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EXPONENTIAL STABILITY TO LOCALIZED TYPE III
THERMOELASTICITY

JAIME E. MUNOZ RIVERA AND RAMON QUINTANILLA

ABSTRACT. This paper investigates the system proposed by a wave equation and a heat equation
of type III in one part of the domain; a wave equation and a heat equation of type II in another
part of the domain, coupled in a certain pattern. In this paper we prove the exponential stability
of the solutions under suitable conditions for the thermal conductivity and coupling term.

1. INTRODUCTION

The model for heat conduction based on the Fourier’s law and combined with the energy
equation
cd = V.q
allows the infinite speed of propagation phenomena. This is not well accepted from the physical
point of view, because it violates the causality principle. Several modifications in the constitutive
relations have been proposed along the years to overcome this drawback. The most known is the
one proposed by Maxwell and Cattaneo [23]. This theory modifies Fourier’s law and introduces

a relaxation time to obtain the constitutive equation
Xoqt +q = bV,

where ¢ is the heat flux, x( is the relaxation time, b is the thermal conductivity and 6 is the
temperature. The combination of this relation with the previous energy equation brings to
a heat conduction equation of hyperbolic type with dissipation. There are two thermoelastic
theories having this heat conduction equation. Green and Lindsay [1] introduced one and the
second was proposed by Lord and Shulman [16]. In both cases, the thermoelasticity is described
by a system of hyperbolic equations. The hyperbolic heat equation has not been the only
alternative proposition to the parabolic equation of heat. We can also cite (among others) the
two temperatures model suggested by Chen, Gurtin and Williams [24-26] or the time reversal
thermoelasticity [28] to overcome the difficulties remarked before.

In the decade of the 90’s Green and Naghdi proposed three thermoelastic theories [2—4] which
were based on an entropy balance law rather than the usual entropy inequality!. They were pro-
posed from a rational point of view and were based in the axioms of thermomechanics. The main
difference between them came from the choice of the independent variables. If the independent
variables were the gradient of deformation, the temperature and the gradient of temperature
one obtains the theory that Green and Naghdi called of Type I. The system obtained when we

Key words and phrases. exponential stability.

IThis represents an alternative way to obtain the basic constitutive equations in thermomechanics
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2 J.E. MUNOZ RIVERA AND R. QUINTANILLA

consider the linear version coincides with the classical system of the thermoelasticity based on
the Fourier law and it proposes an hyperbolic/parabolic system. The Type II theory corresponds
to assume that the independent variables are the gradient of deformation, the temperature and

the gradient of the thermal displacement, where the thermal displacement is defined by

T(-,t):/o 0(-,s)ds + 7(-,0).

This theory is also known as thermoelasticity without energy dissipation, because in this case
the energy is not dissipated. It also proposes an hyperbolic/hyperbolic system, which is very
different from the ones proposed by Lord and Shulman or Green and Lindsay. The most general
system is the one called of Type III, because in this case the independent variables are the
gradient of deformation, the temperature, the gradient of the thermal displacement and the
gradient of the temperature. It is worth noting that Type I and Type II are two limiting cases
of it. Type III proposes an equation, which is similar to the one proposed for the Kelvin-
Voigt viscoelasticity, for the heat conduction. Therefore we also obtain a hyperbolic/parabolic
system which is very different from the one proposed for the Type I. It is worth noting the
big difference between the time behaviour for these two last theories. Meanwhile the Type II
theory is conservative, we have stability and we do not have asymptotic stability, the Type II1
thermoelasticity proposes generically the asymptotic stability [21] and in the one-dimensional
case we always have exponential stability (see [19,21]).

In order to clarify the applicability of these new theories it is needed a mathematical and
physical study. In fact, they are under a deep mathematical interest. It is suitable to recall the
works of Hetnarski and Ignaczak [5,6] as well as the books Ignaczak and Ostoja-Starzewski [7]
and Straughan [20]. As we are going to focus our attention to the new theories of Green
and Naghdi it is suitable to say that they have attracted much interest in the last years (
see [22,31-36,38-41,43], among others) .

