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Abstract

We consider the problem of pointwise stabilization of a one-dimensional wave equa-
tion with an internal spatially varying anti-damping term. We design a feedback law
based on the backstepping method and prove exponential stability of the closed-loop
system with a desired decay rate.

Key words and phrases: Pointwise stabilization, energy decay, wave equation, backstep-

ping.
Mathematics Subject Classification: 35401, 35A02, 35M33, 93D20.

1 Introduction

Originally developed for spatially one-dimensional linear parabolic systems the so-called
backstepping method has been generalized to a broader class of distributed parameter sys-
tems comprising particular higher-dimensional equations (see [I] and the contained refer-
ences), nonlinear equations [2H4], parabolic equations [5] and hyperbolic equations [6H8].
However, results concerning systems with more general actuation such as the pointwise
control are very rare (see [9,[10]).

In recent years a lot of papers were devoted to the study of elastic structures with
pointwise actuator. Surprisingly, the control properties of those systems are very different
depending on where the controls are located and which kind of boundary conditions are
applied (see [ITHI8] for the wave equation, [I9H21] for the beam equation and [22]23] for the
wave /beam equation) where the authors give several examples (or conditions on the actuator
location) showing that both uniform and nonuniform decay (strong stability or non-strong
stability) (controllability or uncontrollability properties) may occur using essentially the
frequency domains method and the multiplier techniques for problem of stabilization and
Hilbert uniqueness method for problems of control. All the above-tools can be reformu-
lated in semigroups theory. Strongly continuous semigroups remain an efficient tool for
investigating the stability or to build a control for unstable systems.

In this paper, we consider the problem of pointwise stabilization of a one-dimensional
wave equation with an internal anti-damping term with Dirichlet boundary conditions in
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left and right hand side of a unit interval. Without the anti-damping term, Ho [16] shows
that a such system is approximately controllable (in some time 7" > 0) if and only if the
point £ where the feedback is localized is an irrational number. However, he shows also that
even when ¢ is not a rational number the system is not exactly controllable. Noting that
the situation would be different if we change the boundary condition at one of the endpoints
to a Newman homogenous boundary condition and keeping the boundary condition at the
other end the same. Indeed, under some geometrical conditions on & the system system
remains approximately controllable and for more restrictive conditions on ¢ the system
remains approximately controllable.

In this perspective, in this paper we would like to design a control that does not depend
to the position of a such actuator and makes the system rapidly stable. From the engineering
point of view this will be not only useful but also so practical, first, because in practical
it is "impossible” to localized for instance a point £ as an irrational number on a string!
Therefore, because our control design is based on the method of backstepping [7,24]25],
the gain functions formula is explicit and can be calculated numerically via a scheme of
successive approximation. This makes its implementation possible in real problems. In
comparison with the existing literature the novelty of this paper is the explicit construction
of the feedback laws and the complete solving of the strange coupled boundary value problem
mentioned above even with the actuation of the anti-damping term which makes the system
anti-stable in the sense that the eigenvalues of the open-loop system can all be in the
right half of the complex plane, which produces an exponential growth of the norm of the
solutions.

The paper is organized as follows. In section 2] we formulate the problem and state the
main result. In section [3] we introduce the transformation and the boundary feedback which
transform the plant into the target system. In section @ we show that this target PDE is
exponentially stable.

2 Preliminaries

We consider the following transmission wave equation

(2.1)

i (z,t) = uf(z,t) + 2\ (x)u1 (x, ) + a1 (2)u) (2, t) + Br(x)ur(x,t) in (0,€) x (0,+00)
oz, t) = ufj(z,t) + 2Xa(x)Uo (2, t) + co(z)uly(x,t) + fo(z)uz(x,t) in (§,1) x (0,400)
ur(€,t) = ug(&,t) for ¢t € (0, +00)

uj (1) = ubh(&,t) + U(t) for t € (0, +00)
u1(0,t) = ug(1,) =0 for ¢t € (0, +00)
up(2,0) = uf(z), 11 (x,0) = ui(z) for z € (0,€)
uz(z,0) = uf(z), ta(x,0) = ud(z) for x € (£,1),

where the dot stands for the time derivative, the prime stands for the space derivative and
for each time ¢ > 0 the states of the system wi(.,?) and wua(.,t) and the input U(t) are
real-valued functions. The functions uf, ul, u§ and ud are the initial conditions and the
function aq, B1, A1, ao, B2, Ag are the coefficients whose regularity will be defined later, in
particular A\ and Ao are the anti-damping terms.

