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ASYMPTOTIC BEHAVIOR OF THE BOUSSINESQ-BURGERS
SYSTEM

WEI DING AND ZHI-AN WANG

ABSTRACT. This paper is concerned with the Boussinesq-Burgers system which models
the propagation of bores by combing the dissipation, dispersion and nonlinearity. We
establishes the global existence and asymptotical behavior of classical solutions of the
initial value boundary problem of the Boussinesq-Burgers system with the help of a
Laypunov functional and the technique of Moser iteration. Particularly we show that
the solution converges to the unique constant stationary solution exponentially as time
tends to infinity.

1. INTRODUCTION

The water flows from the higher to lower elevation are termed bores which occur
readily in nature. There are two classes of bores: strong and weak bores. The former
refers to the rapid turbulent change of water level, while the latter have a gently sloping or
oscillatory transition between the different water levels. Although there is a large number
of literature that discusses the propagation of bores (cf. [20] and references therein), little
is known mathematically about this phenomenon. While strong bores are hard to deal
with mathematically due to the difficult of modeling the wave breaks/tubulence, weak
bores are relatively easier to handle. There are two well-known models describing the
propagation of weak bores. One is the Korteweg-de Vries equation (KdV equation for
short) which can be expressed in non-dimensional variables as

Vi + VVg + Ugze = 0.

The other one is the Boussinesq system as follows (c.f. [21])

pr+ Wz + (wp)z = 0,
Wi + Pr + WWy — OWeey = 0,

where p(z,t) and w(z,t) represent the height and the velocity of the free surface of the
fluid above the bottom, respectively, and § > 0 is a parameter measuring the strength
of fluid dispersion. These two models contain the nonlinearity and dispersive effect. The
Boussinesq system and its variants have been extensively studied in the literature (see
[5, 6] and reference therein). However it was pointed out in [3, 12, 13] that the dissipative
effects must be included, at least in the laboratory scale, in order to accurately predict
the wave propagation. The simplest way of incorporating the dissipation is to append
a Burgers-type term to the KdV or Boussinesq system, which then yields the so-called
KdV-Burgers equation or the Boussinesq-Burgers system, respectively. The KdV-Burgers
equation has been well studied in the literature (see [23] and reference therein). In this
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paper, we consider the Boussinesq-Burgers system which reads as

Wi + Pr + WWy — Wapt = UWyy ’

with e, u > 0. Compared to the KdV-Burgers equation, the study of Boussinesq-Burgers
system (1.1) is not very much. There are a few results on its variants (e.g., see [8, 18]
and references therein) for the whole interval R. As we know, the only result of the
Boussinesq-Burgers system (1.1) is the existence of traveling wave solutions obtained in
[21] in the whole interval R with bore-like data, where ¢ = pu. The goal of this paper
will be to study the initial boundary value problem of the Boussinesq-Burgers system
in a bounded interval. To this end, we make a change of variable as in [21] by letting
u(z,t) = 1+ p(z,t). Then the initial-boundary value problem of the Boussinesq-Burgers
system considered in the present paper reads:

U + (VW) = gy, x € (0,1), t>0,

Wi+ (U + ), = pwe, + 0wy, x € (0,1), t >0, (1.2)
(uv w)(x, 0) = (u07w0)(x)7 T € [07 1}7

Ug|z=01 = W|z=01 =0, t>0

where €, 1,6 > 0. It is noted that when the dissipation and dispersion are ignored (i.e.
e = p =0 =0), the system becomes the well-known water wave equation [9]. As é =0
and the nonlinear advection term is “’72 is replaced by —uw?, the model becomes a system
derived from the chemotactic movement considered in [16, 17, 22]. In this paper, we shall
establish the global existence and asymptotic behavior of classical solutions to the initial-
boundary value problem (1.2). We point out that it is physically meaningful to consider
u(z,t) > 0. The main results of this paper are given in the following theorem.

Theorem 1.1. Assume that (ug,wo) € W?P(0,1) with p > 3 and uy > 0,ug # 0. Then,
foranye, p,0 > 0, the problem (1.2) has a unique classical solution (u,w) in (0,1)x (0, c0)
with u > 0 such that (u,w) € C°([0,1] x [0,00)) N C%1([0,1] x (0,00)). Moreover there is
a constant > 0 such that for allt > 0:

lu — T || Lo 0,1y + l|w]l Loo0,1) < Ce™Pt

where g = fol updx denotes the average of ug(x) over (0,1).

