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Exponential decay for a strain gradient
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Abstract. In this paper, we consider a strain gradient porous
elastic bar subjected to a thermal disturbance modelled by Cat-
taneo’s law for heat conduction. We use the semigroup approach
to prove the existence of a unique weak solution. Although the
thermal dissipation induced by the second sound thermoelastic-
ity is weaker than that caused by the classical heat conduction,
we prove that the solution decays exponentially.
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1 Introduction

In the present paper, we are concerned with the longtime behavior of the
following system of equations

PUt = AUy + b¢x — CUgggr — dgb:m:ac - 5‘930 n (07 7T) X [07 OO[,
J¢tt - du:ca:x + BQSa:x - £¢ - buz’ + m9 - M¢t in (07 7T) X [O, OO[, (1)
0y = —qp — Oz — My in (0,7) x [0, 00],
TQt+q+Kv€x =0 in (Oaﬂ-) X [0,00[,

where u, ¢, § and ¢ are the transversal displacement, the volume fraction,
the difference of temperature from an equilibrium reference value and the
heat flux of a one dimensional elastic material of length 7, respectively. The
coefficients p, J, a, ¢, ¢*, (5, &, 7, i and K are positive constitutive constants.
The coefficients b, d, m and ¢ are the coupling constants that are different
from zero but their signs does not matter in the analysis. In addition, to
ensure that the energy functional associated to the system is a positive
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2 A. AHMIMA AND A. FAREH

definite form, we assume that the coefficients a, b, ¢, d, § and £ satisfy the
inequalities
ag > b° and cB > d. (2)

In this paper, a strain gradient theory has been employed for the me-
chanical modelling of the micro-structure of an elastic bar with voids in the
presence of thermal effects. In the literature, the theory of elastic materials
with voids was established by Nunziato and Cowin [0} [7, B0] and has been
applied to elastic materials with small voids or vacuo porous. This theory is
characterized by the fact that the bulk density at any point in the material is
the product of two scalar fields, the matrix material density and the volume
fraction.

It is worth noting that when dealing with classical elasticity, the micro-
scopic structure is ignored, only the macroscopic properties are analyzed,
and the equations field are in the form of strain-stress relations. However,
when non-classical elasticity is considered, as for nonsimple materials, the
microstructure takes part in the constitutive equations, thence higher-order
derivatives of the displacement appear in the basic postulates. This theory
is called the strain-gradient or nonsimple elasticity, and it was introduced
by Mindlin [25] and Toupin [39]. Its linear form was proposed by Green and
Rivlin [I7] and Mindlin and Eshel [26].

In the last few years, a huge number of contributions have investigated
the existence and the time behavior of solutions of porous and thermoelastic
systems. Let us introduce some of them.

Early in this century, Quintanilla [32] considered the classical porous
elastic system

{ Poltt = [Uzy + 69251*7 (3)
pO’iqbtt = agbxx - ﬁux - £¢ - Tqbta

and proved that the porous damping 7¢; is not strong enough to produce
an exponential stability, only a slow decay result has been obtained. Later,
in 2017, Apalara [2] and, independently, Santos et al. [35] established the
exponential stability of provided that the wave speeds of the equations
in are equal
r_ o (4)
Po  Pok
The same result was obtained by Santos et al. [35] if the damping —7¢, is
replaced by the elastic damping yu, in the first equation.

To exponentially stabilize the system , several dissipation mechanisms
have been examined, and different stability results have been obtained.
Magana and Quintanilla [22] obtained a slow decay if only the dissipation
YUy 18 present in the first equation of , or it combined with a ther-
mal dissipation by coupling the system with the heat equation (7 = 0).
They also obtained the same result when coupling the system with micro
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temperature. Apalara [3] and Feng [11] considered the cases of a memory
term and past history, respectively. They obtained a general rate of decay
depending on the relaxation function.

Messaoudi and Fareh [23] 24], Soufyane and co-authors [36], 37, [38] and
Feng and Yin [9] examined the combination of a thermal dissipation with a
memory term. Feng [I0] and Khochemane [I§] considered the coupling of
thermal and history dissipations. General, exponential and polynomial rates
of decay were obtained.