It is well know that the open-loop plant (i.e., with U(¢) = 0) is unstable and all the
eigenvalues of the system are located in the right half of the complex plan when A\; and Ao
are positive and oy = 1 = ag = B3 = 0.
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When the feedback is given by U(t) = u1(§,t) and all the coefficients are null (i.e.,
a1 = B = A\ = ag = B = Ay = 0) the strong stability of energy for the model ([21]) is
provided if and only if £ is an irrational number (see [14] and [16]). Furthermore, for any
¢ € (0,1)\Q the decay of the solution is not uniform in the energy space. For non symmetric

boundary conditions (i.e., Dirichlet boundary condition on one side and Newman boundary

condition on the other side) the uniform exponential stability holds if and only if £ = b

with p is odd (see [I6]) and where the fastest decay rate of the solution is obtained when
the actuator is located at the middle of the string (see [11L26]). Besides, if & satisfies a
Diophantine approximations properties then we have polynomial decay rate for the regular
data (see [I8], [1I] and [I7]). In our case of symmetric boundary conditions (Dirichlet
boundary condition on both sides) Tucsnak [I8] proved that for every £ € (0,1)\Q there
exists ¢ : [0,+00) — R with tﬂ)riloo 1e(t) = 0 such that the solution (u1,u2) of (ZI))

decreases with the rate that of 1¢(t) as t goes to the infinity for regular data, where the

1
function ¢ tends to zero at most as rt Recently, it was proved in [I5] that 1)¢ can be of

1
the form m and this for all £ satisfying some geometrical condition.
n
Noting that without lost of generality, we set vy = 0 and as = 0. Indeed, if a1 or as is
not identically zero, the following rescaling of the state variables,

ay(z,t) = ez Je () Tup(z,t) and  dg(z,t) = e )< 02(7) gz, 1),

would transform the original wave equation into another one that does not have the first-
order spatial derivative terms, namely we obtain the following system

ﬂl(l‘y t) = u,1/($7 t) + 2)‘1(33‘)“1 (:Ev t) + ﬁl(x)ul (:Ev t) in (07 5) X (07 +OO)
tig(z,t) = uly(z,t) + 2 o(x)ua(z, t) + Sa(x)uz(x,t) in (& 1) x (0, +00)
U1(£, t) = u2(£7 t) for t € (07 +OO)
(2.2) ui (€ 1) = uh(&.t) + 5(a1(€) — az(€))ur (&,1) + U(t) for t € (0,+00)
u1(0,t) = u2(1,t) =0 for t € (0, +00)
up(z,0) = uf(z), 11 (x,0) = ui () for x € (0,€)
uz(2,0) = ul(z), ta(x,0) = ud(z) for z € (¢,1),

where for the sake of simplicity and clarity we keep the same notations for the systems (2.1])
and (Z.2) even that the coefficients of both systems are different. Noting that all our analysis
will be done accordingly to the system (2.2]).

The main idea of this paper is to use the transformations

(2.3)
wy(x,t) = hy(x)uy(x,t) — /0 ki(z,y)uy(y,t)dy — /0 s1(x, )i (y,t) dy, O<ax<¢

and
(2.4)
wa(x,t) = he(x)ug(z,t) —/1 ko(z, y)us(y,t) dy —/1 so(z,y)us(y,t) dy, E<e<1
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and the feedback

(2.5)
00) = ") (1506 = (9 + k€. - ka(6.9) + 5 (0al) - ar(€)
£ ¢ ¢
ti §)< [ retevmutnay - [ [ e