2. LOCAL EXISTENCE

To deal with the nonlinear term (w?/2), and prove the existence of local solutions
of (1.2), we need some regularity assumptions on the initial data. Since the dispersion
term w,,; contains the temporal derivative, the proof of local existence will be somewhat
different from the standard argument for the parabolic system. Here we shall employ the
fact that the dispersion term w,,; has a stronger dissipative effect than the diffusion w,,
to construct a contracting mapping to prove the local existence. Inspired by a result from
[15], we depart with a linear problem

wt_dwx:ct:f(xvt)7 S (071)7 t>07
w(0,t) =w(l,t) =0, t>0 (2.1)
w(z,0) = wy(x), x € [0, 1].

For this linear problem, we have the following result.
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Lemma 2.1. Assume that wy € W*P(0,1) and f € L?(0,1) for p > 1. Then the problem
(2.1) has a unique solution in the cylinder Qr = (0,1) x (0,T) for some T > 0, which
satisfies

[wlleqomm2eo1) < llwollw2eo + Tl flleqorsieo1)-
Proof. By a change of variable v(z,t) = w(z,t), the linear problem (2.1) becomes an
elliptic problem with the parameter ¢ € (0,7)

Uy — 0z = f(x,t), x€(0,1), t€(0,T)
v(0,t) =v(1,t) =0, te(0,7T).
If f € LP(0,1), then by the Agmon-Douglas-Nirenberg theorem [1, 2], the problem (2.2)

has a unique solution v € W2?(0, 1) such that |[v||w2r@1) < 1] f]lr(0,1) for some ¢ > 0,
which implies that the solution of (2.1) satisfies

w5 D) llwzr0,1) < el fllzeo,)- (2.3)

(2.2)

Noticing that
t
w(x,t) = wo(x) +/ ws(z, s)ds

0

we have
HwHC([O,T];WZP(O,l)) < H’LUOHWM(OJ) + T”thC([O,T];LP(O,I))-
Then the Lemma is proved by applying (2.3) into the above inequality. O
Using above results, we can prove the following local existence theorem.

Lemma 2.2 (Local existence). Assume that (ug,wo) € W?P(0,1) with p > 3 and ug >
0,ug # 0. Then there exist Tpar € (0,00] such that (1.2) has a unique classical solution
(u,w) € C°[0, 1] X [0, Thnaz) ) NCZ1([0, 1] X (0, Thnaz))- Moreover, u > 0 in (0,1) x (0, Tryaz)
and

if Tinaz < 00, then [[u(-,t)||Le(0,1) + |w(-, )| £oc(0,1) = 00 ast  Thae-

Proof. Let T € (0,1) to be specified below and denote Q7 := (0,1) x (0, 7). In the Banach
space
X 1= ([0, T} W22(0, 1)) x C([0, T); W2#(0, 1),
we define
Xr = {(%w) € X‘ [u( Dllcro@r < B and - w(, 8)]lcroGy) < R}

where
R = [Juollwzro0,1) + lwollwzro0,1) + [[wollerpo,) + [lwollerpo,y + 1.
With this R, we introduce a mapping ® : X7 — Xp such that given (a,w) € Xr, (4, w) =
(u,w) where w is the solution of
Up — EUgy + WUy + weu =0, z€(0,1), t€(0,7T),
Uz |z—01 = 0, t e (0,7), (2.4)
u(z,0) = up(x), x € [0,1],
and w is the solution of
Wy — OWygy = Py + (0?2 + 1), z € (0,1), t € (0,T),
w0, = 0, te (0,7), (2.5)
w(z,0) = wy(x), x € [0,1].
We shall show that for 7" small enough ® has a unique fixed point.
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For consistency, throughout the remainder of this section we denote

WQ’LP(QT) == {U | Uy Ugy Uggy Ut S Lp(QT)}
for p > 1, equipped with the norm

[ullw2re@r) = lullr@r) + luallLe@r) + ltaellLr@r) + lluellzr@r)-
Since (2.5) is an elliptic problem for v, the solvability of this problem follows from Lemma

2.1. Indeed, since (@,w) € Xr, then w,, € LP(0,1) for all ¢ € [0,7]. That is there is

a ¢ > 0 such that sup ||wgellzro1) < c2. Furthermore (4,w) € Xp, along with the
t€[0,T)]

