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1 Introduction
In this paper, we are concerned with the following nonlinear viscoelastic Kirchhoff plate

equation with a time delay term in the internal feedback:

uy (%, 8) + Au(x, t) — div F(Vu(x, t)) — o (2) /tg(t —$)A2u(s) ds + g™ Tu(x, £)
0

+u2|ut(x,t—r)|m71ut(x,t—r)=O, (1.1)

where Q@ C R” (n > 1) is a bounded domain with smooth boundary 9. The function

u = u(x, t) is the transverse displacement of a plate filament, and o (¢£) and g(¢) are positive

functions defined on R*. i1, 5 are positive constants and t > O represents the time delay.
To equation (1.1), we add the following initial conditions:

u0)=uo(®), w0 =wmkx), xc, 12)
ux, t—1) =folx, t—1), x€Qte(0,1), ’
and the support boundary conditions
u=Au=0 ondQ xR (1.3)

In 1950, Woinowsky-Krieger [1] introduced the one-dimensional nonlinear equation of

vibration of beams

L
2
U + UlUyxpx — (,B + V/ |2t | dx)uxx =0,
0
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where L is the length of the beam and «, 8, y are positive physical constants. Since then
many mathematicians studied the related model in one dimension and higher dimensions.
The main results are mainly concerned with global existence, stability, and long-time dy-
namics, and many results may be found in the literature. It has been stabilized by means of
different controls, for example, internal damping, boundary controls, dynamic boundary
conditions, distributed damping and heat damping, and so on. See, for example, Brito [2],
Cavalcanti et al. [3-5], Jorge Silva and Ma [6], Ma [7], Ma and Narciso [8], Oliveira and
Lima [9], Park [10], Patcheu [11], Mundz Rivera [12, 13], Yang [14, 15], and the references
therein. We would like here to mention the work of Andrade et al. [16]. In this paper the
authors studied a viscoelastic plate equation with p-Laplacian and memory terms with

strong damping,
t
Uy + Ay — Apu + / gt —s)Au(s)ds — Au + f(u) =0, (1.4)
0

and proved the existence of weak solutions by using Faedo-Galerkin approximations to the
IBVP of (1.4). In addition, they obtained the uniqueness of strong solutions and the expo-
nential stability of solutions to (1.4) under some suitable conditions on the memory kernel
g and a forcing term f. For o (¢) > 0, Messaoudi [17] considered the following viscoelastic

wave equation:
t
Uy — Au+ a(t)/ glt—1)Au(r)dr =0.
0

Under some assumptions on the relaxation function g and the potential o, the author
established a general decay property which depends on the behavior of o and g. Jorge
Silva et al. [18] studied the following viscoelastic Kirchhoff plate equation:

t
Uy — o () Auy + A%y —divF(Vu) - / gt —s)A%u(s)ds =0,
0

and they mainly proved the global well-posedness of the solution for o (t) = 1 and similarly
the result holds for o (£) = 0. Moreover, the authors established the general rates of energy
decay of the system for o € [0, 00). For more results on viscoelastic equations, we can refer
to Berrimi and Messaoudi [19], Messaoudi [20], Messaoudi and Tartar [21, 22], Tatar [23],
and the references therein.

In recent years, there has been published much work concerning the wave equation with
time delay effects and the delay effects often appear in many practical problems. In Nicaise

and Pignotti [24], the authors studied a wave equation with time delay,
Uy — Au+ ptty + pou(t—1) =0,

and established stability results under the assumption 0 < uy < ps. In [25], Kirane and
Said-Houari studied a viscoelastic wave equation with a delay term in internal feedbacks,
and they proved the global well-posedness of the IBVP to the equation by using some
suitable assumptions on the relaxation function and some restriction on the parameters 14
and py. Furthermore, under the assumption py < 4, they obtained a general decay result
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of the total energy to the system. Dai and Yang [26] improved the results in [25] under
weaker conditions. For the plate equation with time delay term, Park [27] considered

t
Uy + A%u —M(||Vu||2)Au + o(t)/ g(t—s)Au(s)ds + aous + ayu(t — ) =0,
0

which can be regarded as an extensive weak viscoelastic plate equation with a linear time
delay term. The author obtained a general decay result of energy by using suitable energy
and Lyapunov functionals. In [28], one of the present authors investigated an extensible
plate equation with a weak viscoelastic term and a time delay term in the internal feedback,