¢ U
_ /1 82m(f,y)ﬂ2(y’t)dy> + (51(6,€) = 52(6.9) /ﬁéi)'

where hy, ho and the kernels ki, ko, s; and s are appropriately chosen to convert the
original system (2.2]) into the following one

W1 (x, t) = w(z,t) — 2dy () (x,t) — 1 (z)wi(z,t) in (0,€) x (0,+00)

Wa(x, t) = wi(z,t) — 2do(z)wa(x,t) — co(z)wo(z,t) in (£ 1) x (0,+00)

wi(§,t) = w2 (&) for t € (0, +00)
(2.6) wi (€, 1) = wh(&,t) for t € (0, +00)

w1 (0,t) = wa(1,t) =0 for ¢t € (0, +00)

wy(x,0) = wi(z), 1w (z,0) = wi(r) for z € (0,€)

wa(x,0) = wi(z), e(z,0) = wi(x) for z € (£, 1),

with appropriate function dy, do, ¢; and cs so that this new system is exponentially stable.

The functions di, ds, ¢; and ¢y can always be chosen to provide any desired decay rate.
Then, we use the exponential stability of (Z.€) and the irreversibility of the transfor-

mations (2.3)) and (24]) to obtain stability of the closed-loop system (2.2]) with the feed-

back ([Z1).

For s = 1,2 introducing the spaces H}(0,§) and H3 (&, 1) by
H3(0,€) = {2 € H*(0,) : 2(0) = 0} and H{(,1) = {= € H*(&,1) : =(1) = 0}
endowed with the H*-norm and the domains

Ti={(z,y) ER?*: 0<2<¢ 0<y<z}and To={(z,y) €R*: ¢ < <1, z<y<1}

Theorem 2.1 We suppose that A1 € C2([0,£]), A2 € C23([¢,1]), B1 € CL([0,€]) and Ba €
CL([¢,1)) then there exist hy € C%([0,€]), he € C%([¢,1]), k1, s1 € C*(T1) and ko, sy €
C%(T2) such that for any (uf,ud, ul,ul) € H}(0,€) x HR(£,1) x L*(0,£) x L*(&,1) satisfying

the following compatibility conditions

3 3
h(€)ul(€) - /0 ki (€, )l (y) dy — /0 51(6,y)ul(y) dy =

3

(2.7) .
ha(€)ud(€) — /1 o€, y)ul(y) dy — /1 536, y)ub(y) dy

and

hi (€)Wl (€) + By (€)ud (&) — ki (€, )ud(€) — s1(&, E)ul(€) — /0 5 krz (€, y)u () dy

13
(2.8) — /0 s12(& y)ut(y) dy = ha()(ud) () + h(£)un(€) — k2(&, E)un(€) — s2(&, Eus(€)

3

13
_ / Feaa (€, )63 (y) dy — / 520(&, y)ub(y) dy,
1 1
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such that the system (22) with the feedback law 23] has a unique solution in the space
C([0,+00), H} (0,&) x HR(£,1))NC([0, +00), L*(0,€) x L*(£,1)). Moreover, for any w > 0,
there exists constant C' > 0 independent of the initial data such that the solution satisfy

(2.9) [(ur (-5 t),ua (1), a1 (1), (- )| 0,6)x HY (6,1)x L2(0,6) x L2(€,1)

- o,0,1 1
< Ce™||(u, uy, ug, ug) || (0,6 % HL (6,1 L2(0,€)x L2(£,1)

Noting here that the proof of Theorem [B.I] provides a numeric computation scheme of
successive approximation to compute the kernel functions ki, ko, s1 and s9 in our feedback
laws (Z.0). This makes the feedback laws (Z3]) implementable in real problems.

3 Control design

In this section we derive the equations for the functions hy, he, k1, ko, s1 and sy and
show that they have a unique twice continuously differentiable solution. Noting that in this
section we will omit all the subscripts with the numbers 1 and 2 and we will recall them
only when it is necessary. For instance, when we talk about w this mean that w play the
role for both w; and we. We denote also by ¢; =0 and g9 = 1.