In the absence of source terms the field equations that govern the one-dimensional version of

the linear Type III thermoelastic theory are
p(@) uy — (a(z)ue — B(x)0)s =0, (1.1)

c(x) T+ B (x) ue — (k(x)T + b(x)03), = 0. (1.2)
Here p(x) is the mass density, a(z) is the elasticity, 5(z) is the coupling term, ¢(z) is the thermal
capacity, k(x) is the conductivity rate which is a constitutive function typical in the Green and
Naghdi theories and b(z) is the thermal conductivity which must be non-negative by virtue of
the basic axioms of the thermomechanics. This system of equations defines the one-dimensional
Type II thermoelasticity theory when b(z) = 0.
An interesting question to clarify in continuous mechanics is the decay of the perturbations
when the dissipation of the system is localized [27,29, 30, 37, 42, 44, 45]. That is when the
dissipation only holds in a proper part of the body. Looking for such kind of situation, we

can consider the corresponding problem for the Type III thermoelasticity when the thermal
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conductivity is stricly positive only in a proper sub-domain of the domain. In that case we have
that the energy dissipates only in a proper part meanwhile in the remains of the body we have
the Type II system. To be precise we will consider the oscillations of a string configured over
the interval |0, £[ with termoelasticity of type III. This is a typical problem called transmission
problem. We have a dissipative structure in a part of the domain and a conservative structure in
the remains. The natural question is to know how the behaviour of the dissipative part transmits
to the whole domain. We here assume that the dissipative effect of the difference of temperature

is effective only over an interval |1, £].

Model
Thermo type II Thermo type III

- :
l l

o F

In this paper we consider the problem determined by the system
uy — (auy — 1)z = 0, ]0,£[x]0,00[ (1.3)
Tit — (kT + 0Twt)z + Puze = 0, ]0,£[x]0, 00[ (1.4)
where a, k are positive constants, but b is a function of the material point as well as 8. The
meaning of the positivity of the constants a and k is related with the elastic stability and the
non-negativity of b(x) is a consequence of the basic axioms of thermomechanics as we are pointed

out before.

To get a well-posed initial-boundary value problem we need to prescribe the initial data

u(z,0) = up(z), w(z,0)=wui(x), in]0,£[, (1.5)

7(z,0) = 19(x), T(x,0)=71(x), in]0,¥], (1.6)

and the boundary conditions

u(0,t) = u(l,t) =7(0,t) =7(¢,t) =0, Vt>D0. (1.7)
Here we consider b € C1(0,¢) as a non-negative function such that sup (b) CJ0,¢[, and whose

graphic is given by
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That is, we have a system that is of Type II in a certain sub-domain and of the Type III in the
remains. We want to know the time decay behaviour of this system. Liu and Quintanilla [12]
obtained an answer to this question in the case when that the coupling function is given by a
constant and under suitable conditions of regularity for the thermal conductivity. The authors
proved that the solutions decay in a polynomial way. This means that the decay of solutions
is upper bounded by a polynomial function. In this paper, we have proposed how to improve
this result and to know when an exponential negative can control the decay, which is a faster
rate of decay. However to obtain this new kind of decay we need to change a little bit the
assumptions (see (2.1)). We need to impose again a certain regularity condition on the thermal
conductivity and that the coupling function must be controlled by the thermal conductivity in the
neighbourhood of the point where the thermal conductivity vanishes. Certainly this condition is
very different from the one proposed in [12] and it implies that the coupling function cannot be
a constant; however the thermomechanical meaning of this condition does not seem transparent.

From the mathematical point of view we are working with a model with localized dissipation
acting on the temperature distribution. We are dealing with a coupled model where the motion
equation is of the hyperbolic type, but the equation for the temperature difference does not
have a well defined classification, it is certainly hyperbolic on one component of the material,
but on the component associated with type III thermoelasticity it no longer is. As in the wave
equation with localized dissipation, the main tool to show uniform stability is the observability
inequalities. However, due to the non-hyperbolic nature of the system, the observability is not
immediate and a more complex procedure is necessary to obtain the corresponding inequalities.