t
Uy + A%u —M(lqu||2)Au —/ gt —s)Au(s)ds + pyug + pou(t —t) =0,
0

and established the global well-posedness of the initial and boundary value problem by
using the Faedo-Galerkin approximations and some energy estimates. Moreover, the au-
thor proved a general rate result of energy decay when the weight of the delay is less than
the weight of the damping. Recently, Yang [29] studied a viscoelastic plate equation with

a linear time delay term

t
Uy + A — / gt —s)A%u(s) ds + pyu; + pouy(t — ) = 0.
0

The author obtained the global well-posedness of the IBVP to the equation and established
the decay property of energy for either 0 < |ua| < 41 or g =0, 0 < [uz| < a, and & > &,
but one needs more assumptions on the kernel g. For more some results concerning the
different boundary conditions under an appropriate assumption between 17 and 3, one
can refer to Datko et al. [30], Kafini ez al. [31], Nicaise and Pignotti [32], Nicaise et al. [33],
Nicaise and Valein [34], and the references therein.

Equation (1.1) is a Kirchhoff plate equation with a memory term and a nonlinear time
delay term in the internal feedback. To the best of our knowledge, the general rate of energy
decay for system (1.1)-(1.3) were not previously considered. So the main objective of the
present work is to establish the stability of initial boundary value problem (1.1)-(1.3).

The outline of this paper is as follows. In Section 2, we give some preparations for our
consideration and our main results. In Section 3, we establish the general decay result of
the energy by using energy perturbation method.

2 Assumptions and main results
We first introduce the following Hilbert spaces:

Vo=L*(Q), Vi=HyQ),  Va=H*(Q)NHyQ),
with norms
lullvg = llull,  lullv, = IVul, and  Jullv, = | Aull,

respectively. The notation || - ||, denotes the L”-norm, and (-, ) is the L*-inner product.
In particular, we write || - || instead of || - ||, when p = 2. The constants Ag,A;, 23,2 > 0
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represent the embedding constants

1 1
Aollul® < IVull?, Mllul® < || Aull?, Ml Vul® < || Aull?, A=—+—,
AL A2
forueV,.
For the relaxation function g and the potential o, we assume
(A1) g,0 : R* — R* are nonincreasing differentiable functions satisfying
o0
g(0)>0, Iy = / g(s)ds > o0, o(t)>0,
0 2.1)

t
l—20(t)/ g(s)ds>=1>0, fort=>0,
0

with [ =1 - [y, and there exists a nonincreasing differentiable function ¢ : R* — R* satis-

fying
(050, ¢0) <Ot fort0, lim —° O _ (2.2)
P EEETE =R 000 ‘
(A3) The constant m satisfies
. n+2
m>1 ifn=12, 1<m< ifn>3. (2.3)
n —

(A3) The function F : R” — R" is a C'-vector field given by F = (F, ..., F,) satisfying for
everyj=1,2,...,mn,

pj-1
IVE@w)| <ki(1+1ul 7)), YueR, (2.4)
where k; are positive constants and the constants p; satisfy
. n+2
pi=1 ifn=12, lfpjfn if m>3. (2.5)

Moreover, the function F is a conservative vector field with F = Vf, where f : R” — R is a

real valued function satisfying

0 <f(u) < Fu)u+allul®>, VYueR”" (2.6)

L
where « € [0, ) with u = A2w-
The vector field F satisfying a condition like (2.4) possesses an interesting property. One

can find the detailed proof in [18].

Remark 2.1 Let F: R” — R” is a C!-vector field given by F = (Fy,...,F,). If there exist
positive constants ki,...,k, and qi,...,q, such that, for everyj=1,...,n,

|VEw)| < ki(1+|ul%), VueR"
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Then there exists a positive constant K = K(kj, gj, n),j = 1,...,n, such that, for all x,y € R”,
|F(x) - F(y)| <K Xn:(l + 1l T+ y|T) =y
j=1
In particular, we have
|F(x)| < |F(0)| + K i(l +|x1%)|xl, VxeR" (2.7)
j=1

Now we give some estimates related to the convolution operator. By direct calculations,
we shall see below that

o (t)(g*u,u)
d t
-2 e - 5| P eew -T2 [ e as)uo)’|

dt| 2
+ 20 ou0+ T go w0 - 22 [ g0 astuc, 28)
t ) 1
€ *Wf)fz( / g(s>ds) [u@]” + 5 @0 uw)®), (2.9)
0

where

t
0

(g% u)(t) = fo dt-ulsds,  (gou)t) = f gt = 3)]|ult) - uls)| ds.