Using the transformations (23]) and (24]) and equation ([2.3]), we get

o+ 200+ o) = [ ) s — oy — () + B~ 200) + )
—20\)B(Y) + N'(y) + d(2)B(y)s — 4N (1)s, | dy
[0 522 = s = 2000 + @)k~ (0) + 4@ + c(o) + 5(1)e]
Fu(@) 2K (@,2) + 2(\(2) + d(@))s (2, 2) + 2N (@)s(w,2) + (e(x) + B(x))h(x) — W' (@)]
+2i(z) [ (2, 2) + (A(@) + d(@))h(2)] - 20 (@) [(A@) + d(@))s(z,2) + 1 ()]
1 (2) [ (@, £) + 2(\(e) + d(x))s(w,€)] + s(z, )i (e).
In order to satisfy (2.6) we choose k and s as solution of

(3.1) kaw(z,y) — kyy(z,y) = (c(@) + By))k(z, y) + 2(A(y) + d(x))syy(z,y)
+2(My)B(y) + N'(y) + d(x)B(y))s(z, y) + 4N (y)sy(z,y)

(3.2) 2K (z,2) = —=2(A\(z) +d(z))sy(x,z) — 2N (z)s(z, z)
—(c(x) + B(x))h(x) + " (x)
(3.3) k(x,e) = 0,
and
(3.4) Sza (2, ) = syy(,y) = 2(My) + d(@))k(z,y)
(AN (y) + 4d(2)A\(y) + c(x) + B(y))s(z.y)
5) s'(z,x) = —(A(@) + d(z))h(z)
) (M=) +d(z))s(z,z) = —h'(z)

(3.7) s(z,e) = 0.
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The following result asserting the existence of the kernel functions hy, ho, ki, ko, s1 and so

satisfying the equations (B.1)-(B.1).

Theorem 3.1 Letdy, ¢; € CL([0,€]) and da, ca € CH([¢,1]). Then BI)-BI) have a unique
solution hy € C2([0,€]), ha € C%([6,1]), ki1, s1 € C*(T1) and ko, so € C*(T3) such that
hl(O) =1 and hl(f) = hg(f)

Proof :
Dividing (335) by ([B.6), we have s'(z, z)s(z,z) = h/(x)h(x) then integrating we get h(z)? =
s(z,2)? + A. From 1) we find that A = h(e)?. Using (3.8) we obtain
= Az) +d(x
— = @)+ d)

which gives

(3.8) h(z) = V'Acosh </r a(T) d7'>
where
(3.9) a(z) = Mz) + d(x).

3

a(r) dT>

cosh? (
Since h1(0) = 1 and hy(§) = ha(€) so that Ay =1 and Ay =

cosh? <

B (x) </x )
s(x,x) = — — —+/Asinh a(t)dr | .
(w0) = -2 ")

Our goal is to find k(z,x) explicitly. Let us denote f(x) = s,(z,x), integrating (3.2])
and using (B.3]), we obtain

z . Thus,

—

a(r) dT>

we can write

N(T)H (1)
a(r)

We see that we have to find f(z) in order to get k(x,z). From ([B.3]) we get

sz(x,2) = —a(z)h(x) — f(x).

(3.10) 2k(z,x) = W (x) + /; [—2(1(7')]”(7’) +2 — (B(r) + c(T))h(T)] dr.

—~

which gives

Saw (¥, ) = syy (2, 7) = (s2(2,7) = 8y (2, 2))" = [~a(x)h(x) — 2/ ()]

Using B3), B9) and BI0) and the previous equation we show that f is the solution of
the integro-differential equation

(3.11) { 2f'(x) — 2a(x) / a(r)dr = L(z)
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where L is defined by

L(e) = N (0) = (i) + 5() 22 — 20l () — (o)

—2a(z N (D7) T4+ alx : )+ c(T))h(T)dT
2aa) [ HEEar +a@) [ (5(0) +ctr)hir)ar

From (BII) we obtain the following second order ordinary differential equation

{ 2a(x)f"(x) — 2d/(2) f'(z) — 2a(2)* f (z) = L' (z)a(z) — L(z)d (x)

(3.12)

(3.13) VA

fle)=—VAa(e),  f'e)=—5-d(e).

