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ABSTRACT. We deal with the inverse inequality for a coupled hyperbolic system with dis-
sipation. The inverse inequality is an indispensable inequality that appears in the Hilbert
Uniqueness Method (HUM), to establish equivalence of norms which guarantees uniqueness
and boundary exact controllability results. The term observability is due to the mathemati-
cian Ho (1986) who used it in his works relating it to the inverse inequality. We obtain the
inverse inequality by the Lagrange multiplier method under certain conditions.
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1. Introduction. Several approaches are known concerning the principle of unique
continuation. One of them consists in the classical principle of identity for analytical
function, that is, holomorphic (analytic) functions which are defined in some region
can frequently be extended to holomorphic functions in some larger region. These
extensions are uniquely determined by the given functions (cf. [6, 7, 10]). Another
extension process, introduced by Holgren, is based on the resolution of the homoge-
neous boundary value problem for the wave equation, that is, given {f(x), f1(x)} in
PD(Q) XD(Q), let us consider the homogeneous boundary value problem:

ug—Au=0, inQ =Qx]J0,TI,
u(x,0) = f(x),  ui(x,0) = fi(x),inQ, (1.1)
u=0, onx=Ix]0,TI.

It is well known that in this case (1.1) has a strong solution and

U L2(Z). (1.2)
ov
Then we define in @(Q) x%(Q) the quadratic form:

1/2

2
[Hfs fitlo)xaw) = [LO (%) drdt} , (1.3)

where 3 is a part of the lateral boundary X of the cylinder Q, with positive measure.
The quadratic form (1.3) is a seminorm in %(Q) X %(Q). We have the following result:
if u is a solution of (1.1) with {f, f1} € 2(Q) xD(Q), and (du/dv) = 0 on 3, then this
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implies that u is zero in Q, i.e., the seminorm (1.3) is, indeed, a norm in % (Q) X% (Q).
This is true due to the Holgren’s theorem (cf. [3, 8]).

Our purpose in this paper is to establish a result of unique continuation in the
direction of the Holgren’s theorem based on a result of Ruiz [11]. We present this
approach as follows.

Let Q be abounded domain in R with boundary T = Q. In the cylinder Q = Qx]0, T[
we consider the initial boundary value problem for the wave equation (1.1). We are
interested in the following result: there exists an open subset % C Q such that there
exists a time T > 0 and a constant C > 0, so that

T
JQ[|ut\2+ \VuIZ]dx < C[J0 L |u, | dxdt + IIMII%Z(QX(OYT))],
V{f, fi} € Hy(Q) xL*(Q).

(1.4)

Lions (cf. [9]) proved that this estimate holds if Q is of class C?, and 9 is a neigh-
borhood of the part of the boundary Iy = I (x%) = {x €T;(x —x°% v(x)) > 0}, where
x9 is some point of R", and v(x) is the unit outer normal.

Bardos, Lebeau and Rauch [2] showed that, when Q is of class C®, inequality (1.4)
holds if &% satisfies some “geometric control property,” that is: there exists some T > 0
such that every ray of geometric optics intersects the set @ x (0, T).

The estimate (1.4) implies the following unique continuation result: if v € H! (Qx
10, T[) is solution of

Vi —Av+b(x)v =0, in Qx]0,T][,
v=0, onX=Ix]0,TI[, (1.5)
v=0, in%x]0,T[,

where b € L*(%x]0,T[), then
v=0, inQx]0,TJ, (1.6)

see Zuazua [12].

2. Problem formulation. In the cylinder Qx]0, T[ we consider the following initial
boundary value problem for the coupled hyperbolic system with dissipation

o’u 0 ou ov
a2 o (Aaxi) B 5 =0 (2.12)
v 0 ov ou
u(x,0) = f(x), v(x,0)=g(x), na, .10
u (x,0) = fi(x), v(x,0) =g1(x),
u =0, v=0, onX=Ix]0,TI, (2.1d)

where u = (ul,...,u™),(vi,...,v™), A= A* and B(x) = B*(x) are square matrices of
order m, and we are using the Einstein summation convention.
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We assume that

n n
> ACi- T zaOZ|Ci|2, ao > 0, where g; = (C,...,C") e R" (2.2)
i-1 i1

and B(x)n-n =0, x € Q, n € R™. We denote by ¥ the real Hilbert space of quadruples
{u,v,u1,v1} of m-compound vector-functions such that

wve[H @], ulr=vlr=0, wuy,v;e[L2Q)]™. (2.3)

The inner product in ¥ is defined by the formula

ou of +Aav og

<{ulv1u11v1}v{f’g’fl’gl}>?€ = ,[Q (A +Uu; 'fl + V1 gl) dx.

