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WELL-POSEDNESS AND GENERAL DECAY OF SOLUTIONS FOR
THE HEAT EQUATION WITH A TIME VARYING DELAY TERM

ABDELKADER BRAIK!, ABDERRAHMANE BENIANI?, AND YAMINA MILOUDI?

ABSTRACT. We consider the nonlinear heat equation in a bounded domain with a
time varying delay term

ug + A%u — J(t) /0 g(t — s)A%u(s)ds + aK (t)u + BK (t)u (t — 7(t)) = 0,

with initial conditions. By introducing suitable energy and Lyapunov function-
als, under some assumptions, we then prove a general decay result of the energy
associated of this system under some conditions.

1. INTRODUCTION AND STATEMENT

Let us consider the following problem

up + A%u — J(t) /Ot g(t — 5)A*u(s)ds + aK (t)u

+ BK (t)u (t — 7(t)) =0, in © x ]0, +o0[,
(1.1) u=0, on 99 x 0,400,

u (0) = wo, in

u(t—7(0)) = ho (t — 7(0)), in Q x 0, 7(0)[,

where A%u = A(Au), Q be a bounded open domain in R™, n € N* of regular boundary
092, the function 7 : ]0, +00] — |0, +o0[, 7(t) is a time varying delay, o and /3 are
positive real numbers, and the initial data (ug, ho) belongs to a suitable function
space.
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Time delay is the property of a physical system by which the response to an applied
force is delayed in its effect (see [12]). Whenever material, information or energy is
physically transmitted from one place to another, there is a delay associated with the
transmission. In, physical, chemical, biological, electrical, mechanical and economic
phenomena.

in recent years, the stability of partial differential equations with time-varying
delays has been studied in [8,15,20] via the Lyapunov method.

In the constant delay case the exponential stability was proved in [11,18] by using
the observability inequality which can not be applicable in the time-varying case (since
the system is not invariant by translation).

In recent years, the control of PDEs with time delay effects has become an active
area of research, see for example [1,19,23] and the references therein. In the case
of distributed parameter systems, even arbitrarily small delays in the feedback may
destabilize the system (see, e.g., [5,9,11,15]). Hence the stability issue of systems
with delay is of theoretical and practical importance.

There are more works on the Lyapunov-based technique for delayed PDEs. Most of
these studies analyze the case of constant delays. Thus, the conditions of stability and
the exponential limits have been derived for some heat equations and scalar waves
with constant delays and boundary conditions of Dirichlet without delay in [21].

S. Bernard, J. Belair and M. C. Mackey [16] studied the stability of the following
linear differential equation

v = —ax(t) — ﬂ/OJrOO z(t — s)f(s)ds,

where a and [ are constants.
Chengming Huang and Stefan Vandewalle [2] considered a more general equation,

(1.2) y(t) = ay(t) + By(t — )+ [ u(s)ds,

t—1
where «, 5,7 € R and u(t) = ¢(t) on [—7,0], and proved that the repeated trapezium
rule retains the asymptotic stability of (1.2). Wu and Gan in [22] further extended
the above study to the case of neutral equations.
In Section 3, page 16, Chengming Huang and Stefan Vandewalle [3] considered the
asymptotic stability of multi-dimensional equations of the form
t

(1.3) y(t)=Ly(t)+ Myt —7)+ K y(v)dv, t>0,

t—1

where L, M, K € 0% and y(t) = ¢(t) on [—7,0]. The characteristic equation equals

0
(1.4) det (\NIy— L — Me™ — K e‘”du} 0,

where I; is the d x d identity matrix. The zero solution of (1.3) is asymptotically
stable if and only if all the roots A of (1.4) have negative real parts.
Recently the stability of PDEs with time-varying delays was analyzed in [8,20].
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Later, Mohamed Ferhat and Ali Hakem in [7] studied the decay properties of
solutions of the folowing system for the initial boundary value problem of a nonlinear
wave equation

(2w = A= [ gle = ) Aus)ds + B (2,1)

+ ¥ (u'(z,t — 7(t))) = 0, in Q x (0, +00),
u=0, onI" x (0,+00),
w(z,0) = ug(x), u'(x,0)=ui(z), in Q,

u'(t —7(0)) = fo(t — 7(0)), on Q x (0,7(0)),

where 2 is a bounded domain in R", n € N*, with a smooth boundary 02, 7(¢) > 0
is a time varying delay, uq, and us are positive real numbers.