The solution of ([B.I3) is

(3.14) f(x) = —V/Aa(e) cosh < / ’ a(T)dT> + % / ’ L(y) cosh ( /y ’ a(r) dT> dy.

It is easy to show that

(3.15) VAa(e) /r a(7) cosh (/T a(t) dt) dr = a(e) Z/((;E))
Using the fact that, A cosh < / ' a(t) dt> = h(T)h(y) — Z/((:)) ];,((5)) then integrating and
y

W(x)\'
using the fact that (=) = a(z)h(zx) then it follows
a(x)

—g : a(t) [ a(y)? sinh </€y a(t) dt> cosh (/yT a(t) dt) dydr =

o hl(@ﬁl@)z - 221/5(63@) </: a'(y)h(y)* dy +A.a(5)> - @ /: W )2 dy.
and
(3.17) _% /j alr) /: a'(y)h(y) cosh (/yT a(t) dt) dydr =

2}121/((:(:3):) /€ ' a'(y)h*(y) dy — h;j) /6 ' h'(y)/;((z))a'(y) dy.

Since by integration by parts we have

T T 1/ a " :L'2 T T T T
) [N, M) [0, 1) [ g2

then the sum of (315), (3I6) and [BI7) gives

(3.18) ale) ;La((z)) + @ / ") dy.
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B (z)\?
Using the same argument as in [22) and (3.23) and the fact that h(z)? + < (x)) =A
then by integration by parts, one gets

_2VA. / " a(r) / " Ay)a(y) sinh ( / Y a(t) dt> cosh ( /y " a() dt) dy dr

(3.19)
W (z) RGO FIRC SE  AY 2 2h(z) [T My) (y)*
e (3@ - A+ g [ Nn2ay) + 252 [T g,
and
/r a(T) /T a(y) /y X(Z)(?)/(t) dt cosh </T a(t) dt) dydr =
(3.20) ‘ ‘ y Y
W (z) (7 N(y)h' (y)* N () (y) h(z) [* Ny (y)h(y)
el g M Ae ol M e
The sum of ([319) and (B:20) gives
(321 P o) [t ay - [,

Using a simple integration by parts we can perform the following calculations

-5 / Ca(r) / Cay) /0 "(B(t) + ct)h(t) dt cosh < /y "al) dt) dydr =

o) O PR ) 1oy an - 52 [ 2600 + )y

+3 [ BB + ) an
and
_% /x a(T) /T(ﬁ(y) + c(y)) cosh </T a(t) dt) sinh </y a(t) dt) dydr =

(3.23) i ‘L, Y :

h(x) [*(h'(y) W(x) [*h(y)h'(y)

N (B2 0+ ety - g [T 500+ e ay
Summing (:22) and ([B23]) we obtain
(3.21) 3 | G0+ cmmay -5 [ 60+ e an

Putting (3.153),(3.10),(17),[320),([319),([3-22) and [B.23) into (3I4]) where we have to re-
call (3I0) and B.I2) and using BIJ),[B.21) and B.23) we find
_ ()

m(z) = k(z,z) = 20(2) (2A(z) + a(z) + a(e))

(3.25)
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Let us define p;(z,y) with i=1,....,5 by

p1(x,y) = 2(\y) +d(x)), p2(z,y) = c(x) +B(y), palz,y) = 4N (y)
p3(x,y) = 200®)B W) + X' (y) + d)B(Y)),  ps(x,y) = 4N (y) + 4d(x)My) + c(z) + B(y)

Then one get the following equation for the kernel functions

kue(,y) = kyy(z,y) = pr(@,y)syy(z,y) + p2(z,y)k(z, y)
(3.26) b - 22$wﬁ@w%+m®wﬁwaw
k(xz,0) = 0,
and
Saa(,Y) = sy (t,9) = pr(@,y)k(z,y) + ps(2,y)s(2,y)
(3.27) s(z,x) = mf(x) = —+/Asinh </6 a(7’)d7’>
s(xz,0) = 0.