In the literature we also have models to thermoelastic beams, which are described by equations
of fourth order for the mouvement equation, these models have a different nature to the ones
studied here, for example when the Fourier law is used for the heat flow the corresponding system
defines an analytical semigroup as shown by Lasiecka and Triggiani [48] and also Renardy and
Liu [49]. To non linear models see [46,47]

In the next section we recall the semigroup approach to the proposed problem and in the last

section we obtain the exponential decay of solutions under suitable conditions for the functions

b(x) and S(x).

2. THE SEMIGROUP APPROACH

In this section we recall the basic properties of the solutions of our problem.
Here we impose the basic hypotheses on the functions b(x) and (x). We assume that there

exists a positive constant ¢ such that the following conditions
¥ (@)]* < clp(@)l, 18]+ 18> < clp(x)],  Va €)lr, b1 + 0. (2.1)

hold, with ¢ small, but positive. It is worth noting that we assume that the only point where

the function 3 vanishes inside the interval [¢1, ¢] is the point /;.
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We define the phase space where we are going to work
H = H(0,0) x L*(0,0) x H}(0,0) x L*(0,0)
with the norm ,
213, = /0 [0(5)|? + alug(5)|* + [0(s) | + k|7u(s)* d
where z = (u, v, 7,6). The operator A is given by

Ut
Az — (aum + /39)33
Tt

(kTy + 003) — oy
We have that

D(A)={z€H; v,0 € H)(0,0), uy, (krp+b0,) € H(0,0)}.

So we have the following result:

Theorem 2.1. Under the above conditions the operator A is the infinitesimal generator of a

contraction semigroup over the space H.

PRrROOF.- The proof follows by standard procedures.

Note that this damping produces a class of invariants semigroups. In fact, let us consider the

space V defined by
V= {w € L*(0,0); /gb(x)\wx\Q dx < oo}
It is not difficult to prove that the space ’
Hy, = HE(0,0) x L*(0,0) x H(0,0) x V

is an invariant subspace of the semigroup S(t) = e, We also note that this is a Hilbert space

with the norm

l
213, = / [0(s)[? + alua(s)[* +10(s) | + bl6x(s)[* + k|72(5)|? da.
0

3. EXPONENTIAL STABILITY

In this section we prove the exponential stability of the solutions to the proposed problem
whenever the conditions on the functions b(x) and B(x) hold. The main tool we use is the

characterizations of the exponential stability stablish by Huang and Pruess [8, 18], that is

At

Theorem 3.1. A contraction semigroup S(t) = e over a Hilbert space H is exponentially

estable if and only if
iR Cp(A) and [|(IA]—A) g <C, VAER

Lemma 3.2. Under the above conditions, iR C p(A).



6 J.E. MUNOZ RIVERA AND R. QUINTANILLA

Proof. The proof can be obtained in a similar way to the one proposed in [12].
U

Given F = (f1, f2, f3, fa) € Hp and X € R, where |A| large enough, we consider the resolvent
equation. Let z = (u,v,7,0) be the unique solution of the resolvent equation. In terms of its

components we can write

iu—v = f1, ]0,/] (3.1)
iAv— (aug + 80); = fo, 10,¢] (3.2)
=0 = f3, 10,4 (3.3)
iND — (kTy + b0y)s + Bos = f1, 10,4]. (3.4)
We see that
l
/O b6, 2dz < C|=||F| (3.5)

where C' is a calculable positive constant.
Let us introduce the following notations. For the interval where the local continuous viscosity

is effective we denote as

lo
L(s) = [v(s)|> + aluz(s)|>,  FEu(ly,l) :/l I,(s) ds

l2
Lo (s) = |6()]2 + [kma(s) + b0a(s)[2, ET(ll,lg):/l I(s) ds

Finally, let us denote as
Py = auy (0)B[kT4(0) + b(£)0(0)].
Note that
|P,| < C*I ()21, (0)"?

where C* is another calculable positive constant.