Recently, the case of time-varying delay has been studied in [13,18]. For example,
in Nicaise et al. [18] in one space dimension studied

u — augyy =0, O<zxz<mt>0,
u(0,t) =0, t>0,

Uz (7, 1) = pou(m,t) — pu(m,t —7(t)), t>0,

u(z,0) = up(x), 0<z<m,

u(m,t —7(0)) = fo(t —7(0)), 0<t<7(0),

where g9, 11 > 0 and a > 0. They proved the exponential stability result under the
conditions

7 <1, forallt>0,
exists M >0, 0<to<7<M, forallt>D0,

7€ W3>([0,T]), forall T > 0.
And in 2011 S. Nicaise and C. Pignotti in [13] considered an problem of the form

u' — Au —alAu' =0, in  x (0, +00),
u=0, on I' x (0, 4+00),

, O(u+ au') ,
e ku'(t — 7(t)), on I'y x (0,+00),
u(x,0) = up(x),u'(x,0) = uy(z), inQ,
u = fo, on I'; x (—7(0),0).

We also recall the result by Xu, Yung and Li [4], where the authors proved a
result similar to the one in [11] for the one-space dimension by adopting the spectral
analysis approach. The case of time-varying delay in the wave equation has been
studied recently by Nicaise, Valein and Fridman [18]) in one-space dimension. They
proved an exponential stability result under the condition pus < +/1 — duy, where the
fuction 7 satisfies 7/(t) < d < 1 for all ¢ > 0.
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In [14], Nicaise, Pignotti and Valein extended the above result to higher space
dimensions and established an exponential decay.

The paper is organized as follows. In Section 2 we present some assumptions and
state the main result. The general decay result is proved in Sections 3.

We use the ideas given by G. Li, B. Zhu and Wenjun Liu in [10], and the multiplier
technique to prove our result.

2. PRELIMINARIES AND MAIN RESULTS

Firstly we assume the following hypotheses.
(H1) k& : R, —]0, +o0[ is a non-increasing function of class C*(R, ) satisfying

(2.1) K'(t) < —ck(t), forallt>0,

where ¢ is a positive constant.
(H2) J,g,¢ : Ry —]0, +00[ are non-increasing differentiable functions satisfying

(2.2) / " g(s)ds < 400, 1—J(1) / "g(s)ds > 1> 0,
and

, o J(Y)
(2.3) g'(t) < —u(t)g(t), forallt>0, tgnjoom =0

(H3) For the time-varying delay 7, it is varying betwin two positive constants g, 71,
and

(2.4) T eW?*([0,7T]), forall T >0,
(2.5) 0<7o<7(t) <7, forallt>0,
(2.6) '(t) <d < 1, forall ¢t > 0.

(H4) «, 8 and ¢ are three positive constants satisfy,

(2.7) a > [0
and

2.8 < 1
(2.8) = 20k(0)’

for some § > 0.
We now state some lemmas needed later.

Lemma 2.1 (Sobolev-Poincare’s inequality). There exists a constant C,, = C(2) such
that

(2.9) /Q|w|2da: < (Jp/Q \Aw[?dz,  for all w € HY(Q).



WELL-POSEDNESS AND DECAY ESTIMATES 271

We introduce, as in [11], the new variable

(2.10) 2(z, p,t) = u(z,t — p7(t)), (z,p,t) € Qx(0,1) x (0,400).
Then, we have

(2.11) T(t)z'(x p,t) = (7'(t)p — 1)z, (x, p,t), in Qx(0,1) x (0,+00),
where 2/ := % and z, := 32 . Then problem (1.1) may be rewritten as

up + A% - ()/ gt — s)A%u(s)ds + ak(t)u

+ Bk(t)z (1,t) = in Q x (0, 4+00),

H(0 (1) = (7 (1) = Dzl in % (0,1) x (0, +00),
(2.12) u=0, on 092x]0, +ool,

u (0) = uo, in Q,

2 (0,t) = u(t), in Q(0,400),

2 (p,0) = ho (—p7(0)), in Q x (0,1).

