximating problem (cf. system 4.12) which is similar to (1.6) and satisfy the
estimate (3.3) of Lemma 3.1. In the second subsection we pass to the limit and
combine with the a priori estimate (4.11), satisfied by u?, and finally conclude the
results of theorem 1.1.

Step 1: construction of the approximating solution. Let {s;};=12 be as
defined by (1.1). Denote by D(s;,e0) C R? the disk centered at s; with radius €,
where €y := %|51 — s9]. Let €, 0 < € < €, be a parameter designed to tend towards
zero. We introduce a sequence of truncating functions x.; € C*(R?), i = 1,2
defined by:

0; |CC—SZ| §627

Xe,i(z) = exp (%) , < |r—si| <e
1, e<|z—s

Define:
Xe1(x), Ve, |z —s1| <€, Vit € (0,
Xe(t,z) = Xe2(x), Vz, |x —s2| <€, Vit e (0,
1, VeeR2—V,UW, Ve (0,T),

),
T), (4.1)

where we denote V; := D(s;, €p). It is easy to see, from the definition (4.1), that
the functions (). are constant with respect to the time variable and satisfy:
1) |xe(t,z)| <1, Vte (0,T),Vr € R Ve > 0. (4.2)
2) €700 Xello,0,7)xv; — 0 as € = 0, with ~ > 0. (4.3)
3) Ixe(t,x)] =1, ase—0,Y(t,z) € (0,T) x Ty.

Let us cover the set Q by open sets U; and Us such that:

(i) Q c U uUs, for all € > 0,

(i) Uy noQ =Ty,

(iii) |of — s3] < 3€2, for every i = 1,2 ,
where we denote {af, a§} := QN IUS such that d(af, s1) < d(a§, s1), for all € > 0.
The condition (ii) implies that OU; N 9Q = {s1, s2}. Consider, for every € > 0, the
partition of the unity (¢, 5) subordinate to the cover (Uy, US) i.e.

(a) ¥ € C°(Uy), 0 < § < 1, for 1 <i <2,

(b) supp ¥§ C Uy, supp ¥§ C US, Ve > 0,

(¢) ¢S(x) 4+ 5(x) =1 for every x € Q.
Define the functions:

Wit x) = U5(x), Y5t z) =5(z), Ve (0,T),Vx €. (4.5)
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Thus, the functions vf, 5 are constant with respect to the time variable. One
immediate consequence is:

%1 = 1|oo,0,7)xry — 0 as e = 0. (4.6)

Let G € H'((0,T) xTy) and G € H' ((0,T) x dQ) be such that conditions
(1.9)-(1.10) are satisfied. Consider the Dirichlet boundary value problem:

Ofu—Au=0 1in (0,T) x Q,
u=G on (0,T) x 99, (4.7)
w(0,2) =0, Owu(0,2) =0 in Q,

the compatibility conditions are well met by G on 9. Denote u € C° ([0,T); HY(Q))n

C' ([0, T]; L*(2)) to be the unique solution of (4.7). It is easy to see that the func-
tion x¢ju satisfy the following system:

(‘:)E(XE’L/JEU) - A(Xe@[]iu) = fe in (O,T) x €,
XeYju =G, on (0,T) x Ty,
A(xeYiu) (4.8)

W =0 on (O,T) xI‘n,

(xju)(0,2) =0, O (xeju)(0,2) =0 in £,

where G := ¥$x.G and f. € C'([0,T]; L*(Q)). One should remark that the
homogeneous Neumann condition in (4.8) arises from the conditions (ii) and (b).
Consider the function w, satisfying the following system:

OPwe — Awe = f — fo in (0,T) x Q,
we =0 on (0,T) x Ty,

Jwe
a%:o on (0,T) x T,

we(0,7) = ¥O(x), Ow(0,x) =V (z) inQ,

(4.9)

where (U0, Wl) satisfy the weak boundary conditions (1.8). In virtue of [4, Theorem
1, p. 170] and its Corollary, see also [5], there is a unique w. € C*([0,T]; K(Q)) N
C?([0,T]; L?(Q)) satisfying, for all € > 0, system (4.9). Then it is obvious to remark
that the function w. := x¥{u + w, solves the following system:

OPue — Aue = fin (0,T) x Qj,

ue =G, on (0,T) x Ty,

Oue
6%:0 on (0,7) x T,

uc(0,2) = ¥0(x), Owuc(0,2) =¥ (x) in Q.
On the other hand, consider the function u? that solves the system:

O2u? —Au? = f in (0,T) x Q,

u? =0 on (0,T) x Ty,

2 4.10
%:0 on (0,T) x Ty, (410

u?(0,2) = U9 (z), Ou?(0,z) = ¥l(z) inQ,
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following again [4, Theorem 1, p. 170], see also [5], we deduce that (4.10) admits a
unique solution:

W € CY([0,T]: K() N C2([0, T); L*()),

moreover we have, cf. [4, Estimate 1.9, p. 170], the following estimate:

||| o (0,77 (0) e ((0,77: L2 () (4.11)
< C(Ifllzr 2@ + 190 52 0) + 1% 2 )-

Step 2: passing to the limit using Lemma 3.1. It is immediate to see that
ul == u. —u? € C°[0,T); HY(Q)) N C([0,T]; L?(2)) exists and satisfy, for every
€ > 0, the system:

OPul — Aul =0 in (0,7) x Q;

ul =G. on (0,T) x T'y;

; (4.12)
6(,;: =0 on (0,T) x Iy;

ul(0,2) =0, Owul(0,x)=0in Q,

and thus G, € G for every ¢ > 0, where G is defined by (3.2). Moreover, the
associated solution u! of system (4.12) satisfy, for every e > 0, the assumption of

1
du,

Lemma 3.1. Consequently, if we note g! := 5,5 we obtain by applying (3.3):

lgell 22 0.1y xra) < ClGXWS a1 (0.7 xT0)- (4.13)
for all € > 0. The H!—norm of G, — G = G — G satisfy:

IGe = Gllm((0,m)xra)

<N Ge = G20,y xrg) T 10:Ge = 0Gl[ T2 0.7y xT0) (4.14)

+ IVaGe = VaGll72((0.1)x1)-
We show that |G — G||g1(0,r)xr,) — 0. Since both of ¢f and x. are constant
with respect to the time variable, and considering (4.2), (4.4) and (4.6), then we
can easily see that the limit of the first two terms in the RHS of (4.14) is zero,
one can use for instance the dominated convergence theorem. Let us estimate the
limit of the term ||V,Ge — V2G||r2(0,1)xr,)- This term involves the L?-norm of

the gradient on the surface (0,7") x 9§ and therefore we need to apply Estimate
(4.24) of Remark 4.1 that yield us with expression of V. (¢§x.G), thus we have:

[VaGe = VaGllr2(0,1)xr0)
< xe¥1VaeG — VG| L2 (0,1)x10) (4.15)
FIGXVaillL2 0,1y x10) + 1GYIVaXellL2(0,1)xr0)-

Let us note the following three facts:

(A) Using Estimates: (4.2), (4.4) and (4.6), we can show easily, using dominated
convergence, that:

||X51ZJ§VEG — vaHL2((O,T)><Fd) — 07 as € — 0.

(B) Given condition (i)-(iii) and (b), the support of V9§ is contained in the
region U;D(s;,€2), for every € > 0. Moreover, according to its definition
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(4.1), the function x. is zero on this region, thus:
1GX V¥l (0,1)x10)

2 . (4.16)
= NGX Vb L2 (0.1 {weTa, [a—si|<e2}) = 0.
i=1
(C) Using condition (1.11), the properties (a) and (4.3), we infer:
2
IGUsVaxellzz(o.mxra) = O NG VaXell L2 (0.1 x {weTu, e2<lasi|<e})
i=1
< 2/l€7]| L2((0,7) x {zeTa, e2<|a—si|<e}) = 0,
we have used the fact that the support of 9, x. on I'; is contained in U;{z €
La, € <|z—s;|<e€}).
Consequently, using the facts (A)-(C) we infer that:

Hvz(G'LZJEXE) — VCEG”LQ((O,T)XFd) —0 ase—0. (417)

Finally, combining (4.14) and (4.17) one can see that |Ge — G|/ g1 (0,r)x1,) — 0.
Consequently, since A is complete, we deduce from estimate (4.13) that there exists
gt € HP((0,T) x Ty) such that ||g! — 9" | zr5 ((0,7)xT,) — 0 and thus, by passing to
the limit in estimate (4.13), we obtain:

llg" 1226 (0,7 xr0) < CNGl 11 (0,7 xT0)- (4.18)
Since G, and g} converges strongly in H'((0,7) x T'y) resp. H?((0,T) x I'g), then
G. — G ae. on (0,T) x 'y and g} — 0 a.e. on (0,7) x I',,. Using the energy
estimate (2.3), when associated to the Neumann data g! — ¢g' and letting e — 0,
one can easily see that the limit functions G resp. ¢' are the Dirichlet resp. the
Neumann data on T'y of problem (3.1) whose solution is u! = limu!l. Combining
Estimates (2.2), (4.18) and the continuous embedding of H” in L? we conclude:

[u || oo, 7510 (@)ncr (0,101 () < CIGIE (0,1 %T0)» (4.19)

where u' solves (3.1) with the function G as a Dirichlet data on (0,7) x I'y.
Conclusion. It is immediate to see that the function u := u! 4+u? solves uniquely sys-
tem (1.6), where u? is the unique solution of problem (4.10). Combining estimates
(4.11) and (4.19) we infer that:

HuHCO(O,T;HO‘(Q))ﬂcl(07T;Ha—1(Q))
= llu! + u®[loo 0,7, 50 (@))nc 0,711 (2)
<C (1G]l a (0,myxra) + IfllLr o222y + 19 @) + 19 L2@) »

which yields estimate (1.12) that guarantee the stability of the solution. Finally, it
is easy to see how the uniqueness of the solution u follows from this estimate, and
thus conclude the proof of Theorem 1.1. O

Remark 4.1. Since G € H'((0,T) x Q) we know, cf. [8, Theorem 1, p.40],
there exists G* € C*®(dQ) such that ||G" — éHHl((O’T)XaQ) — 0. On the other
hand, given that 0Q € C°, we know, cf. [9, Theorem 2, p.12], that there exists an
extension GZ of G™ having a sufficient reqularity, say é: € C1(R?) such that:

Gr=G" on (0,T) x 00 (4.20)
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the rule of derivation of the product on € yields:
Vi (GEXVS) = XSV GE 4+ GEx Voth§ + GoiVaxe,  ace. in (0,T) x Q. (4.21)

Given the smoothness of all the involved functions, identity (4.21) holds true
when passing to the boundary points T'y. Thus, taking into account (4.20), we have:

Vo (G"xe]) = X Wi VG + Gx Vi + G™YiVixe, a.e. in (0,T)xT4. (4.22)

Using the density assumption, we pass to the limit n — oo by using the dominated
convergence theorem to deduce that:

V2 (G"Xxc]) — (X1 VG + GX Va1 GYIVaXe) lr ((0,1) <00
< Ixe¥iVaG™ = X1 VG + |G X Vath — GXeVathi]
+ |G Vaxe — GUTVa x|l

— 0.

(4.23)

On one hand using the density assumption, and on the other hand converting the
normed convergences in (4.23) into point wise convergences, we get using (4.22):

ViGe(t,r) = Vz(GXd/)i)(t’l‘)
= X Wi VG + GxVobf + GiVixe, a.e. in (0,T) x Ty.

Remark 4.2. One should notice that the derivative 0;1{ can become infinite when
e — 0, the point behind the domination condition (1.11) and condition (iii) is to
annihilate the effect of this possible blow-up.

- Finally, we emphasize that the results stated in [2] and which are used in this
paper, were established within the framework of the Laplace operator. That said,
they remain valid in case of a strongly and uniformly elliptic operator L in (1.2).

REFERENCES

[1] C. H. Wilcox, Initial-boundary value problems for linear hyperbolic partial differential equa-
tions of the second order, Arch. Ration. Mech. Anal. 10 (1), (1962), 361-400.

[2] 1. Lasiecka, J.-L. Lions and R. Trigianni, Non homogeneous boundary value problems for
second order hyperbolic operators, J. Math. pures et appl. 65 (1985), 149-192.

[3] I. Lasiecka and R. Trigianni, Regularity Theory of Hyperbolic Equations with Non-
homogeneous Neumann Boundary Conditions II. General Boundary Data, J. Differential
Equations, 94 (1991), 112-164.

[4] K. Ibuki, On the regularity of solutions of a mixed problem for hyperbolic equations of second
order in a domain with corners, J. Math. Kyoto Univ. 16 (1), (1976), 167-183.

[5] K. Hayashida, On a mixed problem for hyperbolic equations with discontinuous boundary
conditions, Publ. RIMS, Kyoto Univ. 7 (1971/72), 57-67.

[6] H. Hebey, Nonlinear Analysis on Manifolds: Sobolev Spaces and Inequalities, Courant Lecture
Notes 5, New York, N.Y, Courant Institute of Mathematical Sciences, 2000.

[7] G. Godefroy, Espaces de Banach: existence et unicité de certains préduaux, Ann. Inst. Fourier,
Grenoble 28(1) (1978), 87-105.

[8] V. I. Burenkov, The density of infinitely differentiable functions in Sobolev spaces for an
arbitrary open set, Investigations in the theory of differentiable functions of many variables
and its applications. Part V, Proc. Steklov Inst. Math. 131 (1974), 39 - 51.

[9] C. Fefferman, Whitney’s extension problems and interpolation of data, Bull. Amer. Math.
Soc. 46(1) (2009), 207-220.

11,2CSP, MouLoub MAMMERI UNIVERSITY OF Tiz1-Ouzou, 15000, T1zI-OUZOU, ALGERIA.

*CORRESPONDING AUTHOR: djamel.aitakliQummto.dz