An inhomogeneous system in the presence of temperature and micro
temperature was considered by Feng et al. [§]. Under an appropriate as-
sumptions on the system coefficients, they proved the exponential stability
of the solution.

Regarding the nonsimple elasticity theory, Ferndndez Sare et al. [13]
considered the system

PUy — PUgy + QUgggy — /80$ = 07 (5)
Cet - /{Qxx - ﬁum = 07

where the non-simple elasticity is coupled with the classical heat equation.
They obtained an exponential decay for different boundary conditions.

It is well known that the heat part in the second equation of is
obtained via Fourier’s law of thermal conduction

Q+/{0x:07

which leads to the paradox of infinite wave speed. Aouadi [1] replaced
Fourier’s law with the Gurtin—Pipkin one

0
0= [ gt 9. s)ds
where ¢ is a relaxation function. He extended the result of [13] to the case
of a hereditary heat conduction.

Liu et al. [19] combined the nonsimple elasticity with porosity. They
considered the system

PU = QUgy + bSOz — CUgyxr — d§0mm7
J%t - duzmx + 5%@ - 590 - buwa

with different dissipation mechanisms and obtained an exponential stability
for the dissipations 0., —QUieee in the first equation or mpy,, in the
second equation. However, the dissipation —7¢; in the second equation
leads to a slow decay.

Recently, Ferndndez et al. [12] studied the system in the case of
Fourier’s law of heat conduction (7 = 0). They used a semigroup approach
and proved the existence of a unique mild solution that decays exponentially.
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In the system , the heat conduction is given through Cattaneo’s law
TQt+q+/i0I :07

which renders the system fully hyperbolic. Consequently, the heat propa-
gation is to be viewed as a wave-like propagation rather than a diffusion
phenomenon. A wave-like thermal disturbance is referred to as the second
sound (where the first sound being the usual sound). A non-classical theory
predicting the occurrence of such disturbances are known as a thermoelastic-
ity with finite wave speeds or a second sound thermoelasticity. The theory
of second sound thermoelasticity was developed by Lord and Shulman [27]
to settle the paradox of infinite speed caused by Fourier’s law of heat con-
duction.

The non-simple thermoelasticity with a second sound was considered by
Muitioz Rivera and Vega [29]. They studied the system

Pl — VUitgr — PWlgy + AUggry — Bea: == 0, in ]0, é[ X R+7
by + ¢ — Pug, =0, in ]0,¢] x Ry, (6)
Tq +q+ Kby =0, in )0,/ x R,,

with boundary conditions of the form
w(0,1) = g (0,8) = u(l,t) = uge(€,) =0, 0,(0,t) =0,(L,t) =0,

and proved that the semigroup associated with the solution of @ is not
exponentially stable for v > 0.

Close to the system considered in this paper, Fernandez Sare and Munoz
Rivera [14] studied the time behavior of the plate system in R?

Py — AUy + yA?u 4+ oA =0, in Q,
cb; + rdivg — aAu, = 0, in Q, (7)
TG + koq + kKVO =0, in Q.

They proved that the semigroup associated to the solutions of @ is expo-
nentially stable if and only if © # 0. Moreover, for u = 0, they obtained the
optimal rate of decay t=2.

We should notice here, that replacing Fourier’s law by Cattaneo’s one is
not obviously profitable, because the dissipativeness due to the heat conduc-
tion induced by Cattaneo’s law are generally weaker than those induced by
Fourier’s law. For example, Ferndndez Sare and Racke [34] have shown that
the Timoshenko system coupled with the heat conduction of a second sound
loses the exponential stability property. Also, Quintanilla and Racke [33]
proved that the thermoelastic plate changed the behavior from exponential
to non-exponential stability when changing from Fourier’s law to Cattaneo’s
law in the modelling of heat conduction (see also [15] and [28]).