We define the energy of solution of problem (2.12) by

B(t) = [ak<>||u||2 (1= [ g(ds) lAull3 +T0) (g0 ) (1)

+&k(t) // |z(p, t \dpdx}

where ¢ is a positive constant, and

(90 dw) (1) = [ gt =) | Ba(t) — Aw(v)] dv

Now we will establish a general decay rate estimate for the energy.

(2.13)

3. DECAY OF SOLUTIONS

We firstly give the global existence of solutions of the system, which has been proved
in [10].

Proposition 3.1. ([10, Lemma 2.1]). Let (H1)-(H4) hold. Then given uy € HY(Q),
ho € L*(2%x(0,1)) and T > 0, there exists a unique weak solution (u, z) of the problem
(2.12) on (0,T) such that

u € C(0,T; H(Q)) N CL(0,T; L*()).

Lemma 3.1. Let (2.6) and (2.7) be satisfied, £ be a positive constant and § sufficiently
small such that

B

— < £
B —d) St

(3.1)
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and (u, z) the solution of the problem (2.12). Then, the energy functional defined by
(2.13) it may be non-increasing function and satisfies

B(1) <370 (¢ o 8 (1) = 2(0) ([ g(s)ds) 1 al

(3.2) +§k’( // (0, )| dpda

<30 (60 8 (0= 570) ([ s)ds) .

Proof. At first, multiplying the first equation in (2.12) by «/, integrating over {2 and
using integration by parts, we have

1d 2 2 PR 9 )
T (lAull3 + ak(t) ul3) + [l I = Sok(t) ||u||2+5k(t)/guz(1,t>dx

—J()/O t—s/AuAu( )dxds = 0.

We denote by I(t) to the last term on the left side of (3.3) for [;(t) we have
(3.4)

(3.3)

L(t) = / (t—s) /Au — Au(s)) dzds
— J(t)/ g(t —s) /Au (t)Au(t)dxds
:;;ﬁ{/ g(t —s) /]Au u(s)|* dads

gy / o(s) [ 18u(o)? dds +;(J(t) /Ot g(s)ds)l [ 18u(o) dads
;(/Ot ot =) [ |du(t) = Auls)) deds
o5 Uot JW)g(t = 5) [ 18u(t) — Au(s) duds
—70) [ g(s)ds [ |du(o)? dz

570 ([ g(ds ) 1aul = S70) (9.0 Aw) () = 2J(0) (9 0 Au) (1),

+ 5T (09(0) | Au

Inserting (3.4) into (3.3) and using Young’s inequality, we obtain

S (k) + (1 = J0) [ g(s)ds ) 1 Aul3+ T0) (g 0 ) (1))
(3:5) <Lak'(t) 2 — (1 38K(0) [ + 220 (1, )2+ 27(0) (g0 A (1)
57050 ) (1) — 5 (70 ([ 9()ds) + I09(0)) 13,
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Secondly, we multiply the second equation in (2.12) by &k(t)z(z, p,t) and integrate
over 2 x (0,1), to get

// (o )F dpdm_“k’ // 1—07())*| (p. )| dpdz.

And from there we find

( o [ [ e \dpda:) = k) [ [ I=(o. 0 dpds
(3.6) —§k<t> 10— o) (. )] da
=Sk @) [ [ 100 dpdz.

Taking the sum of (3.5) and (3.6), we obtain that
(3.7)

E'(t) <5 (ak'(t) + Ek(1) Jull; — (1 = 88k(E)) /|5 + ;J’(t) (9 0 Au) (t)

I (e 7o) - ) 100 + 300 0 20 1)

—;(J'm ([ a(s)as) + T0190) 1l + SR r(0) [ [ |=(o.0)P dpi

Combining (3.1), (3.7) and hypotheses (H1)-(H4), the proof of Lemma 3.1 is complete.
0

Theorem 3.1. Assume (H1)-(H4). Then there exist positive constants C and K
such that for any solution of problem (2.12), the energy satisfies the following estimate

(3.8) E(t) < Ce_KO/O vl I(E)dt

for every t > 0.