Lemma 3.3. Let us suppose that conditions (2.1) hold. Then for any e > 0 there exists a

positive constant Ce such that
l
/ bIAG? dx < C|l2|[|F || + Ce|| FII* + ell=]1* + C| 7| (3.6)
0
whenever |\| is large enough.

Proof. We multiply the relation (3.4) by iAbf, after an integration it follows that
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l l l l
/ BN dz = Re / (kT + b0y )iNb0 dz — Re / Bugibl dz + Re / F4iNb0 dx:
0 0 0 0

Y4 l J4
= —Re/ (kT + 005)iAVO dx — Re/ (kTy + b0;)iAbO, dx — Re/ Bugi\bl dr + R
0 0 0

¢ ¢ ¢
= —Re/ (kT2 A0 + b0, iAV'0) dx — Re/ kT,iA\b0, dx — Re/ Bugi\bl dr + R
0 0 0
¢ 7 L ¢ ¢
= —Re / (kb'0,0 + bb'0,i70) dz + Re / kb|0,|2dz — Re / Bugined dz + R
0 0 0
¢ ¢ ¢
CE/ b|0,|>dx + e/ |02 dx + e/ bINO P dx
0 0 0

l 0
+ Re/ kb|0,|>dz — Re/ BugiAbd dx + R
0 0

IN

IN

0 l 24
CE/ b\9$|2dx+eHzH2+e/ b|)\6|2dx—Re/ BugiAb0 dx +R. (3.7)
0 0 0

(S
=1

Here R is such that .
IR < e/ BN da + || F
0

So we have that

l
I = / i\v[Bb0], dx

121

4 l
= —/ iv[3b]'0 dx —/ iAvfpbly dx
4 15}
¢ B ¢ B ¢
= —/ iv[Bb]'0 dx — / iANB[kT, + b0,] do + / iIANVBEkT, dx.

01 12 £

Using equation (3.2) we get

Y/ Y4
= - / (atizs + (89).](5Y)8 dax — / (attzs + (86)2]BKT, + V,] d — / vBkT, da + Ry

01 01 1%

¢

l l
_ / (11| [B0]F v — / (ttas] Bk + b8,] dz + Qo + Ry
41 41

where
|Ra| < C|lz|[[|1F]

and
?

Y4 4

Qo= [ 60)2)80 do ~ [ [(60))lkre +09.] do— [ 5T, do.
1 1 1

We note that there are constant ¢ and c,

/ Y4
\QogeHZIQ—i-CZ/ b da:—i—ce/ |0, 2 da.
|>‘| 12 141
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From now on we will denote by @;, ¢ > 1 any function satisfying the above inequality with

suitable positive constants.

4

K g— — p—
I = / Aty ([ﬂb]'ﬁ)m dx + auy, () BlkTz (L) + b(£)04(0)] —/ auy SlkTy + 084, dx
I ~ I

l
/ auxﬁl[k?x + ng] dx + QO +1R
12

=1

4 4
= —/ augBliNG + v, dx + Py + / au,[Bb)"0 dx + / aug[Bb)0, dr + Q1 +Ry.
1 %1 4

=Q2

l

Taking the real part we get

¢
Rel = -Re / augBiN0 + fv,] dr + Re Py + Re Q2 + Re Ry
£

¢
= —Re / augfiN0] dx + Re Py + Re Q2 + Re Ry
12

L ¢
= Re P,+Re / auf'[i\0] dz + Re / auflid,] dr + Re Q2 +Re Ry.
fl El

=Q3

We also note that
4

l ¢
Re / auf'[iN0] dxge/ b])\e\2dx+c§/ (Jv]? + |F)?)dz.
0 0 A% Je,

After substitution into (3.7) our conclusion follows. O

Lemma 3.4. For any ls,l3 € [(1,£] and q where q will be one of the following options: ¢ = x—{3,
q=x—Vl3 orq=1x— (l3+{3)/2, and for all \ large enough, we have that

Ce
A2

Eu(t2,t3) < a(OL(OIg + CllIFI| + ClIF|? + ezl + 551 Pl

and reciprocally

Ce
A2

(s = o) [Lu(b2) + Lu(£3)] < Bulle,l3) + Cll2[[|F]| + CIFI* + ell2ll* + 75z | Pel-

Proof. Let us multiply the equation (3.2) by ¢(z)u,, where ¢ is any of the above polynomials,

to get
l3

/63 q(z)iztu, dx — /43 q(z)(auy + pO)yuy de = / q(z) fouy dz.