EXPONENTIAL DECAY OF A STRAIN GRADIENT POROUS SYSTEM

Finally, we note that the system studied in this paper on the one hand is
analogous to the system @ with v = 0, which is not exponentially stable,
and on the other hand, its isothermal part coincides with the system studied
by Fernandez et al. in [12]. Here we prove that the porous dissipation ug;
together with the weak dissipation caused by the heat conduction of a second
sound, leads to an exponential stability regardless any assumption on the
wave speeds. Our result improves the result of [29] and extends the result
of [12].

To make the problem given by the system (|1{) well determined, we impose
the following boundary and initial conditions:

w(0,t) = u(m, t) = Uy (0,t) = Upe(m,t) =0, t >0, g
02(0.8) = 60 (m.0) = g(0,1) = g(m.1) = 0, £ > 0, )

and

{ u(z,0) = ug(x), us(x,0) = vo(x), p(x,0) = ¢o(z), in x € [0,7], (9)
Oe(2,0) = @o(x),0(x,0) = Oy(z), q(x,0) = qo(z) inz € [0, 7].

From the boundary conditions on ¢ and equation 4, we have
0, (t,0) =0, (t,m)=0.

Note that since the Neumann boundary conditions are assumed for ¢ and
0, we are not able to apply Poincaré’s inequality for them. To allow the
application of the aforementioned inequality, we proceed as follows.

Integrating 2 and 3 with respect to  and taking into account the
boundary conditions, we obtain

dt2/ o(x,t)d ~3 i ¢(w,t)d:ﬂ+J i 0 (z,t)dx Jdt qﬁ t) dx
and e Py
*— | fOdx = —m— dzx. 11
c dt/o x mdt/o pdx (11)
Solving (|11)), we get

T m ™
/Oﬁ(t,x)dx——g/o 6 (t, ) de + C.

From the initial conditions, we compute

C’:/ﬁeo(x)dx—l—g/oﬂ(bo(x)da:

Plugging [ 6 (¢, ) dx into (10)), we infer

dtQ/qﬁxtder——/gbxtder(J J>/¢xt

(12)
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The solution of is then

A%uwwzww+w@

where yp and ygy are, respectively, a particular solution of and the
general solution of the homogeneous equation associated to . Therefore,

[ ot dn = =2 ) 4 g (0) 4

Thus, if we set

G (x,t) =0 (x,1) +

= W () +yp (1) = C,

we reach
/ ¢ (z,t)dr =0 and / 0 (z,t)dx =0,
0 0

which allows the application of Poincaré’s inequality. Moreover, (u, 25, 5, q)
satisfies the system with the boundary conditions @ In the sequel, we

work with (u, ¢, 0, q), but for the convenience, we write (u, ¢, 6, q).
The energy functional associated with the solution to the problem ,

, @ is given by

1 L
B = 5 [ [l + ahucl + clued? + 7 I + €108 + 5 6]
0

2
|9+ £|q|2 + 2bRe(uy) + 2dRe(umq§m)} de.

Note that from , the energy F (t) is a positive definite form. Moreover,
1

taking the L2-product of 1 by wuy, 2 by ¢, 3 by 6, and 4 by —q,
K

adding the obtained equations and using integration by parts, we get

dE 1 [t
%(t) = _E/o \Q|2d9€—ﬂ/!¢t\2dflf,

which shows the dissiptiveness of the energy F (t).

The rest of the paper is organized as follows. In Section 2, we prove
the well-posedness of the problem. Section 3 is devoted to the prove of the
exponential stability of the solution of .
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2 Well-posedness

In this section, we will prove that the problem determined by the system
, the boundary conditions (8) and the initial conditions @ has a unique
solution. Our main tools are the following two theorems from the theory of
semigroup of contractions operators in a Hilbert space H.

Theorem 1 [{1] Let A : D(A) C H — H be the infinitesimal generator
of a Cy-semigroup {S(t);t > 0} on H. Then, for each & € D(A) and each
t >0, we have S(t) € D(A), and the mapping

t— S(t)¢
is C' on [0, +00) and satisfies
S(S(0€) = AS(0€ = (1) A¢. (13)

Theorem [[jmeans that u (£) = S (¢) £ is the strong solution to the abstract
Cauchy problem
{ u (t) = Au(t), t >0,
u(0) =¢.