Sobolev embedding theorem: W?2?(0,1) — C'°(0,1), implies that @, € L>(0,1) and
(@2/2), = wid, € L=(0,1) such that ||(2/2 + @)a]l1=(01) < R(1 + R). Then by Lemma
2.1, we obtain a unique solution w € W#?(Q7r) to (2.5) such that
lwllwerr@ry < lwlleqomweron) + lwdleqomwaron)
< [lwollw2r(0,1) + e1(1 +T)[ez + R(1 + R)]
< R+ 2ci[ca+ R(1+ R)] =: c3(R)
where we have used the fact 7' € (0,1) and |Jwo||w2r,1) < R. This, combined with the

Sobolev embedding theorem [14, Lemma II. 3.3], upgrades the regularity of the solution
such that

”w||cl+07<1+9>/2(QT) < C4||w||W2v1aP(QT) <c5(R) == cy-c3(R) (2.6)
where ¢ := 1 — (p > 3). Thus, we have

lwllro@n <l t) = w(z, 0)llcro@n + (@, 0)lleroan
140
< T7= wlleoasorzr + llwollore@r
1460
< cs(R)T 2 + [lwollcrogy)-

2

If we let T" small such that T < (ﬁ) Hg, then it follows that

||w||01,0(QT) < ||w0||c1,0(QT) +1=R. (27)
Now we turn to the problem (2.4). Note that (2.6) yields a constant cg(R) > 0 such that
1wl Lo 0,1) + [|wellLe01) < cs(R). Due to [Jugl|w2rei) < R, from the linear parabolic
LP-theory [10, Theorem 2.3] and [14, Theorem IV.9.1]), we conclude that the problem
(2.4) has a unique solution u(x,t) € W»LP(Qr) such that

[ullw21r@r) < co(R)||uollw2ror) < c6(R) - R =: c7(R).
Using the same argument as deriving (2.6), we can find some constant cg(R) > 0 such

that
ullcr+o.040)/2(0,) < cs(R).

2

Then by the same idea used for w, if we let T" small such that T" < (Cs(lR)> m, we obtain

ullcro@r) < lluollcro@y +1=R (2.8)

which, along with (2.7), asserts that (u,w) € Xp for some 7' > 0. Hence the function ®
maps X into itself. By a direct adaptation of the above derivation, one can easily deduce
that if 7" is further diminished then ® in fact becomes a contraction on Xp. For such T'
we therefore conclude from the contraction mapping principle ([11, Theorem 5.1]) that
there exists a unique fixed point (u,w) € Xr such that ®(u,w) = (u,w). This unique
fixed point in X7 corresponds to a unique solution of (1.2) in Xp. This solution may be
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further prolonged in the interval [0, T},4,) with either T, = 00 or T < 00, where in
the latter case

(-, )| zooo,1) + [Jw (-, )| oo 0,1y = 00 ast /" Thags

because Ty depends only on R. Now it remains to derive the regularity of solutions
to finish the proof. Indeed by (2.4), w,w, € C?%%2(Qr) and the classical regularity of
parabolic equations ([14, Theorem V. 6.1]), we obtain

u(x,t) € C*H0+D/2(10 1] x [, T)) for all n € (0, Tp)].
Similar argument leads to
w(z,t) € C*H00/2([01] x [, T])  for all 5 € (0, Ty].

This proves the regularity of the solution (u,w) to (1.2). Finally, the positivity of u results
from the strong parabolic maximum principle, because uy # 0 ensures that u £ 0. This

completes the proof of Lemma 2.2.
OJ

3. GLOBAL DYNAMICS

3.1. Global boundedness. Hereafter for simplicity, the norm of the space LP(0,1), 1 <
p < oo will be denoted simply by || - ||z» by omitting the interval (0,1). The key in our
analysis is the following Lyapunov functional

! w? 5
Flu,w) := / (u Inu+ — + —wi) dz, (3.1)
. 2 2
for which we have the following result.