{2 Lo Lo
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We have that
43 - 53 ZB ZB
- / o) viNu, di — / 4()attaaTiy dz — / 4(2)(80)oT do = / 4(@) foty da

52 Zz 32 Z2
and

l3 l3 U3 43 L3
—/ q(x)vv, dx —/ q(x)aty, Ty dx—/ q(x)(B0),uy dx :/ q(x) fotiy dm+/ q(x)v?l,x dx.

12 lo , Lo

14
=—1q(0)1.(0) [;’+§Eu (£2,63)

It follows that

53 63
— O L (O[S + Ey(la, b5) = —2 /g 9(2)(80) T, d +2 /Z 0(@) (fots + ]y do.
2 2
Note that
l3 l3 43
| a0 e < | [ a@0n do| + | [ a()p0,, do
Lo Lo 123
{3 l3
< ce/ 18’216/ d:c+eHzH2—|—ce/ B0, |* dx
lo Lo
C. {3 {3
< 2/ B 2P da:—f—eHzH2+ce/ 816, 2 da.
|)“ lo U

Using Lemma 3.3, the assumption that (|8(z)| + |8'(x)|?) < c|b(x)| and the estimate (3.5) we
get

03 C
/Z ¢(2)(88)suy da| < Cc||2|[|F|| + Cel| FII* + el| 21> + e [Pyl
2
The second assertion of the lemma can be obtained in a similar way by taking ¢ = x — (f2 +
l3)/2. O

Lemma 3.5. Under the above notations we have that for any € > 0 there exists cc > 0 such that

l
C
L(f) +/Z B(1o* + alua|?) dx < €|l + ecllzl[I1F || + Ce| FII* + ngf(f)'
1

Proof. Multiplying equation (3.4) by fu; and after an integration we obtain

Y4 4 4
/ iNOBT dx — / (kTy + 00, BTz dx + M/ B?|ug|? dz = R.
0y 151 4

From where we get

0 0 4
B2|ug|? dz = —/ 0Bty dx + ,i (k7p + b0, BTz dx + ,iR.
A 0 Z)\ A ’L)\
Therefore we have that

¢ ¢ 1 1 [

BPlug|* de = — | 08Uz do+ —Py — / (k7y + b0,) 37 dx

A A ZA 7,)\ 2
¢ 1
kTy 4 b03) BUgy doe + —R. (3.8)

) el( iA
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‘We know that

14 L
—/ 08T dz| < el||2 + / 82702 da (3.9)
o A2 Je,
and
1 [t 1 ¢ —_—
L / (ks + b0, B dz < [ Bl +00.) X (30):] e+ CILFI? + R
i\ Jo, w)\
1 1 [f )
< = ﬁ(lm’x +00,)vde — — [ B(k1e + b0,)[(80).] dx +C|| F||* + R.
a Jyg, iaX Jg,
=J1 =Js
Note that
I I
|| = ﬂk[z)n’x]v dx + = [ Bbo,v dx
@i\ a Jyg,

z
< — | |u? d:c—l—/ 3216, d:v+ce/ B20.|? dx + €||z||> + R.
’)\’ 01 ’A|

Therefore for A\ large enough we have

[Tl < ellel® +cell= [l F )

Similarly for Jy we have

1
Bl = | 5(m+be )[(6).] da
C £ C £
< 2/ mexuﬂ’erdwz/ mexuﬁex\dwf B100]/(89)s| d + R
B B s,
C
< 012 do + — 620 2dx+ R
by gl" N Sy, U1
< ezl + cl=IlIE].
So we see