Theorem 2 (Lumer-Phillips) [31, [{1] Let A : D(A) C H — H be a
densely defined operator. Then A generates a Co—semigroup of contractions
on H if and only if

(i) A is dissipative;
(i1) there exists A > 0 such that \I — A is surjective.

To rewrite the problem , —@ in the settings of Theorem , we first
define the space
Hi={ (u,v,0,0,0,q) € (H* (0,m) N HL(0,m)) x L2(0,7) x HL(0,7)
% L2(0,7) x L2(0,7) x L%(O,W)},

where

20.m) ={oerm; [ ez o},

H™(0,7) = H™(0,7) N L2 (0, )
and
L (0,7) := {p € L*(0,7) ;0(0) = p(m) = 0} .
It is clear that L2 (0,7), L3 (0, 7) and H} (0, 7) are Hilbert spaces, and hence,
‘H is a Hilbert space too.
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The Hilbert space H is equipped with the inner product
L —x% —x —x —x%
U= [ [0 + a4 i, + J6T 4 50,5, + €65+ 60 da
0
L T —% —%
i [ [Ea b (06 0m) + d (1, + 0u, )| da
0
where U = (u,v,0,v,0,q)" and U* = (u*,v*,¢*, ¢*, 0%, ¢*)T. The corre-
sponding norm in H is
2 g 2 2 2
01, = [ (ol + alusf? + claf? + T 07 + € ol + 8ol + €l
0
+Z|q|2 + 20Re (uy, ) + 2dRe (Uyy, o) | da.
K

Secondly, we introduce the new variables v = u; and 1 = ¢;. Then the
system becomes

(

U = v,
0 = & (atgy + by — Cltgnn — dbuas — 061)
)

Yo = = (s + B — €6 — bug + b — ).

1
0y = —— (@ + dv, + ma))

*

= - 9907
th T(CI‘*"‘Q )

which, with the initial conditions @, can be written in the form of an
abstract Cauchy problem as follows

Ut - AU,
Lot 20 )
where A : D (A) C H — H, is the operator given by
0 1 0 0 0 0
b d 4]
p2-tp* o Zp-%p* o -ZD o
p P p p
0 0 0 I 0 0
A= §D3 12 éDZ_é_] By (15)
J J g J J J J 2
0 S 0 “Zr 0 -=D
c* c* . CI
0 0 0 0 ——D ——1
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N
where D’ = 907 and [ is the identity operator. The domain of A is
x
D(A) = {U eH:ve HNHL, ¢ e H2p,0 € HY,q e H},
(cup + do) € H?, (duy + 5¢), € H' N Lg}.

The well-posedness of the problem , , @ is given by the following
theorem.

Theorem 3 For any Uy = (ug, u1, ¢o, 1,060, @) € H, the problem (1)), [§), ()

has a unique mild solution (u, ¢, 0,q) such that

u € C ([0,400[; H*(0,L) N Hy(0,L)) , ¢ € C ([0,400[; H(0,L)),
0 € C([0,+00[; L*(0,L)) ,q € C ([0, 400[; L*(0, L)) .

According to Theorem [1| and the Lumer—Phillips theorem, the proof of
Theorem |3|is a consequence of the following lemma.

Lemma 1 The operator A defined by 1s the infinitesimal generator of
a Co—semigroup of contractions on H.

Proof. 1t suffices to prove that the operator A is dissipative and maximal.
A straightforward calculation shows that

1 ™ T
Re (AU, U),, = _E/ q|*dx — u/ |op|* dz < 0,
0 0

which proves the dissipativeness of A.
Further, we show that 0 € p(A). Let F = (fY, f2 f3, 4, 5, /9" e |
be given, and find U = (u, v, ¢, 9,0, q)T € D(A) such that AU = F, that is,

(v= [,
AQUgy + b¢a: — ClUgyzr — dgbxac:c - 5031: = Pf2>
v =f?
dumcz"i_ﬂ(bmc _5¢_ buz +m9—ﬂ¢ = Jf47
Qe + OV, +mip = —c* f5,
| ¢+ kb, = —T7f°.