Lemma 3.1. The classical solution (u,w) to (1.2) satisfies the equality

d

E}_(u(t), w(t)) = —/0 (# + ,uwi) de  forallt € (0, T (3.2)

Proof. From the first two equations in (1.2), we have with the integration by parts

SR w) = [ (s D+ w5 [ wavads

dt
1,2 1 1 1
= —5/ —xdx+/ umwdx—k,u/ widm—é/ Wy Wy dT
o U 0 0 0
1 1 1 1
—I-—/ (w?’)xdx—/ uxwda:—i—é/ W Wapdx
6 /o 0 0

1 2
£
= —/ ( et —i—,uw_,%)dx,
o \u

where we have used the boundary conditions u|,—01 = w|s—01 = 0. This completes the
proof of Lemma 3.1. O

Then the following result is an immediate consequence of Lemma 3.1.
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Lemma 3.2. The classical solution (u,w) to (1.2) has the property for all t € (0, Tynaz):

1
/ (w? + dw?)dx < 2F (ug, wo) + 2/e,

/ / ( + pwy )dxds<f(uo,w0)—l—1/e

Proof. Integrating (3.2) over t € (0, T},q,) We obtain

/0 (_+ w)‘”*// < )dxds—]:(u(hwo)—/Olu(x,t)lnu(x,t)dx

for all ¢ € (0, Tinae). The the fact that —£Iné < £ for all £ > 0 completes the proof. [

To elongate the local solutions to the global ones, it suffices to show that ||ul|pe
and ||wl||p~ are bounded in time by the extension criterion in Lemma 2.2. Next we shall
employ the method of Moser iteration to derive the a priori L>°-norm of solutions of the
problem (1.2). Before embarking on this, we remark that the L'-norm of u is conserved
by integrating the first equation of (1.2) with the boundary condition:

1 1
u= / udr = / updx =: o, (3.3)
0 0

which will be essentially applied in our analysis. Moreover the following interpolation
inequality will be used later.

Gagliardo-Nirenberg inequality [19]: Let Q C R" be a bounded domain with smooth
boundary. Let p,q > 1 satisfy (n — q)p < nq and let € (0,p). Then, for any u(z) €
Wha(Q) N L"(Q), there exist a constant ¢; > 0 such that

lullze) < el Vullfoy lullz-fo) + callullzr@) (3.4)
with a € (0,1) satisfying
n :a<@—1> 21 —a).
p q r
Then we are ready to prove the following global estimates on the solution component wu.

Lemma 3.3. Assume that ug € L* N L. Then there is some constant c(e, u,d) > 0 such
that the classical solution (u,w) of (1.2) satisfies

lullpe < ¢ forallt € (0, Traz)-

Proof. Multiplying the first equation in (1.2) by pu?~! and integrating the result over
[0, 1], we obtain with the Holder inequality that

d 1 1

1
— | wPdr=—p(p— 1)/ uP~?|Vul?dr — p(p — 1)/ P ugwde

p—1) p '
= / |(u2),] dx—l—(p—l)/ uPw,dx
0

—/ tasion( [ oa) ([
A \dm@@—l)(/olu%dx);

(3.5)

D=

N\’tﬁ
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for all t € (0, T}y4z ), where we have used the fact that w|,—o; = 0 and the first inequality in
Lemma 3.2. The Gagliardo-Nirenberg inequality (3.4) with inequality (a+0b)? < 2(a®+b%)
yields that || f[|7. < 2¢3(||fall - I f]lr + || f]13:), which entails that

1 % 1 P iZ P p P P
( / u?ﬂdaz) _ [( / <u2>4) ] B2 < 2218 )all - b s + b |2,

Then the above inequality with the Cauchy-Schwarz inequality gives rise to

1 i 9
([erde)” < 2t + 21+ ety (36)
0

where we choose ¢, = 1/<2. Then substituting (3.6) into (3.5) yields that

1 2ap—1) 1, N
i/ uPdr < —M/ |(u2)$|2dx—|—03(/ u2dx> (3.7)
dt Jo p 0 0

with ¢z = /<2 (p—1)2¢? (1 + c3eap). Now adding the term fol uPdx on both sides of (3.7),
we get

d ! ! 20—1) ' oy '
— updx+/ uPdr < —M/ \(u2)z|2dx+c4(/ u2dx) +/ uPdz. (3.8)
dt Jo 0 p 0 0 0

Based on (3.8), we shall next use the Moser iteration procedure to derive that ||u(-,t)| g
is bounded uniformly in time. To this end, we need the following interpolation inequality

[14, p. 63]: for any f € W'2(Q), it holds that
1 = Fl22) < sl VAR @I £,

where f = ﬁ Jo fdz, a = n/(n+2), and ¢, is a constant depending only on n and Q.