[\D\»—t

Now, we define the functional F(t) as follows

(3.9) F(t) = ; [ war

Lemma 3.2. The functional F satisfies the following estimate

P <fp—1+ ([ ots)as) J(t)} I8ul + S 00) g 00) 1)

+ (08 —a) ()IIU\|2+ = [l D

Proof. Differentiating and integrating by parts, we get
(3.11)

F'(t) = — | Aul + J (D) /Q /Dtg(t — §)Au(t) Au(s)dsdz — k:(t)/

Q

(3.10)

(au2 + Buz(t, 1)) dz.
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We denote by Fj(t) the second term on the right-hand side of above equality. By

using Young’s and Cauchy-Schwarz inequalities, we have
(3.12)

Fi0) =J0) [ [ ot = 9)du(o) [duts) - Aalw)) dsde+.1(0) ([ gls)ds) a0
<J0) [ [ gt = 5) 1u(t)] | () — du(e)| dsde +J0) ([ g()ds ) 1Aul
<ol + O [ ([ gt - o) 8u(s) - Au(p)] ds) do

+00 ([ gto)as) a2
< ([ otas) T [ [ ott — o) 180(s) — D) s

+ (5450 ([ ts)as) ) 1wl

< (5470 ([ gt)ds) ) IAull + 2 (0) (970 2 (1)

Inserting (3.12) into (3.11), we obtain the required proof. O

Lemma 3.3. Let G(t) be the function defined by

(3.13) G(t) = /Q /Ot gt — s)ult) [u(s) — u(t)] dsdz.

satisfies the estimate

(3.14) t
G'(t) < {5 +25(1—1)%+(1—1) (51 _ (/0 g(s)ds))] | Aul?

+ [25+ (ak(0) + 63) (/Otg(S)dS)] lull;
oF + 52,

+ </0tg(s)ds) [215 +20.07(0) + ==K (0) + (141)] (g0 Au) (1)

- gig)qg (g o Au) (t) + (gk(O) + 5) =t D -

Proof. We take the derivative of G(t) to get,

G'(t) = /Q /Ot g(t —s)u'(t) [u(s) — u(t)] dsdx — (/Ot g(s)ds> /Qu.u'dx

(3.15) .
[ [ gt = 9putt) [u(s) — u(t)) dsd,
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using the problem (2.12) we obtain

// (t—s) ds{ A2u+J()/ g(t — 5)A%u(s)ds
—aK(t)u — BK(t)z d:z:—l—// (t—s)u — u(t)] dsdx

(1,
—(/Otg ) A%+ )/ gt — $)A%u(s)ds
—aK (t)u — 5K( )z (1,1)] dz

:—/ Au/ (t — s) [Au(s) — Au(t)] dsdx
+ J(t /Q/O (t — s)Au(s ds/o g(t — s) [Au(s) — Au(t)] dsdx

(3.16) -|-/ /t "(t — s)u —u(t)] dsdzx + (/tg(s)ds)/g\Au]2d$
—aK(t / / (t—s) )] dsdx

= 5K [ 201) [t =) uls) — u(v)] dsdo
+ (/Ot g(s)ds) /Qu (aK(t)u+ K (t)z(t,1))dx

— J(t) (/Otg(s)ds) /QAU /Ot g(t — s)Au(s)dsdx
Syl

where G;(t), i = 1,8, denote the terms on the right side of the above equality in
order. Gy(t), Go(t) and G5(t) can be estimated as in [17] as follows, for any § > 0.
By Young’s and Cauchy-Schwartz, we obtain

(3.17) Gh() < 6|]Au\|2+415 (/t (5)ds ) (g0 A (1)
and
1) <6J2(t ( ) (|1 Au()] + [Au(s) — Au(t)|)ds>2dx
( ) (| Au(s) — Ault )\)ds)de
(3.18) <8§J3(t) (/ ){ // (t — s) |Au(s) — Au(t)|? dsdx