From (16):, (16)5 and (16)5, we have
v=f'e H*0,7)N Hy(0,7), (17)

(16)

Y= f7 € Hi(0,7) (18)

and
Go = " f° = §f —mf* € I*(0,m). (19)
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The theory of ordinary differential equations implies that

)= —c / £(s) )—m/oxf3(s)dseH1(0,7r).
Clearly, ¢(0) = g(m) = 0. Then
q € Hy(0,m). (20)

On the other hand, plugging ¢ just obtained in 6, we get
1
930 = —E(Tf6 + q> € L2(0,7T).

Using the usual theory of ordinary differential equations again, we conclude
that
6 c H(0,7).

By substituting the values of ¢ and 6 in 2 and )4, we get

AUgy + b¢m — CUpggr — d¢$$$ = pf2 + 59$7

Note that
g =pfi+00, € L*0,7) and go=Jf* —mb+puf?e L2(0,7).

To prove the solvability of , we take the L?-inner product of the equa-
tions of by u* and ¢*, respectively; then, using the integration by parts
and adding the two equations, we get

B ((w,0)" (w67 ) = L (w61, (22)

where
B (o) w.o)) = [Cwindesa [Cwmdoss [ o
9% 0 - 0
+b / (opuz + upd*) dow +d / (Putify + upu?) da
07r 0
+€/ qudx
0
and

L ((u*, ¢*)T) = /OW (pf? + 66,) u™dz + /OW (Jf* = mb + puf?) ¢*da.

Clearly, B (-,-) is a bilinear and continuous form, and L (-) is a linear and
continuous form over

W = (H2 (0,7) N H&(O,ﬂ)) x HY(0, 7).
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Moreover,
B ) T7 ) ) = ’ :m:2d ’ x2d ' x2d
(o) o)) = [P dota [ pulde+s [ o ds
*dr 4+ 2bR ;) d
¢ [ oo +2Re [ (o) da

+2dRe/ (Ppllyy) dx.
0

It is easy to show that

a/0ﬂ|ux]2da:—|—£/oﬂ\¢|2d:€—|—2bRe/Oﬂ(¢@)d:c
>3 (o= %) [(wacs g (- 2) [Nofa

Thus, using ([2)), we arrive at

B (o) o) 2 5 (a7 ) [Cfas g (- 2) [Nofas
. (c——)/ o2 + (5——)/ 6] de,

which shows that B (-, -) is coercive. Then, using the Lax—Milgram theorem,

we infer that the problem has a unique solution
(u, ) € <H2 (0,7) N HL(0, 7r)> x HY(0, 7). (23)

Moreover, by taking (u*, ¢*) = (u*,0) in (22)), we arrive at

11

/ (cuy +do), ut,de = / (aum + by + pf*+ (591) urdr, Yu* € H} (0,7),
0 0

which means that
cu, +do € H*(0,7)
with
(cuy +do),,, = (aum + bo, + pf* + (591) .
Clearly, cu, + d¢ € L? (0, 7). Therefore,

cu, +do € H2 (0,7). (24)

Similarly, if we take (u*, ¢*) = (0, ¢*), ¢* € H!, we get

/ " (dug + B9), Frdw = — / by + €6 — T+ mb — uf) Fde. (25)
0 0
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Here, we are not able to apply the elliptic regularity theory.
Let U € Hy (0,7) and set ¢* = W — [ "W (x,¢) dz. Then, ¢* € H} (0, 7).
Consequently, for any ¥ € H},

/ (dug + B9), Vpdx = —/ (bug + E¢ — Jf* +mb — uf?) Wdz.
0 0
Therefore,
du, + Bo € H*(0,7)
with
(duy + B9),, = (bux +&p— JfH+mb — uf3) =r(z).
As above, du, + 3¢ € L? (0, ), which gives

du, + B € H? (0, 7). (26)
From and (26), we deduce that
¢ € H2(0,7). (27)

On other hand, since (du, + 8¢),, = r (z), we have,

/7T (duy + B9),, pdx = /ﬂr (x) pdz, o€ H (0,7).
0 0

Integration by parts and the fact that H! (0,7) C H' (0, 7) yield

(dus + 56, (1) B (7) — (duy + B9), (0)B (0) — / " (dus + B0), P da

~ [ r@
0
for any ¢ € H! (0,7). Thus, leads to

(dug + B9), (1) B (1) — (dus + B9), (0)(0) =0,  w € H, (0,7).