6xi . aXi 6xl- . aXi
(2.4)
We defined an unbounded operator # in # given by:
D(sA) = {{u,v,u1,v1} €9 u,v € [H2(Q) nHYQ)]™, w,v1 € [HH(@)]™],
0 ou 0 ov
_ v _ 2.5
A{u,v,ui,v1} [ul,vl, ax, (Aaxi) Bvy, i, (Aaxi) +Bu1] (2.5)

for {u,v,u;,v1} € D(A).

In standard way, we can check that the domain %(«*) of the adjoint operator is
given by:

D(A*) = {{f.9.fr.1} €%; f.g € [H*(Q) nHHD)]™, fi.01 € [HF(@)]"},
A*{f,9,f1,91} =—[f11g1,i(A af)—Bgl, 9 (A ag>+Bf1] (2.6)

ox; \' 0x; ox; ' 0x;
fOr {f!glflagl} ED(ﬂ*)

Thus, the operator o is skew selfadjoint and from Stone’s theorem it follows that
it generates a 1-parameter group of unitary operators AU(t) in #. Moreover, AU(t) is
strongly continuous in t and AU(t){f,g, f1,91} is strongly differentiable with respect
to t for

f.g.fr.a} D) and %@u(t){f,g,fl,gl}=sm<t>{f,g,f1,g1}. 2.7)

Furthermore, AU (t) takes D(s4) onto D(s) are commutes with «.
It follows that if {u,v,u;,v1} = W){f,g, 1,91}, then u,v is strong solution to
problem (2.1), with u; = u;, v = v, and possesses the following regularity:

{u,v,us,v:} € C°([0,T1;D(s4)) NC* ([0, T1; %). (2.8)
Now, we introduce the following notation:

ou ou

bu) =D A== ==, E(l) = JQ(lut|2+ [P+ puw) +p(v))dx.  (2.9)
i=1 t t
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Since the operator U (t) is unitary, we have

E(t)E||0u(t){f,g,f1,g1}||§€:||{f,g,f1,g1}||§€EE(0), vt eR. (210)

We also observe that, for & = {f, g, f1,91} € ¥, U(t)F is a weak solution in % to the
abstract Cauchy problem

%{u,v,ul,vl} ={u,v1,Au,Av} (2.11)

in the following sense:

JO [<%(t)d€,a>%+(%(t)J¢,A ¢>%] dt = —(F,5(0)),, 2.12)
for every ® € L2(0,T;D(A*)), & € L?(0,T;%), ®(T) = 0.

3. Observability and uniqueness theorem. In this section, we obtain the inverse
inequality by using the Lagrange multiplier method with certain conditions over an
arbitrary neighborhood % c Q.

It is easy to verify that the unperturbed wave equation of (2.1a) and (2.1b) is varia-
tional and that the expression

n

$<ut’al) :%ZAau ou

Jou 1,2
0x; = ox; 0x; 2

[ (3.1)

is its Lagrangian.

The invariance of the elementary action ¥dx; - --dx,dt under the 1-parameter
group of dilations in all variables with infinitesimal operator
0 n-1 0

a_9%
0x; 2 U ou4 (3.2)

0
b=+ (xi—xY)
leads to a conservation law (cf. [1, E. Noether’s theorem, page 88]). Now let { f, g, f1,91}
€ D(sA) and let u(x,t),v(x,y) be a solution of problem (2.1).

After integration by parts, over the cylinder Qx]0, T[, that conservation law we then
obtain the identity:

t=T
TE(T) +J [2(VQ,V)u-u+2(Ve,V)v - v+ C(x)u-us + C(x)v - ve]dx
Q

t=0

T
=J Ig—v(¢(u)+¢(v))drdt
o Jrov 3.3)

T
+J J [Z(ch,V)v-But—Z(VQJ,V)u-th+Cv-But
0 Ja

—CBv; -u+%AC(Au-u+Av -V) +3{(u)+3{(v)]dxdt,

where the pair (u,v) is a solution of (2.1); ¢ (x), C(x) are smooth functions in Q, and

H(w) = ) (AP +1-C(x)) + | ue | (1+C(x) — Ad) — 2@, Ally, U, (3.4)
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We observe that identities of the kind in (3.3) are common in [4, 5]. We have that
1
[2(Vp,V)v-Bu;| <eB(Ve,V)v-(Ve,V)v + EBut “Uy,
1
[2(Vp,V)u-Bvi| <eB(VQ,V)u-(Vp,V)u+—Bv; - vy,
5 € (3.5)
Cv-Bu;—CBvi-u=2Cv -But—g(Cv -Bu)
0 1
< —E(Cv -Bu)+¢€|C|Bv-v +;|C|But-ut.
From these inequalities we obtain

T
J J [2(qu,vw-But—z(vm,V)u-th+Cv-But—Cth-u}dxdt
0 JQ

t=0 T
SJ Cv-Budx +1J J [(1+|C|)But-ut+th-vt}dxdt (3.6)
Q t=7 & Jo Ja

T
+&Cy(B,C(x),®,a0,Q) Jo JQ (p(u)+p(v))dxdt.