To prove the existence of solutions of ([3.20) and ([3:27]), we perform the following change
of variable

(=x+y, n=z—y.
Let us define the functions G({,n) and G*(¢,n) by

_ (S (= St =g (SN Cm
G(Qn)—k(??T)? G(C777)_3< 2 7 9 >

and denote by b;(¢,n) = p; <_§‘;777_Cg77> fori=1,...,5 and
g1(() =m <g> and 92(4) —ms (%) )

From ([3.20) and (3:27)), one obtain the partial differential equations

G((,O) = gl(C)
G(<7C_2€) = 07

and
G&(Gm) = hiG(Cn) +bsG7 (¢, )
(3.29) G*(¢,0) = g2(Q)
G°((,(—2¢) = 0.

Integrating ([B.28), first respect to n between ¢ and 7, and then with respect to ¢ between
1+ 2¢ and (, one gets

¢ n
Gl =@ =nm+2)+7 [ [ a6 asar
n+2e

1 C K S S S
(3.30) + 2 /77+2€ /0 bi(7, s)(GEe(T,8) — 2GE, (7, 8) + Gy (7, 8)) dsdT

1 /¢ ul
+ - / / b3(7,8)G*(7, 8) + ba(T, 5)(GE(T,8) — Gy (7,5)) dsdT.
4 Jyvoe Jo !
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In the same way, we integrate ([3.29) first respect to 7 between e and 7, and then with
respect to ¢ between n and (, one gets

¢ n
(831) GMCom) = g2(C) — galn + 26) + /+2 / bi(r, $)G(7, 5) + bs(7, 8)G* (7, 5)) ds dr.
n+2e

We use a classical iterative method in order to prove that the coupled equation (B.30])
and (3:31) have a unique solution. Let us define the functions G° and G* as

G =gi(Q) —g(n+2e)  and  G*°((,n) = g2(¢) — g2(n + 2¢)

and set up the following recursion for n =0,1,2,...

G" (¢, ) / / ba(7,8)G™ (7, s)dsdr
n+2¢e

- / / by (T, S)(G?Cn(T, s) — 2GZ;]"(T, )+ Gyl (7,s))dsdr
n+2¢e

+ - / / bs(T,8)G*" (1, 8) + ba(T, s)(Gz’"(T, s) — Gy (7,5))dsdr,
n+2¢e

and
¢

n
i) = [ [ 06 (ns) + ()6 () dsdr
n+2e Jo

By defining M = max{2||¢}||z=, 2||g5 ||z, |95 ||z}, we obtain

1GY(¢ml =191(¢) =1 ()] < Nlghllz=|¢ —nl < M,
1G¥0(¢,m)| = 192(¢) — ga(m)| < lghllze=|C —nl < M,
GE(Cm) = 195(0)] < M, G5O (¢,m)| = 1gh(¢)] < M,
GG =1gs(m)] < M, |G (¢ m)l = 1g5(0)] < M,
GE2(¢.m)| = 0.

Let us denote by § = max{¢, 2¢} and

1
K = 5 max {[[bi]lcr + [[bsllcr, 4llballzee + [[b2]lzee + [[b3llzoe + 2[[ballzee}

and suppose that for some n € N we have

G™(¢,m)| < Mf(n(nw)", Gon(cm) < L5 1oy,
. G ()l < MZK (e IGC < 2
3.32 K" an K™ e
G (¢ n)\_m(ﬂ‘ﬂs) -Gy, (Cﬂ?)’ﬁm(n‘i‘é) Y
Gy (¢om)| < (n+0)"~

(n—1)!
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From ([B3.30) and (331]), we obtain

Gentl <1 b ‘ ! G" dsd 1 b ‘ ! G5 dsd
! (¢ < <[lb1]l e |G™(7,5)|ds T+4H 51| Lo |G*"(7,5)|dsdT
n+2e J0 n+2e J0

- o\ MK™ (¢ (7
4 e Jnt2e Jo

o ~\ MK"™ [S
< <||b1||L + 1|65 | > : / (r 4+ )" = dr
n

4 n+ 1)' +2e
[b1][oe + b5l MK" il
<
_< 2 (n+1)!(n+5) ’

and

|G L (¢, n)| < 1b2]] o= / / |G™ (7, s)|dsdT + 1Bl == / / |G5"™ (T, s)| ds dT
4 n+2e 4 n+2e