Motivated by [32, 34], we introduce the following new dependent variable to deal with
the delay feedback term:

z(x, 0,t) = us(x, t —tp), x€,p€(0,1),£>0, (2.10)
which gives us

12:(%, P, £) + 2,(%, p,£) =0, in Q x (0,1) x (0, 00). (2.11)
Thus, problem (1.1)-(1.3) is equivalent to

Uy + A2y —divF(Vu) — o () fotg(t —8)A2u(s)ds
+ e + palz(x, 1, 8)1" M 2(x, 1, 1) = 0, (212)

12:(%, 0, t) + 2, (%, p,2) = 0,
where x € Q, p € (0,1) and ¢ > 0, and the initial and boundary conditions are

u(x,0) = uo, uy(x,0) =y, x€Q
z(x,0,0) = folx,—pT), (x,£) € 2 x (0,7),
u=Au=0, ondQ2xR*,

2(x,0,8) = u;(x,t), x€,t>0.

(213)
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Let £ be a positive constant satisfying

Mo (m + 1)y — pa
Tk — =

(2.14)
m+1 m+1

Now we define the weak solutions of (1.1)-(1.3): for given initial data (o, u;) € V2 x Vg,
we say that a function U = (i, u;) € C(R*, V, x V}) is a weak solution to the problem (1.1)-
(1.3) if LI(0) = (g, 1) and

(U, ) + (Au, Aw) + (F(Vu), Vo) — o (t) /tg(t - $)(Au(s), Aw) ds
0

+ ([, @) + g (|ue(t - T)‘Wkllfit(t -1),0) =0,

forall w € V5.

The following theorem is concerned with the global well-posedness of problem (2.12)-
(2.13). By using the classical Faedo-Galerkin method, see, e.g., [16, 18, 28, 35], we can prove
the theorem, and we omit the proof here.

Theorem 2.1 Let o < mp, and assume the assumptions (2.1)-(2.6) hold. If the initial
data (ug,u1) € (Vo x Vo), fo € LH(2 x (0,1)), then problem (2.12)-(2.13) has a unique weak
solution (u,u;) € C(0, T; Vo x Vy) such that, for any T > 0,

ueL™0,T;V,), u; € L0, T; Vy).

We introduce the modified energy functional to problem (2.12)-(2.13) by
1 2 1 ¢ 2 1
E(t) = 5 ”ut(t)H + 5 1-0(t) / g(s)ds ”Au(t)” + ia(t)(go Au)
0

§ ! m+1
+ 2/9/0 |z] (x,p,t)dpdx+/gf(Vu(t))dx. (2.15)

Our main result is the general decay rate of the energy, which is given by the following
theorem.

Theorem 2.2 Let (o < muy, and assume the assumptions (2.1)-(2.6) hold. Let (u, u;) be
the weak solutions of problem (2.12)-(2.13) with the initial data (uy, u1) € (Vo x Vo), fo €
L*(Q x (0,1)). Then there exist two constants B > 0 and y > 0 such that the energy E(t)
defined by (2.15) satisfies

E(t) < Bexp <—7/ /t Z(s)o(s) ds), forallt>0. (2.16)
0

Remark 2.2 Generally speaking, the energy of problem (2.12)-(2.13) is usually defined by

1 1 1
F(t):—||ut||2+—||Au||2+§// |z|’”*1dpdx+/f(w)dx.
2 2 2 Ja Jo o

From Theorem 2.2, we can also get the decay

F(t) < ﬁ’exp(—y /tg“(s)a(s) ds). (2.17)
0
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Indeed, by (2.15) and (2.1), we have

E©) = FO - 2o (0) /0 26 sl Al + 2o (0)g o AW

>3+1F

> —,F@©),

which, together with (2.16), implies (2.17) with 8’ = %.
3 General decay rate

In this section, we shall establish the general decay property of the solution for problem
(2.12)-(2.13) in the case uy < mpuy. For this purpose we define

L(t) := E(t) + 610 (£) P (£) + £20 (£) W (2), (3.1)

where &; and ¢, are positive constants and

O(t) = / usu dx, (3.2)
Q
t
U(t) = —f u[/ gt —5)(u(t) — uls)) ds dx. (3.3)
e Jo
To prove Theorem 2.2, we need the following technical lemmas.