From the identity

T T t=T
J I th-vtdxdt=J J But-utdxdt—J (ut-vt+Aqu-vx,.)dx , (3.7
0 Jao 0 Ja Q ’ =0
it follows that
T T
J J th-vtdxdtsE(O)+J J Bu;-urdxdt. (3.8)
0 Ja 0 Ja
So, using this inequality, from (3.6) we obtain
T
I J [2(V, V) - Bu,—2(Vep, V)u- Buy + Cu - Bug — CBug -u| dx dt
0 Ja
1 (T 1
st’ f [(2+|C|)But-ut]dxdt+(C0+7)E(O)+5C0TE(O),
gJo Ja 3 (3.9)
t=T
U [Z(ch,V)u-ut+2(ch,V)v-vt+C(x)u-ut+C(x)v-vt]dx
Q =0

<G (IVel],C(x),a0,Q)E(0).

We then arrive at the following inequality:
TE(0)+5C0TE(O)—C1E(O)—(co+%)E(0)

T am 1 T

SJ J(f(¢(u)+qb(v))d1"+fJ’ J [(2+|C)Bus - v ] dxdt (3.10)
o Jrov €Jo Ja
T

+J I [%AC(AM-LHAU-v)+3{(u)+3{(v)]dxdt.
0 Ja

Now for an arbitrary point x° € R" we find:

Ih={xel(x-x°v(x)) =0}, I =T\I. (3.11)
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Let 9 C Q be an arbitrary neighborhood of Ij. There exists a function g (x) such that
(i (0p/ov)<0onT,
(i) @o(x)=p>0,in Q\D, where @g(x) = inf(azm/axiaxj)nmj.

Setting C(x) = A@p —2@o(x) + u, we have

H(u) = pw) (Ap+1-Cx)) + |ue|*(1+C(x) — AP) — 2@, x, Al Us,
<pu) (AP +1-C(x)=2@)pu) + |u; |*(1+C(x) - Ap)
= (1- )+ (1-2@0(x) +p) |ue |,

T
J J (F(u)+IH(v))dxdt
0 Jo
T
<[] [+ b)) + (1 u=20000) (|| + |ve]?)] dxat
0 Jo
T
<= | Gl vl + b + b)) dxdt
0 Jora
T
+J0 Lb[(1—u)(qb(u)+qb(v))+(1+u—2(po)<\ut|2+|vt|2)]dxdt
T T
=(1—u)J0 LZJE(t)alth0 J@2(u—(p0)(|ut|2+|vt|2)dxdt
T
s(1—u)TE(0)+2(u+sup|(p0\)J I‘(|ut|2+|vt|2)dxdt. (3.12)
0 Ja
We assume that

B(x)u-u = bolul?, in9, (3.13)

then

T . T
J J {vt|2dxdtsij JB(x)vt-vtdxdt
0 Ja by Jo Ja

T
sij J B(x)vs-vidxdt (3.14)
by Jo Ja
1 1 (T
S*E()-l-*‘l’ J B(x)ututdxdt,
bg by Jo Ja
and similarly,
T 5 1 T
J J | e | dxdts—‘[ JB(x)ut-utdxdt. (3.15)
0 Ja by Jo Ja
From these inequalities we obtain
T
J J (H(u)+H(v))dxdt
0 Jo
2
<(1-pTE0) + b—o(u+sup |@o|)E(0) (3.16)

T
+i(u+sup\q90|)f J Bu;-usdxdt.
bo 0 Ja
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Inequalities (3.10) and (3.16) lead to

1 2
T(u=£Co)E(O) ~ (Co+ o+ ¢+~ (u-+sup | o) ) EO)

[ (2+Sup|C|)+i(u+Sup|(p0 ]J J Bu;-usdxdt (3.17)

+J J 1AC(Au-quAv-v)dxdt.

0Ja?2
In the general case, we can choose function @ (x) in the following way:

(p(x)=%|x—x°|2, x € Q\%, (3.18)

and extend it in & satisfying the property (i). Then,
AC=A(AQ —2@o(x)+u) =0, inQ\D. (3.19)

Thus, from (3.17), we arrive at the inequality:

T(u—£Co)E(0) + (C0+C1 w1 bi(wsup | o ))E(O)

4
[ (2+sup|C|)+—(u+sup|cpo ]J I Bu;-u;dxdt (3.20)
+Co(,A) L (Il + V112, ) it
Now we can assume that there exists a function @ (x) which satisfy (i), (ii), and
(iil) A%2@p —2A@y(x) <0, in Q.