+2// (t — s) | Ault \dsdx}ué(/ ()ds)(goAu)(t)
< (2070 + 3= ) ([ o(6)ds) (9.0 ) () + 25 (1 = 2 Al
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For G3(t) and G5(t), we use Cauchy-Schwartz, Young’s and Poincare’s inequalities,
we get

(3.19)

<slulp+ o [ ([

<ol + s [ ([ =gt = s)ds) ([ /(=9 u(s) ~ (o) ds)

< dllull+ 362 ([ =g = )as) ([ =g/t~ )1 xuls) - Auv)ds) e
< bl = 562 ([~ = 9)as) (5 0 ) (1)

Gult) < alull+ D [ ([ g <t>>ds)2dx
<6 ||u ||§ a2k2 (/ ds)// (t —s) )* dsdx

< d|ullz + anz (/ ds) 02// (t —s) (Au(s) — Au(t))” dsdz

<l + “2’;;?0)05 ([ a(s)ds) (g0 ) ()

Similarly, we have

B2 Goo <ol + 0 ([ gas) (g0 ) ()
32) G0y < ([ ao)as) |(k(0) + 0l + L0 20D
and

Gs(t) < — Otg (s) ) U Au/ (t —s) (Au(s) — Au(t)) dsdz

(s)ds ) [| a3
tg (s ds> /|Au\/ (t —s)|Au(s) — Au(t)| dsdx
(e)is)

J(t) | Aul;
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< (/Otg(s)ds> J(t) [51 1Aul? + 4;/9 (/Otg(t — o) |Au(s) — Au(t)] ds)2dx]

NIRCORCIINT
(3.23)

Gu(®) < ([ glo)ds) 3(0) |61 a3 + W (90 8u) (1)

([ sty a0
< (/Otg(s)ds) J(t) (51 _ /Otg(s)d:s) 1 Au? + W (9 0 Au)

< ([ ts1ds) (51— [ atoas) 10 N3l + = ([ at)ds) (9.0 b

Summarizing these estimates with (3.16), we get (3.14). O

Lemma 3.4. Now, as in [7, Lemma 3.4], we introduce the folowing functional

1
(3.24) d(t) :/ e’QpT(t)/ 22(t, p)dxdp.
0 Q
Then
d—1

T1

(1)

71

(3.25) ¥'(t) <

—2T 1 —2T !
e 2t Dlls + — llull; — +2) e [ |2t p)ll; dp.
T0 0

Proof. By differentiating, using the second equation in (2.12) and integrating by parts

over (0,1), we get
(3.26)

1 1
' (t) :—27'/(25)/0 pe_sz(t)/Qz2(t,p)dxdp—|—2/O e_sz(t)/Qz/(t,p)z(t,p)dxdp
1
:—27"(25)/ pe_Q’)T(t)/ 22(t, p)dxdp
0 Q

2 —2p7(t) / PTAY =2, (4 t. p)dxdp.
+ /0 e 0 2,(t, p)z(t, p)dxdp

)
We denote by ®;(t) the last term in the right-hand side of the equality above
1 T'(t)—1d
wi) = [ [ PO g
1() 0 € Q T(t) dpz ( p) rap

1

—2p7(t pT'(t) =1 ,
_ [e o[ O mdx]

0
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! 2 d —2p7(t pT/(t) —1
B /Q/O ‘ (t’p)dp (6 " 7(t) )dpdx
(3.27)

Dy(t) = [GQPT t)/ prt) =1 tp)dx] + 27 (¢ // pe "W 2(t, p)dpda
0

) (Tﬂ )" 2) /Q/O e 70221, p)dpda

Tt =1 |2 2 Loy, 2
< |2, + ) |20
+ 27 (¢ // pe= 270 22t p)dpda — < 0 ) —2r(t) // (t,p)dpdzx.
Since
e < e <727 <1 forallpe (0,1), ¢t >0,
inserting (3.27) in (3.26), we obtain (3.25). O

Now, we are ready to prove the general decay result. For this, we define the
Lyapunov functional £ by

L(t) = NE(t) + J(t) (eF(t) + e/ G(t) + 20(t)).

Taking the derivative of £(t) with respect to ¢t we have
(3.28)

L'(t) = NE'(t) + J(t) (eF'(£) + 61G' () + 628/ (£)) + J'(t) (eF () + e1G(¢) + e2D(t)).