Lemma 3.1 Under the assumptions in Theorem 2.2, the modified energy functional defined

by (2.15) satisfies there exist two positive constants ¢; and c; such that, for any t > 0,

y m m+ o(t) ,
E'(1) < —aillucli - a2 L) 17 + =7 ( o Aw)
0/(1’) t
- /g(s)dsllAullz. (3.4)
0

Proof First the direct calculation yields

d
/QF(Vu) -Vudx = /Q Vf(Vu)-Vudx = T /Qf(Vu) dx. (3.5)

Multiplying the first equation in (2.12) by u,, integrating the result over €2, and using in-
tegration by parts, (2.8) and (3.5), we can obtain

dfi. ., 1 , o) a@)( [ 2
E[E””t” +5lAu| +T(goA)—T</O g(s)ds)llAull +/Qf(Vu)dx}

-1 O'(t)
a2+ [ Jes 0" 2t 1, 0+ 7 g Aul?
Q

o(t) o’

_ T(g/ o AM) - 0

2

(t)(go Au) +

t -
5 fog(s)dsllAu|| =0. (3.6)
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Multiplying the second equation in (2.12) by £z and integrating the result over Q x (0,1),

we have

d 1 .
Sd_// |Z(x,p,t)| lz(x,,(),t)dpdx
tJaJo

——Lffli}z(x t)|m+1d dx
ST JoJy 3077 g

5 m+ m+
:_mfﬂﬂz(x,l,tﬂ L 2w, 0,0)| ™) dx

= ﬁ/ |2, 1, )" dx + é/ |ue|" dl. (3.7)
T Ja TJa
By using Young’s inequality, we get

2

/ |z(x,1, )| "1, ) uy dx
Q

m
= / 21,0 v + L2 f | dx,
m+1 Jq m+1 Jqo

=

which, together with (3.6)-(3.7), gives us

E/(t)i—(m—%— e )nutn%ﬁ—(g ”W)Hz(x,mllﬁﬁ

2t m+1

o(t)

+ (@0 au) - 7

2

t
/ o) dsl) Aul”
0

By using condition (2.14), we get

clzzul—i— Ha >0 and czzzg—M2m>0,
2t m+1 T m+l
which implies the desired inequality (3.4). The proof is now complete. d

Lemma 3.2 Under the assumptions in Theorem 2.2, for the functional ®(t) defined in (3.2)
there exists a positive constant cs such that, for any t > 0,

1 o(b)
Q' (t) < lluell® - csll Aull® + Cellue |24 + Ce |z(x,1,0) ||m+ T(g o Au), (3.8)

m+l mil T
where C, > 0 is a constant depending for any € > 0.

Proof By using the first equation of (2.12), we obtain

d
() - /Q gt dx + ||

= |l )? +/Q<—A2Lt+divF(Vu)+a(t)/tg(t—s)A2u(s)ds

0

— ™My — pa|2(x, 1, t)|m_lz(x, 1, t)) cudx
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= lwl)® = || Au)|? —/ F(Vu)Vudx—,uz/ |Z(x, 1, t)|m_lz(x, L, udx
Q Q
t
t)f / g(t—s)Au(s)ds-Audx—ulf | Ly dix. (3.9)
e Jo Q

Using Young’s inequality, the embedding theorem, and (2.15), we know that, for any ¢ > 0,

5/ 421
Q

1 1
< ellulyiy + Celluelniy

m/ o™ i dx
Q

1 1
< Ce|[Vul™ + Cellugllia

2E(0)

Ce m—-1
=—\—F A + Celluellirs (3.10)
Ao l

where the constant C > 0 is the embedding constant.