(We can construct some examples of these functions under certain assumptions on Q
and 9%.) In this case, from (3.17), it follows

T(u—£Co)E(0) - (C0+C1 +l+£(u+sup !%I))E(O)

bo
1 (3.21)
[ <2+sup|C|+—(u+sup\cpo )]J J Bug-usdxdt.
We choose ¢ such that yu > €Cy (we can set € = (u/2Cp)), and
2Cy  2C4 4C0 4 ( 1 )
T> —+— —|1+—su =Ty. (3.22)
T T \LTsup | o 0

Then (3.20) and (3.21) can be rewritten in the following way:
u (T T
BI-T0)EO) <€ | Bur-widxdt+Co@,a) | (Il 1, )t (.29
U (T
E(T—TQ)E(O) SCJ J But-utdxdt, (3.24)
0 Ja

where C = 6((p,h0,a0,9).
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4. Conclusion. We arrive at the following assertion: in the cylinder Qx]0,T[, we
consider the initial boundary value problem for the following coupled hyperbolic sys-
tem with dissipation:

2u 0 ou ov
32 o (Aaxi) T*a(X)B(X) 5 =0,
0%v 0 ov ou
W‘Txi( axi> ~*a(X)B(X) 5 =0,

4.1)

1u<x,o> - f(x), v(x,0)=g(x),
n Q,

u(x,0) = f1(x), v¢(x,0)=g1(x),
u=v=0, onx=Ix]0,TJ.

Here A = A*, B(x) = B*(x), B(x)n-n=bo|n|? by > 0; AC;-C; = aolC;il?, ap >0, Be
L*(@), and

%, (x) 1, xe9, 4.2)
g(X) = .
? 0, x¢9,

where 9 is an arbitrary neighborhood of the boundary (or a part of the boundary). We
have that:

(1) If @ is an arbitrary neighborhood of Ty = {x €T;(x —x% v(x)) = 0}, then there
exists Ty > 0 such that, for T > Ty, the following inequality holds:

(T_TO)JQ[|ut|2+|vt|2+¢(u)+¢(v)]dx
. ) ; (4.3)
scljo Ll|ut| dxdt+C2L (IaliZe ) + 101122, ) .

(2) If @ and Q are such that there exists a function @ (t) with properties (i), (ii), and
(iii), then, for T > Ty, we have

T
(T—TO)JQ[|ut|2+ |ve |+ p(u) + p(v)] dx < CJO L lug|*dxdt.  (4.4)

REMARK 4.1. Let us consider the coupled system:

Pu 9 [, ou ov

- (Aaxi) +G)U+ED(x)B() S =0, s
v 9 (, v ou -
T = (Aaxi) +G ()Y ~HG(X)B(x) 5 =0,

where A, B, and % are defined above, G = G*, with G(x)n-n =0, x € Q; and support
(G) €9, G € WL ().

These new terms considered add to the right-hand side of the main identity (3.3)
(and the rest of the formulas) the following expression:

T
J J [cpxl.Gxiu-u+(A(p+1—C)Gu-u+(pXtiiv-v+(A(p+1—C)Gv-v}dxdt.
0 Ja

(4.6)
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(In this case, E(t) = [y[lul?>+ [v|> + dp(u) + p(v) + Gu - u + Gv - v]dx.) After the
substitution C = Ap — 2@ + U, this expression takes the form

T
(I—U)JO JQ(Gu-u+Gv-v)dxdt

4.7)
T
+J J [(pxiGXiu UF2Q06GU U+ Py, Gx, V-V +2Q0GV -v] dxdt.
0 Jo '
Thus, we obtain under the same assumption:
(1) In the first case,
(T—TO)I [|ut|2+ |vt|2+¢>(u)+¢>(v)+Gu-u+Gv-v]dx
Q
(4.8)

T T
2
<C Jo L |ue|“dxdt +C L (”“HEZ(@)+”v”§2<@>)dt'

(2) In the second case:

T T
(T-To)E(t) < 1 L L lue |2dxdt +Cs JO (Itl2s g, + 10120, ) dE,  (4.9)
i.e., in this situation only the first case makes sense.

Thus, we have the following results of unique continuation, i.e., if % C Q is an arbi-
trary neighborhood of Iy satisfying (i) and (ii), with support (G) € %, and the pair (u,v)
is a strong solution of the initial boundary value problem for the coupled system (4.5)
with homogeneous Dirichlet condition and

u=v=0, in%x]0,T[, (4.10)
then
u=v=0, inQx]0,T[. 4.11)
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