1 Y4
2/\/ (kTy + b0y) Pz, dx| < e||z|]2—|—c||z||||F|| (3.10)

If we substitute the inequalities (3.9), (3.10), into (3.8) we get

l ¥4
Ce
Blu2de < e|2|? + / BN di + ||
/zl A2/, A

1 l
—/ (k7o + 002) 8w dz| + €| 2]|* + cl|2 || F .

i\ Jo,

In view of the Lemma 3.3 we find

62\uz!2dw < dlzl?+ el lIF + 5

\Pg!—i—cHFH2 ‘ kTm—i-bH ) By dx| .
4y |)“
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We also note that

1 l
2/\/ (k1y + b0,) B8 Uy dx

IA

=22 +

b3 |01z | div
i i),

b2\6 1? da.

W

< S+
Al IM

From the above inequalities and from the Lemma 3.4 we get, for |A| large enough,

4

Blugl* du < ez + cell ||l +

) =< B |\Pz\ + | P (3.11)
1

Multiplying equation (3.2) by 5%u we get
1 l ¢ ¢
Blo]? de = a/ B2|ug|? dx + a/ 288 u,u dr — / (80).53°u dx + R
41 141 4] 4
a

4 YA ¢
1
= a [ B*us)?® dx— / 28F"u,v dx + —~ | (86).5°T dz + R.

2 ’L)\ A 1/)\ 0

l
a
< B2|ux|2d$+/|vl2d$
z/gl PRI

<€HZII2

We also note that
a 4
’—./ 268" uv dx
2)\ 0

for A large enough and

l
& [0

12
From where we get

1 [* c ¢ c ¢
< / Bf? do + s \92dx+/ b?10,|? dz.
2 Jy, AP Je, b
R 3a " o 2 2
Bo|" dx < / B |ua|” dx + €l[2]|” + ccl|z[[ | F]
fl 2 Zl
for |\| large enough. Using the estimate (3.11) we get

| 62|v|2 dr < efz]* +cclz ||HF||+, N
1

That is we get that

|Pol + ]| FII*. (3.12)

l
C
/£52!v|2+52!um\2 de < ell2|® +cellz|IF] + 7 [Pel + el FII*.
1

Al
Recalling the definition of E, and that 3(x)? > 0 for > ¢; the above inequality implies that
for 0y €]y, £] the estimate

Eu(la,0) < ell2l® +cell2llIIF ] + 5 W

holds. Taking #3 = ¢ in Lemma 3.4 we get that

|[Pe| + cl| P

(6 — ) [Lu(t2) + Lu(0)] < ClI[[|FIl + CIFI + el 2l + P

[A]
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Since
il < IO < 220 + 510
we have that
(bs = &)1u(0) < Clz||F]| + CIF | + ell=|* + ﬁh(ﬁ)-
From where our conclusion follows. ]

Lemma 3.6. Let us take Uy €]¢1, [, then for any € > 0 there exists Cc > 0 such that
L) < Cl2lIF|| + CellFII? + el =)

Proof. Using identity (3.4) over [(2,¢] for ¢ = x — {2 we have

l l
—q(O)[;(0) + Er(b2,0) + 2 | BvgqlkT,+b0,] dx = Ry — 2 / i\0qbl,. dz . (3.13)
52 82

=Jo =J
Because of theLemma 3.3 and the dissipative term we have

Ji < ClIIF N + CIEI? + €| Pel + €| 2]

Note that
¢ o ¢ .
Jo = —2/ (gB)'v[bOy + k7| dw — 2/ qpvlbly + k7, dz
¢ ¢
. ¢
= —2/ (gB)'v[b0, + k7| dz — 2/ qBuiNd + Pug] dz + R
L £
. ¢ e
= —2/ (qB)'v[b0; + k7| dw — 2/ qBidvl dx — 2/ qpv[fvg| de + R
L 14 ¢
y y - ¢
_ —2/ (4B o[08s + Fora) d — 2/ gBlaties — (86).][0)] de —/ 82|02 d + R
ts t 6 dv
l B ¢ d
— Qs-2 [ aBlowsa)flde~ [ a8 P do Qi+ R
O lo d{L'
and

4

4 4
-2 /K2 qBlaty,]0 dr = 2 /62 98] [au;|0 da + 2 /Z2 qBlaug)f, dx + R = Qs + R
14
Jo= Qi+ Qs+ Qs +/Z (4B ol dz + R.