Similarly we get

2E(0 e
,uz/]z(x,l 8" 2, 1, yudx ‘ - < l( )) lAul? + C; 26, L) 7]. (3.11)
2

We infer from (2.6) that
!
—/ F(Vu)Vudx < al/ [Vu|>dx < O‘—||Au||2. (3.12)
Q Q Ay

Combining (2.11) and (3.10)-(3.12) with (3.9), we can get

t m-1
@0 =ttt | (1-200 [ g0as) -2 (E2) - jawr

F Gt + Cullete L0+ T2 g0 Aw) (3.13)

m+1 m+l

Due to (2.1) and (2.6) and choosing ¢ > 0 small enough, we know that

C E " l
(1 ZG(t)/g(S)d> i;(%“”) 2o,

which, together with (3.13), give us (3.8). The proof is hence complete. O

Lemma 3.3 Under the assumptions in Theorem 2.2, and for any § > 0, there exists a posi-
tive constant Cs such that the functional V(t) defined in (2.3) satisfies

t
W'(t) < —( / gls)ds - 6) e + [28 +28(1 = D0 (&) || Autll® + S lluae 1725
0

p-1
2

+ 8o ||z(x,1 t) H

_ Cg(0)
45, o, &

+Cs[1+ A =Do(t) + (E0) 2 J(go Au)

m+l

o Au), (3.14)
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where

max-y,..., n{pj}r le(O) >1,
minj_;.{p;}, fE0) <1

Proof The straightforward computation implies that

/uﬁ / (t- s s)) dsdx
/Qut[ /g(t S)ds+/g/(t—s)(u(t)—u(s))ds]dx

_ _/ (-A2u + divE(Vu) + o (8) ftg(t — ) A2u(s) ds — | e
Q 0
_ M2’Z x,1, t)’ z(x,1, t)> /tg(t—s)(u(t) - u(s)) dsdx
- /Otg(s) ds||u;|)? —/s;ut‘/otg/(t—s)(u(t) —u(s)) dsdx
:/ Au/tg(t—s)(Au(t)—Au(s)) dsdx
Q 0

+LF(Vu)fOtg(t—s)(Vu(t)—Vu(s))dsdx

— a(t)/ (/tg(t—s)Au(s) ds> (/tg(t—s)(Au(t) — Au(s)) ds) dx
e \Jo 0

m-1

+u1/s; Iutlm‘lut/() g(t - ) (u(t) — uls)) dsdx+/L2/S;|z(x, " z(x,1,8)
x/g(t—s)(u(t)—u(s))dsdx—/o g(s)ds||ut||2
/ut/ gt s ))dsdx (3.15)

By using Holder’s inequality, Young’s inequality, and the embedding theorem, we can infer
that, for any § > 0,

/ Au/tg(t—s)(Au(t) - Au(s)) dsdx < §||Au|® + 14—_51(go Au), (3.16)
_ YAu(s) d -s)(A - A ds)d.
a(t)/ (/ g(t —s)Au(s) s) (/0 g(t s)( u(t) u(s)) S> x

<2501 -1%c(t)||Aul* + <23 + %)(1 Do (t)(g o Au), (3.17)

" /Q el / gt —9)(ul0) — u(s)) dsdx

<duilluliyt + 5 g(t )| () — uls)| 1 ds

m+1

m+1

< Spalluellniy 48/\

(3.18)
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142 /Q |2(x,1,8) " 2(x, 1,2) / tg(t—s)(u(t)—u(s)) ds dx

m+1

< s |z(x1,1)| —(g o Au), (3.19)

m+1 48)\.

_ / ” f (= 9)(ult) - u(s)) dsdx
Q 0

1/ 2
sa||ut||2+4—8(fo (-¢'(t=9)) |ut) - uls)| ds)

, Cg(0)
< 8lu ‘W(g o Au). (3.20)

Now we estimate the term fQ F(Vu) fotg(t - 8)(Vu(t) — Vu(s)) dsdx by using the method
in [18]. Noting (2.5) and the embedding V;, — Wé’p’+1(9),j =1,...,n, we know that there

exist positive constants (t,,, ..., iip, satisfying
IVullyr < iyl Aull, Vj=1,...,m.