Consequently,

(dug + 59), (1) P (1) = (dus + f¢), (0) = 0. (28)
Using 4, the boundary conditions and the above results, we infer that

/W@(:zc,t)d:v:l/7r (Jf4—dumx—5¢m+§¢+bux+u¢)dx:0.
0 mJo

Thus,
0 c H (0,7). (29)
Combining (17), (L8], and ([23)—(29)), we conclude that (u, v, ¢, ¢, q,0) €

D (A), and thus, 0 € p (A). Moreover, using a geometric series argument, we
prove that A\I — A = A(AMA™! — I) is invertible for |\| < |47, and hence,
A € p(A). This completes the proof that A is the infinitesimal generator of
a Cp—semigroup of contractions. The Lumer—Phillips theorem ensures the
existence of a unique solution to the problem satisfying the statements
of Theorem [3l O
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3 Exponential stability

In this section, we state and prove our main result. To achieve this, we use a
tool based on Priiss’s and Gearhart’s theorems. First, we recall the following
theorem due to Gearhart [16], 20].

Theorem 4 A Cy-semigroup of contractions S (t) = e=At, generated by an
operator A in a Hilbert space H, is exponentially stable if and only if

(i) iR = {i\, A € R} C p(A);
(i) M@w |(GA — A) 7| < oo.

Now, we state our main result.

Theorem 5 Let (u, ¢, 0,q) be the solution of , , @ Then there exist
two positive constants n and w, independent of t and the initial data, such
that

E(t) < ne ', t>0.

The proof of Theorem [5| will be established through the following two
lemmas.

Lemma 2 The set iR = {i\; A € R} is contained in p(A).

Proof. The operator A~! is compact. Indeed, let (F},) be a bounded se-
quence in H and let (U,) be the sequence in D(A) such that F,, = AU,.
Since A~ € L(H), the sequence (U,) = (A™'F},) is bounded in H. There-
fore, there exists a constant C' > 0 such that

1Unllpay = [Unlls + AU [l < C.

Thus, (U,) is bounded in D(.A). Using the fact that the injection of H™(0; )
into H7(0; ) is compact for m > j, we infer that we can extract a convergent
subsequence U, = (u,, vy, ¢, Ur, 0, ) with a limit U = (u,v, ¢, 1, 0,q) € H.

Suppose that there exists A € R (A # 0) such that i\ € o (A). As A™!
is compact, 1A must be an eigenvalue of A. Then, there exists a vector

U = (u,v,0,1,0,q) # 0 such that i\U — AU = 0, that is,

A u —v =0,
g —1Y =0, (30)

IAC*O + g + v, + mp =0,
IATq+q+ k0, =0.

13
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Further, we have
(AU — AU, U) = / |q] d:1:+u/ [i|* dz = 0.

Then ¢ = ¢ = 0. Moreover, 3, 6 and 5 give ¢ =0, 8 = 0 and
v, = 0. Then 1 yields u, = 0, and, finally, u = v = 0. Thus, we come to
a contradiction, and the proof of Lemma [2|is complete. [

Lemma 3 The operator A defined by satisfies

lim H (i — A) 1H<oo

IA| =00

Proof. 1t suffices to prove that there exists a positive constant C' such that
| M — A" F|| < C||F||  for all A € R.