Recalling the condition satisfying the functions ) we get that

l L l
| Jo] §e||z||2+62/ b|Ag|? da:—f—cg/ b|6 | d:z+/ (gB8*)|v]* dz + R.
’)‘| 01 01 12

Using Lemma 3.5 and Lemma 3.4 we get

C
[ Jol < ellzl® + cll 2l Fl| + Cell FII* + WIT(E)‘
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Finally, since
l
/e 6,2 dz < O||2||IF|
1

we have that

l
| 161> + |72 dz < C|l2|||| F|-
1

Therefore

Er (b, 0) < Cllz]l|| F] (3.14)

Substitution (3.14)into (3.13) and using the Lemma 3.5 we get

Qq(O)I,(0) < Br(fa, £) — 2Jo + 2J + Ry

Therefore we have

Cc

q(O)I-(0) < €|l 2)? + ce|l2|||| F|| + C| F||? + e

I,(0).

For A large enough our conclusion follows.

Let us introduce the notation ,
X = 2k:/ g ug0 dz.
0

Now we consider the observability condition
Theorem 3.7. The semigroup is exponentially stable provided (2.1) holds for 6 small enough.

PROOF.- Let us suppose that |5’ (x)| < M over |0, ¢1[. Let us divide the interval |0, ¢;[ into n
subintervals of size h where
poti o 1
S n T 2M’
Let us denote by s; = ih. Note that s, = ¢1. Let us take q(x) = (z — sp—1).
Let us multiply the equation (3.4) by q[k7, + bf,]. After integration over [s,_1, ] we get

4 4 14
/ iNqlkTy + 0O;] do — / (kTy + 005)xqlkTy + b0, dx + / BugqlkTy + b0,] dx = Ry
Spn—1 Sn—1

Sn—1

where ,
Ry = / f4q[kT$ + bgm] dx.
Sn—1

From where we have that

l l 4 l
/ iNgkT, dq:—/ (kTp+003)2qlkTy + 00,] d:v—f—/ BvzqlkTy + b0,] dx = Ro—/ iN0qbl,, dz.
Sn—1 Sn—1 Sn—1 Sn

- -1

Thus, we get
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E [t d 1t d ¢ - ¢ _
—2/ qd—]9\2 dx—2/ qd—]kT;B—&-bﬁw\? dx—l—/ BuyqlkTy + b0y] do = Ro—/ 1A\0qbl,, dx.
Sn—1 T Sn—1 £ Sn—1 Sn—1

Performing an integration by parts we also get

L ¢
—q(O)I-(¢) + Er(sp—-1,¢) + 2/ BugqlkTy + b0, dx = Ry — 2/ iNdgh0, dz.  (3.15)
Sn—1 Sn—1

=J2 =J3

Using Lemma 3.3 and the dissipative inequality we get that

0
Jy3 = 2Re/ iN0gbl, dx
Sn—1

0
< / eb|A0|? + C.b|0.|? dx
Sn—1
< P+ 2| Fll + C FI? + el 2% (3.16)

On the other hand

4 V4 4
Jy = 2/ qPv.|kTz] dx +2/ qPv. (b0, + k1y] dx —2/ qPvykT,] dx
Sn—1 zl ‘el
=Js 1:67
l

l
— Ji—2 / (g8 v[B0s + Fors] da — 2 / 4Bl T Frala dz + Qr
Zl gl

/

4 74
= Jy— 2/ (qB)'v[b0; + k7| dw — 2/ qBu[iAd + Pug] dz + Q7
Zl él
4 l l
= Jy—2 /e1 (qB) v[bO, + k1) dx — 2/@1 qBicv[0] dx — 2 /gl qBv[Bu,] dr + Q7
¢ ¢ _ ¢ d
= Jy—2 /g1 (gB)'v[bly + k7] dx — 2/ qBlaugs — (50)z][0] dx — /E1 qﬁ2%|v|2 dx + Q7