Using (2.7) with F(0) = 0, Holder’s inequality, Young’s inequality, and the embedding the-
orem, we can conclude that, for any § > 0,

/ |F(Vu)| |Vu(t) - Vu(s)| dx
Q

< I(/ (Z(l + |Vu|pjTl)> |Vaul | V() - Vauls)| dc
Q

j=1
pj -1
< KZ (1207 + ||w||p +1)||w||p,+1 | Vu) - Vuls)|
j=1

pj-1 pj-1

Zup, (1217 + | Vull, ) 1Al | Aue) - Auls)|

1| K e ' T
- 2
< §||Aul* + 43[ Z (|Q|z<p,1 +||Vu||p]+1)] | Au(e) — Au(s)||
j=1
. 2 7t 2
2K? (& A5\ 2K (G o\ i
sa||Au||2+[A—%(walﬂl“”’“’ v O (7) (E©)
j=1 j=1

1 2
X e ||Au(t) — Au(s) ||

=Sl Aul? + o (o + o (EO)F , (3.21)

where

max;.y,...{pj}, if E(0) >1,
minj:l ..... n{p/}; le(O) <1,
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and

2
2K? (& /s
a1 ;:—2<2ij|9|2@/ 1) ,
)“2 i
j=1

pj-1 2
2K (& B2\ TE -
o ::T%<Z“Pi2 <7> (E(O)) ).
j=1

It follows from (3.21), Holder’s inequality, and Young’s inequality that
t
/ F(Vu)/ gt - s)(Vu(t) - Vu(s)) dsdx
Q 0

E/O g(t—s)(/Q|F(Vu)||Vu(t)—Vu(s)|dx) ds

p-1
2

<§||Aul? + 41—8(011 +a2(E(0)) 7 )(g o Aw). (3.22)

Inserting (3.16)-(3.20) and (3.22) into (3.15), we obtain (3.14). The proof is therefore com-
plete. O

Lemma 3.4 For &1 > 0 and &, > 0 small enough, there exist two positive constants $, and
Bo such that

BLE(t) < L(t) < B2E(?). (3.23)

Proof Using Holder’s inequality, Young’s inequality, and Poincaré’s inequality, we can eas-
ily get

& & &
L) - E@)| < gaw)nutnz + 2—;10<0)||Au||2 + fo(O)Huth

&9 ¢ 2
+ > (/0 g(t—s)(u(t) - u(s)) ds) dx

Q

&1+ €&
<1 2

//
o ()| + ;—;lo(onmunz ¥ %fo(oxgo Au),

which, choosing ¢ > 0 and &; > 0 small enough, implies (3.23). The proof is complete.
O

Proof of Theorem 2.2 Combining (3.4), (3.8), and (3.14) with assumption (A;), we can ob-
tain

L) =E () + 610 () P(£) + 610 () D' () + £20 (£) W (2) + e20 (&) V' (¢)

< —a(t)(% —g —&Mz)ll%llﬁﬁ —U(t)[Sz (/0 g(s)ds—6> —sl}nutnz

- g(t)(% —Cee1 — 825/L2> ||z(x, 1,¢) HZE + U(t)(% — & i‘i(ﬁ)) (g’ o Au)

~ o (0)[eser — 2628 — 2620 ()1 - ][ Aue] - %a/(t) ( / 40 ds) | Aul?
0




Feng and Li Boundary Value Problems (2016) 2016:174 Page 13 0of 16

+ a(t)[ o(t) +&Cs[1+A-Do(t) + (E(O))pz]:|(g o Au)
+&10'(¢) /Q Uy dx + 00’ (t) /Q utfo g(t —s)(u(s) - u(t)) dsdx. (3.24)

By using the Young inequality and the Poincaré inequality, we shall see that

a/(t)/ uutdx+a/(t)/Qut/Otg(t—s)(u(s)—u(t)) dsdx

<- ()||Au||2 o’ (8)]|ue||* — ()(f g(s)ds)(goAu) (3.25)

20

For any fixed ¢y > 0, we know that, for any ¢ > ¢y,

/0 o) ds > /0 * g0 dsi= g0,

which, along with (3.24)-(3.25), implies for any ¢ > £,

L'(t) < U(f)( —825M2>||ut| e —U(t)|:82(g0 -8)—er+ Al )]” ?