Let A € R be given and let F = (f1, f2, f3, f4, 5, f%) € H. Then there

exists a unique U = (u,v,$,¥,0,q)" € D(A) such that (iX] — AU = F,
that is,

(i\u—v = f!,
i/\pU — QUgy — b¢x + CUgzze + d¢:c;rz + 59$ - pr’

INC*O + qp + OV, +map = fP,
INTq + q + KO, = T[S,

\

First, recall that

Rel(i\ — AU, Uy, / |q|dx+u/|¢| — Re(F.U)y.
Therefore,
e, )
= Ry e LT (32)

Taking the L?> product of 2 by wu, 4 by ¢, and then using 1 and
3, we obtain

aflug )| + ¢ luae|l” + Bl 0al” + € [16]° + 20 Re(us, ¢) + 2d Re (e, b0

=p(f2u)+p v, [+ T () + T, £2) + p o) + T [l
+6 (0, ug) +m (0, ¢) — 11 (¥, §) .
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The Cauchy—Schwarz and Young’s inequalities lead to

a §
5”“96”2 + CHUWH2 + 6”@6”2 + §||¢||2 + 2bRe(um, ¢> + 2dRe<um7 ¢x>
2 2

) m
< CIIFINUN + pllv)® + (5, + ?)H@H?-

(33)
At this point, we have to estimate ||v|/;.. To this end, we define the
functions ¢, w, z and y as solutions to the following problems:

— gz =V @z (0) = pa(m) =0, (34)
— Wy = 0 w, (0) = w, (7) =0, (35)
—Zag = f° z(0) = 2(m) =0, (36)
~You = [ y(0) = y(m) = 0. (37)
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Multiplying by z in L*(0, 7) and using the Cauchy—Schwarz and Poincaré’s

inequalities, we get
2] < Cp || £°

, (38)

Similarly,
ny” < Cp Hf2|

where C), is Poincaré’s constant.

Next, we multiply (315 by ¢, in L?(0,7) to obtain

(IAC0, 00) + (qur Pa) + 0 Ve, 0u) + (Y, 02) = (7, 00) - (40)

Let us estimate each term in .
Integration by parts, and lead to

I = (IO, p,) = =" (IAMWgg, r) = C(IAW, ) = (W, IAV). (41)

, (39)

From (31))2, we get
1

AN = — (aum + bd)m — CUgpgy — d¢mﬁx - 6833 + pf2) .
p

Plugging tAv in and using , we obtain
ac* bc* .
Il = <w$7ux$> + _<wx7 ¢x> - % <wa:7u1‘xxac>

dc* oc*
Wy, ¢mcx — 7 Wy, 99[: —c Wy Yz -
; ( ) P ( ) — )

Integration by parts and give

ac* bc* cc* dc* oc*
97“/:13 +— 97¢ +— ezauazx +— ex;(bz -
P (0, uy) p (0,0) ; ( ) g ( ) p

I = 1017 =" (0, )

(42)
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Similarly, we obtain

Iy = (e, Pa) = = (¢, Paz) = (¢, V),
Iy = 6 {vg, p2) = =0 (0, 000) = 0 |J0]”
and
L= ¢ (f° @a) = =¢* (Zaw, 0u) = € (20, Pra) = =€ (20,0) .
Substituting — into , we get
9 ac* bc* cc* dc*
Sl = —— (0, u) - 5 (0, 0) — e (O ) — 7%,%)

+ c’ <97 yx> - <Q>U> - m<¢> SO:L‘> —c <Z$,U> :

Young’s inequality yields

ac* ad 2 6ac
0,u)| < — ||ug 0
0,100} < 5 P + 5=
and ; 62 )
c* 6b“c*
; (0, )| < H¢H2 ||9||2
Replacing 6, obtained from 6, we get
cc* cc*
9.’177 Ugz)| = Tf6 - 2)\7-(] —(q, Ugy
p I ) " Ii *>A\ *
cc* T cc* A\t cc
< STl + (4 )
PR Pk PR
and
dc* dc* .
P |<ezv¢x>|: o |<Tf6_l)\7q_Q7¢x>|
dc*r dc* t  dc*
< ST o+ (4 ) L)
PR Pk PR

Thus, the Cauchy—Schwarz and Young’s inequalities lead to

cc*T dec*? (14 M1)?
- < 6
P ‘(9367“3399)’ o Hf HHUMH SR> llq H HU:MH
and
dcr 2 (14 M7
2 0mall < T  lal + 2 E g+ 22 e

Bépr?