41

¢ l
= J4+Q8—2/ qBlaugz][0] dx—/é q62%|v|2 dr + Q7

£y
where
0 £ _
Qs =2 [ (@9)eli0; F ) do+2 [ as1(60).10) da.
fl El
Note that
¢ ¢ ¢
-9 /g1 qBlaug,][0] do = 2/£1 [q8] [auz][0)] dz + 2/€1 qBlaug)[0,] dr = Q.
Therefore
Y
J2=Ji+ Q7+ Qs + Qg +/ (a8%)'o]* dz . (3.17)
=Q10 b

=Js
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Note that

Y4 Y4
T o= —2k / qua[(80).] do + 2k / qu.|88] dz + R

—1

l 0
= Qk/ QU [IAV — AUy — fo] dx + 2k/ quz[B'0)+ R
Sn—1 Sn

-1
l
= kg(O)1(0) + kEu(sy 1, 0) + 2k / us[30] + R.
0
Now, we recall that 8 and ¢ are continuous functions such that

lim (¢8%) = 0.

I4M1

Then, for any € > 0 there exists § > 0, such that 0 < = — ¢; < & implies that |(¢3%)'| < e.

Therefore

¥
Js = / (@82 o] da
01

0140 ¥
= [ P det [ @Yo o
V21 l1+6

Note that for z € [0,¢], we have that |(¢8%)| < C. Therefore using Lemma 3.5 and Lemma 3.6

we get

4

C

/ (@B%) v dx < e[21* + cell2lI[|FI| + Cl| FII* + =z - (0)
0146 ’A|

CellzI|1F|l + Ce||F|I* + €|z
We then conclude that
| J5| < €llz]* + Cellz ||| F|| + Ce|| F I

Substitution of Jy and Js in (3.17) we get

l
Jo = —kq(0)I,(£) + kEy(sp—1,¢) + R+ Q7 + 214:/ qu.[8'0] . (3.18)

Sn—1

=X

Finally, the substitution of the above inequality into (3.15) implies that

(O (0) + kI, (0)] + Er(sp_1,0) + kEu(sn_1,6) + Q1 + X = Ry — R — J;.

Therefore recalling the definition of (); and using Lemma 3.6 we get

Er(sn-1,0) + kEu(sn-1,0) + X < e|lz|* + Cll2ll| F]| + C F||*
for |A| large enough. Since

|X| < 2VEMRE, (sp_1,0)"?Ey(sy_1,0)"/?
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and

()

1 1
h=—<—
- 2M
we conclude that

Er(sn-1,) + kBy(sn-1,€) < 2¢[|z]|* + 20| 2[|| F|| + 2C || F|*.

Repeating the process for ¢(z) = x — s,,_2 we get

01 o
Er(Sn—%f)vaEu(Sn—%@+2’f/ quz[8'9)] < e|l2|” + Cliz|| | FIl + CIF|?.  (3.19)
Sn—2

=X
But
0y . Sp—1 . 4y .
Qk/ qug[f'0) dz = Qk/ qu[3'0] d:c+2k/ qu[B'0] d.
Spn—2 Spn—2 Sn—1
So we have
0y o Sn—1 o
Zk:/ 8T de| < Qk/ qua [0 dz| +2¢|12|2 + 2C| 2| F || + 2C | FI|
Sn—2 Sn—2
Xy
But

|Xl| < 2\/EMhET(STL—27 Sn—l)l/QEu(Sn—Qv Sn—l)l/z‘
Substitution on (3.19) we get

Er(sn-2,0) + kEu(sn-2,¢) < 5el|2|* + 5C|||[| F|| + 5C| F||*

using induction we get

E (0,0) + kE,(0,0) < (2n+ Del|z]|* + 2n + 1)C|2||| F|| + (2n + 1)C|| F||*.

From where our conclusion follows.
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