HblHLw/ /|G (7, 8)| + 21GZ" (7, 5)| + |Gy (7, 5)| ds dr
n+2¢e

+ L‘lyw / / G (7, 8) + |G (1, 8) | ds dT
n+2¢e

o o +2 o\ MK"
_<MﬁL +%ﬂL-+HMM ) /’ /'T+s ds dr
n+2¢e

+ [[b1 ]| > / / (t+s)" Ldsdr
n+2¢e

Hb2HL°<> + HbsHLoo + 2[baf[ Lo +4[br ]l MK 1
< 5t
= < > o)
In a similar way, we obtain
sl [[b1]|Loe + [[b5][Lee\ MK ntl
, <
G gl = (1= S,
s+l < (loallee + [lbs[lr~\ MEK™ P
Gl < (e B,
’GS n+1( 7?,,)’ < <Hb1HL°° + ”b5”L°°> MK (7]_’_5)717
4 n!
sl [b1llzoe + [1b5]| Lo + [lbicllzee + [[bs¢l[reo ) MK n
Gt < e cllo= ) M) 4oy
and
sm [b1]lzos + [[b5]| Lo + [|b1n Lo + [[bsyllL ) MK n
Gl < gLt ol ) MK oy

Thus, by induction we have proved that ([B:32) for every n € N. Once the estimates ([3:32])

are proved, it follows that the series

oo

G(Cm) =D G (¢m),  G(Gm) =) G (¢ ),
n=0

n=0
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which converge absolutely and uniformly in {({,7), 0 <n < (<2} or {((,n), £E<n<(<
2} and their sum define two continuous functions which are solution of (330) and [B31)). To
see that these functions are indeed more regular, we use the equations they satisfy. Indeed,
from (B.30), we see that G* belongs to C? if b and bs are continuous. Then, from B.30),
we see that if b; with i = 1,...,5 are continuous functions, then G belong to C2. Finally, by
the method of successive approximations we can show that the equations ([B.30) and (B31))
have a unique continuous solution.

4 Exponential stability of the closed-loop system

Let us define the map

IL: HE(0,8)xHE(E 1)XL?(0,£)xL*(&,1) —  H(0,€)xHp(€,1)xL*(0,€)xL*(£,1)
(u1,u2,vi,v2) —  I(u1,u2,v1,v2) = (w1, ws, 21, 22)

where
wn () = ha(x)us (z) — /0 " (ry)un () dy — /0 "1z, y)or () dy,
wa(a) = ha(e)uale) ~ [ kol y)us(y) dy — / " sa(z,y)oaly) dy,

21(x) = s1y(z, 2)ur (z) — s1(z, 2)u) (z) + by (x)v1 (z)

)
/Om[2)\1(y)sl(x y) + ki(z, y)]vi(y) dy — /Ow[ﬂl(y)sl(%y) + s1yy (7, y)]ui(y) dy,

29(x) = S9y(z, ¥)us(x) — so(x, x)us(z) + ho(x)va(x)
/0 [2X2(y)s2(z,y) + ko (x, y)]v2(y )dy—/o [B2(y)s2(x,y) + s2yy (@, y)]ua(y) dy.

This linear map is bounded, and hence there exists a positive constant Cy such that

(4.1) [TL(ur, ug,v1, U2)HHl(o,g)le(g,l)xLZ(o,g)xm(o,g)

< Oy (ury uz, v1, v2) || F1(0,6) x HL(6,1)x L2(0,6) x L2(0,6)-

The importance of II is that it maps solutions (uq,usg,u1,u2) of ([Z2) with the feedback
U(t) given by (23] into solution (wq,ws,n,ws) of (Z6). The map II which converting
the original unstable system into the target system, is invertible. Indeed, to obtain the
kernel functions l%l(a:,y), l%g(x,y), 51(w,y) and 3o(x,y) defining II7!, we simply replace
the functions dy(z) by —Ai(z), do(z) by —Aa2(x), A1(x) by —di(x), A2(x) by —da(x) and
changing the role of ¢1, and 81 and ¢g and f2 in the previous analysis for the kernels kq (z, y),
ka(x,y), si(x,y) and sa(z,y). Thus, we get a map