(46)
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Using , we infer that

cc*

co 2
5 1860 tae)| < 36 luaal” + CEIU]

and & 85
c 2
) < F )
; (0, b2)| < 16/ 16"+ CIEIU]

Similarly, the Cauchy—Schwarz and Young’s inequalities, (38]) and (3 . entail

¢ (100, 3)] + 1220} ) < (110NN + ||f5||||v||> < C|Fllul)
and gives

5
g 0) < S llol* + CIEN U]

Next, Young’s and Poincaré’s inequalities yield

2
ml(, ¢a)| < €||90x||2 + —II@DII2 < eCpllaall” + 10IP
—||vH2+C||F||HUH

Finally, we substitute these estimates into , to get

a 19 c 153
2p [|o]* < G s || + lloll® + 3 etz | + 1 162 1I”

47)
24ac*?  24b%c*? (
4¢* 2 F .
(25 + e +4 ) 10l + CE1 0]
Adding and , we obtain
plv|® +—||ux|| +—H Uga||® + 2 II%II +—||¢|| +c 6]
+J Y117 + ;HqHQ +2bRe <ux, ) + 2d Re (U, ¢z) (48)

<

2ac*?  24b%c*? 52 m? 2
I + FIU .
( 52 + €5 + %4 + ¢ + 5¢” >||9|| C|F[U]|

The next step is to estimate ||f||;.. To this end, we define the functions
w and z as in and , and «, n as the solutions to the following
problems:

—Qzy = (, a (O) = Qg (ﬂ—) = 07 (49)
~Maw = 7, 17(0) =n(7) =0. (50)
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Multiplying the equations by a and by n in L*(0,7), using the
integration by parts, the Cauchy—-Schwarz and Poincaré’s inequalities, we
obtain
o] < Cp llall (51)
a1l < Gy || £ - (52)
Taking the L?-inner product of (31)s by w,, using ([49), (50), and the

integration by parts, we get

7 {00, iM0) = {00, 0) + 5 |6]" = =7 (2. 0)
Replacing ¢A@ obtained from 5, we get

oT mT

T <Oéxal)\9> =T <0417f5> - CT_* <05:Jc7qgﬁ> - C_* <Oéw,7]x> - C_*<Oéxaw>
o
= =7 (g 2) = ~llall® = = {g,v) = T (0w, ).

Thus,
T 0T mT
£101° = =7 (e, 0) + 7 {0 22) + — Nlall” + - (g, 0) + —-{ow, ¥) + (0w, 0)
Let us estimate each term in the obtained relation. First, we have
(1002, 0)1 + g, z)1) < CIFI U]

Young’s inequality, and give
T

o

< CIFINUN +ellv]®,

(q,v)

Y
[(ow, ) < CIFIUN+ 5 1161

and
mT

— e, V) < CIFIITY -

Therefore,
K
B 01 < C-IFINU| + eloff*. (53)
48ac*®  48b%c** 5% 2m?  10¢

Multiplyi 53) b — 4+ —
u 1py1ng y( 52 + eo? +af<;+ prs + -
48ac*?  48bv%c** & 2m?  10c¢* )
I (N
k0?2 KEH? ak  KE 2

) and choosing

we obtain

€ such that (

24ac*®  24b%c*? 1) m? 2 P 2
— +5¢) 10]]° < FIIUI + & . 4
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Substituting into , we get

P 2 a 9 3c s 3 s £ 2 * 2 2, T 2

r bt o oF S 0 i

2 oll? o+ S el + 5 Wl =2 Nl + 5 017 + € 161 + T + gl
+2bRe (uz, @) + 2d Re (Ugza, o) < C[|F| U],

that is,
1
S0 < clE o),

which gives
Ul < ||,

and the proof of Lemma |3|is completed. [

The proof of Theorem [5]is a consequence of the Lemmas [2] and [3]
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