©0) o()
Co m+l 1 Cg(O) ,
- a(t)<w -C,e - 828/L2> |z(x1,2) ||m+1 + a(t)(i —& 0, (¢ o Au)
1 t
_O'(t)|:6381—2825—2820'( YA -2+ o G(()):|||Au||2
p1 (t
¥ U(t)[ o(t) + £xCs[1+ (1= Do (1) + (E0)'7 ] - g—o"Tt))}(g Au). (3.26)
At this point we first choose 0 < § < min{& o 4[1?7‘1%]2]}, and we get
1 $ 1
go—8> §g0 and 2—03[2 +2(1- 1)2] < Zgo.
For any fixed § > 0, we take &; > 0 and ¢&; > O satisfying
%82 <e< g2—082 (3.27)

so small that

m = &2(go —8) — &1 >0,

M 1= c361 — 26280 — 26,8(1 - 1)* > 0.

We at last choose €; > 0 and €, > 0 small enough for (3.23) and (3.27) to remain valid, and
further,

(4] C 1 Cg(O)
—&1— &0 0, —— —C.e1— 836 0, ——
(0) &1 — &0 > (0) €1 — E20U > ) &2 457,

> 0.
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From this it follows that, for positive constants 7y, 1,2, and 73,

£ < —o(t)(zm Lo (”)uutnz —G(t)(2772 L L (”)nAunz

2 o(t) 2A1 o(t)
g o'(¢)
+ (7’]3 - 2_)~1 e )a(t)(g oAu), Vt>t. (3.28)

Since lim;_, o % =0, we choose t; > £, and use (2.16) to get

L'(t) < —o (&) (mllue)? + nall Aull®) + n30 (£)(g 0 Au)

< -0 ()E(D) + 150 ()(g 0 Au), Vi = t, (3.29)

where n4 and s are positive constants.
Multiplying (3.29) by ¢ (¢) and using (3.4), we obtain

¢OLE) < —nag (O)o ()E(2) +ns¢ (E)o (£)(g o Au)

< et (O OE®) - s [zE’(t) +o'(6) ( /O 4(s) ds) ||Au||2}

which, combining with (2.16), gives us for any ¢ > #,

’ , 2[0'/(t) ¢
C@L(t) + 2nsE'(8) < —U(t)é“(t)[m + OO (/0 g(s) dS)]E(t)~ (3.30)
Since lim;_, o % =0, we can choose t, > f; so that
COL'(0) + 205E () < ~S o (O OEW), Vezt, (3.31)

Let £(t) = ¢(¢)L(t) + 2n5E(2), then it is easy to see that £(¢) is equivalent to the modified
energy E(t) by using (3.23), that is, there exist two positive constants B3 and B4 such that

BsE(t) < £(¢) < BoE(2), (3.32)

which, together with (3.31) and using ¢’(¢) < 0, shows that there exists a positive constant
1 > 0 such that, for any £ > £,

E() < -Le (o (OEW). (3.33)
Ba

Integrating (3.33) over (£, t) with respect to ¢, we get for any ¢ > t,,

£ < S(tz)exp(—% 6o ds>

4 J ity

§€(t2)exp<%L2§(s)a(s)ds) exp(—%fo {(s)a(s)ds),

which, using (3.32), implies for any ¢ > t,,

E(t) < %ME(tz)eXp(—% /OtE(S)G(S) dS>. (3.34)
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Therefore (2.16) follows by renaming the constants, and by the continuity and bounded-
ness of E(£). The proof is hence complete. d

Remark 3.5 We illustrate several rates of energy decay through the following examples,
some of which can be found in [17, 23].

Example 1 If g decays exponentially, i.e., ¢(¢) =a, and o (¢) = 1%, then (2.16) gives us
B
Et) < ——.
= (1 +t)rab

Example 2 If g decays exponentially, i.e., {(£) = a, and o (¢) = b, then (2.16) gives us
E(t) < Be™™t,

Example 3 When g(¢) = ae " and o (t) = = for a,b > 0 and 0 < « < 1, then ¢(¢) =

1+t

ba(1 + t)*7! satisfies (2.1)-(2.2). Estimate (2.16) takes the form
b
E(t) < Bexp <—Ly(1 + t)"‘_1>.
a-1

Example 4 If g(¢t) = aexp(-b1n*(1 + ¢)) and o (¢) = m for a,b > 0 and « > 1, we know

that ¢ (¢) = %:(1”) satisfies (2.1)-(2.2). Estimate (2.16) takes the form

E(t) < Bexp <—bLy1 In* (1 + t)).

o —
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