I HE(0,)xHE(E 1)XL2(0, XL (E,1) —  HE(0,&)xHp (&, 1)xL?(0,&)xL?(&,1)
(w1, wa, 21, 22) — 7wy, wa, 21, 22) = (u1,u2,v1,v2)

and a positive constant C5 such that

(42) T (wr, wa, 21, 22) || 51 (0.6) % B (6,1) < L2(0,.6)x L2(0.6)

< Co| (w1, wa, 215 22) | 1 (0,6)x ' (¢,1) < L2(0,€) x L2(0,6) -
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It is well known that if the initial data (w9, w3, wi, w?) of the system (Z6) belongs to
the domain

D = {(wy,wa,21,22) € H{ (0,€) x H{(£,1) x Hp(0,€) x HE(£,1) t wi(€) = wa(§),
wh (€) = wh(§)

then w(z,t) = 1o gywi(x,t) + L(¢ 1ywa(w,t) belongs to HE(0,1)N H?(0,1) and satisfying the
following boundary problem

w(x7 ) = w/ll(x7 t) - 2d(a;)w(x, t) - c(x)w(a;, t) i ( ) (07 +OO)
(4.3) w(0,t) =w(1,t) =0 for t € (0,+00)
w(z,0) = w'(z), w(z,0) =w!(x) for x € (0,1),

where the initial data are given by w’(z) = 1o ¢ywf(x) + L 1ywd(z) belongs to Hj(0,1) N
H?(0,1) and w'(z) = L gwi(z) + L qywy(x) belongs to H(0,1) and the coefficients
are given by d(r) = L(g¢)di(x) + Lg1yd2(r) and c(x) = Lggye1(x) + Lgyca(z). More-
over, Since [[(w1(.,t),wa(.,t),w1(.,t),w2(-,))|lm1(0,e)x i (e,1)xL2(0,6)x L2(e,1) 18 equal to
[(w(. ), w(- )1 0,1)xL2(0,1) for every ¢ > 0 and the solution (w, ) of the system (4.3)
is exponentially stable, i.e. there exist two constants C' > 0 and w > 0 such that for every
(w,w') € H'(0,1) x L2(0 1) we have

(4.4) (w(- ), () 0,1)x£20,1) < Ce (@, w") | 71 0,1)% 22 (0,1

then for every (w),w?, w},wl) € D we have

(4.5) [(w1 (., t),wa (., 8), 01 (-5 t),wa (- )| (0,6)x HL(6,1)x L2(0,6) x L2(€,1)

< Ce ™ M|(w?, w, wg, wi) || 71 (0,6)x 11 (6,1)x 12(0,6) x L2 (£,1)

where by density of the domain D in the energy space H(0, &) x H'(&,1)x L?(0,&) x L2(£,1)
the estimate remain valid for every (w{, w?, w},wl) € H(0,&)x H'(&,1)x L?(0,&)x L2 (€, 1).
The functions dy, do, ¢; and ¢y are part of the design of the feedback law, and hence we are
able to consider ({.3]) with constant coefficients. In this case, for any w > 0, we can find the
parameters dp, dg, ¢; and ¢y so that (2.9) holds. Indeed, the constant coefficients case, where
we can choose the parameters di = do = d and ¢; = ¢ = ¢ so that the exponential decay rate
w in (@) is as large as desired (in particular w = d see [6,27]), thus combining (@.1I), (£2)
and (L), estimate (29) holds easily with the compatibility conditions (Z7) and (2:J]).

Finally, problem (22) with the feedback defined in (23] is well posed since it can be
transformed to the problem (2.0) via the isomorphism IT defined above, where the prob-
lem (2.6)) is well posed and its solution is written in term of the semigroup. Hence, the
regularity of the solution given by Theorem 2.1 holds too.
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