By using (3.9), (3.13), (3.24), Young’s and Poincare’s inequalities, we obtain
(3.29)

T [F () + @ Gl0) + 0] < (= 5 ) 70 Il + e @e [, )l dp

€1

2 (/0 g(s)ds) C2J'(t) (g o Au) (t).

Exploiting (3.29) in (3.28) and using (3.7), (3.10), (3.14) and (H2), we arrive at
(3.30)

L) < — J(b) l(e - 621) f]((f)) +e(a— B8 M

—a (26 + (k) +69) ([ o(s)as) o)) = 2]

- [Nﬂj <§(1—d)—265> — J(0) (Zg+ (gk?( )+ ))] I2(1, D)1l

+ (1) []; —a i 5) 021 (g o Au) ()
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— J(t) [];[ </Otg(s)ds> (1) +e(l=90)—e (5 +26(1— l)z)

()
([ sts1as) 1) (e +-ersn) —er ([ ots)ds) )] s
-t e+ T [Ma0ian

+ [61 </Otg(s)ds> (215 +26.J%(0) + a 2256 E*(0) + 14g1l>

—1-614_5ZJ(0)—€21</;9( )ds )c;f](())] T(t) (g 0 Au) (1).

At this point, choose €1, €5 small enough such that 0 < €5 < €; < € and 9; sufficiently
small such that

cl—0)> e <5+25(1—z)2—(1—z> ((51—/0tg(s)ds>) — O (e1,8) > 0

and

o1, 62) = € (v — BO) M — & (25 + (k(O)a +38) (/Otg(s)ds)> _ 2y

To

Since (3.1), once €; and 0 are fixed, we want to choose N large enough such that

N]g <§(1—d)—255> —J(O)<4§+ 1@51&( )+5>> >0

N g(0)
?_1450

and
> 0.

For this, (3.30) becomes

et <= 30 |5 ([ atas) T8+ e =) - 00| 180

2 J(t)
(3.31) -0 [ g tt _m] /01 0.l
[ 3 (Lo} i) w0 0esmo
— J(t)[e = Co (er,€2)] |Jull3
where
(3.32)

B t 1 1 9 o® + 5%, 1-1 1-1
01—61(/0 g(s)ds) (46+41(5+25J() o E*(0) + 10, +e v J(0).
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We then use (H2) and choose t; > ¢, so that there exist two positive constants Cy
and Cj, such that (3.31) takes the form

(3.33) L'(t) < —=Cod (t)E(t) + C3J(t) (g o Au) (t), for all t > t;.

On the other hand, as in [6], multiplying (3.33) by (¢) and using (3.31) and (3.2),
we have

(D)L (1) < =Cop(t)J () E(t) + Csip(1) J (1) (g 0 Au) ()
<

(3.34) —Oy(t)J(t)E(t) — C3J(t) (g 0 Au) (t)

< —Cou (I (W) BW) — 265 (0) — Col () ([ gts)ds ) a2

By (2.13), we have
(3.35)

(GOL () +205B0)) < ~Cop (I BE) — Co () ([ gls)ds) 1 2u?

< 0(0)J(1) [02 i o () tg(s)ds)] B(1),

From limt_,+oo% = 0, we can choose t > t; and then (3.35) gives

(3.36) (P(1)L(t) +205E(t)) < —C;w(t)J(t)E(t), for all ¢ > t,.

We define here, the function £ by

(3.37) L(t) = (t)L(t) + 2C3E(t).

By the definition of the functionals F'(t), G(¢t), ®(¢t) and E(t), since ¢'(t) < 0, we can
prove £(t) equivalent to E(t) and there exists a positive constant A such that

(3.38) () < M) J()L(t), for all £ > to.

By simple integration of 3.38 over [to,t] and use the equivalence of £(¢) and E(t) we
obtain t
E(t) < Ce T ftz w(t)J(t)dt, for all t > t,.

By the continuity and boundedness of E(t) in the interval [0, ¢s], we have

E(t) < Ce o Jo vOIOd - for all t > 0.
The proof of Theorem 3.1 is completed.
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