2

Then applying the Young inequality: ab < ea? + (ep)~9Pq~'V9, a, b, €, p,q > 0, %Jr% =1
into above inequality and using the fact || f||r2 = [, fdz = || f||1: gives

£ 172 < €V Tz +es(L+ € ) fll7iq — for any e >0, (3.9)
where ¢; > 0 depends on n and €2, but is independent of e. Then employing (3.9) with
f=u?e= @,n: 1,22 = (0,1), we have for p > 2

' P 22 Z(p—l) p 2 29
uhde = [lut e < === l(w*)allze + co(l + p)lluz 2+, (3.10)
0

with some constant ¢g > 0. This, along with (3.8), yields that

d I 1 LN 2
— updx+/ uPdr < cg(1 +p)(/ u?dm)
dt Jo 0 0

d ! b\
—(et/ updx) < cgel(1 —|—p)(/ uzdm) .

Then the integration of above inequality over the time interval [0,¢] for 0 < t < Ty00

gives that
1 1 1 . 2
/ updxg/ updr + cg(1 +p) sup (/ u2d$> : (3.11)
0 0 0<i<Tmax 0

which leads to
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Now we define

1 l
A, = max{||u0||Loo, sup (/ updx> p} for all p > 2.
OStSTTVLa(L' 0

Then it follows from (3.11) that
Ay < Jer(1+p)]» Ay
for some constant c¢; > 0. Now taking p = 2¥, kK =1,2,---, one obtains that
Agr < Cg_kﬂ + Qk)Q_kAqu
< T o 22T Y g
(3.12)
< @ T 2T ok ok 2T L g 9y A

Noticing that 27% +2=*=D 4... 4 271 < 1 and the series 2% + % +- 4+ % is convergent,
we can find a constant cg > 0 such that

(142027 (14222 (14 2)2
= 2R 9k 4 1)ak L QD27 0= (k-1) 4 pyger L 927 (9t )2

N

k k—1 1 1 1
< 9ok tor=r o ts oo tor—T Tt
S Cs.

Thus letting £ — oo in (3.12), we have

1
Hu(-,wum§c9A1=c9max{uuouLm, sup ( / udx)}
0<t<Tmax 0

= comax{|[ul| e, [uol[ 1 }

where ¢g = c7cg. The proof is completed. O

3.2. Constant stationary solution. In this section, we shall employ the Lyapunov
functional (3.1) to prove that the system (1.2) has only a unique constant stationary
solution. The result is the following:

Lemma 3.4. The only classical stationary solution of (1.2) is the constant pairs (u,0)
for w € (0,00), where u denotes the average of u given in (3.3).

Proof. By noting that the stationary solution (us,w;) of (1.2) is also a solution to the
time-dependent problem, we have

0= s Funwg == [ (L sy )as

Us

which indicates that uy = €1, and ws = C5 since ugy > 0, where C; and Cs are both
constants. The boundary condition of w, immediately implies that Cy = 0 and the average
u = fol usdr determines that C; = w. This completes the proof. O
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3.3. Decay property. From the results derived above, we know that the problem (1.2)
has only a constant stationary solution (u,0). The existence of the Lyapunov functional
(3.1) indicates that the time-dependent solution of (1.2) may converge to the constant
stationary solution (u, 0). To this end, we first derive some decay properties of the solution
(u,w) of (1.2). By modifying the Lyapunov functional (3.1), we define

! u w2 )
G = lll—+—+— 2 d

where @ is given in (3.3). Since the function Ins is convex for s > 0, u = %, and hence
fol 4dr = 1, it follows from the Jensen’s inequality ([9, p. 621]) that

1 1 1 1
/ ulngdx:ﬂo-/ glngdxzm)- (/ de) 111(/ Edx) =0.
0 U o U u 0 U 0o U

Thus, G(u,w) > 0. Except the non-negativity, the following property of G(u,w) can be
proved inspired by the ideas of [7, 22].

Lemma 3.5. Suppose that (u,w) is the classical solution to (1.2). Then the functional
G(u,w) satisfies the following decay property

0 < Gut),wt) < Glug,wy)e ™ for allt € (0, Thaz),
where the positive constant o depends only on ug, €, p and J.

Proof. Using the first equation of (1.2) and the boundary condition, we obtain with a
simple calculation that

d d e
EG(u(t),w(t)) = E}"(u(t),w(t)) - lnu/o wdx 19
d b eu? ) '
= gFut o) = [ (24w )ar

It can be readily verified that slns < s —14 3(s —1)? for all s > 0. Then with s = u/4,

noting fol(u/ﬂ — 1)dz = 0 and using the Poincaré inequality ([9, p. 275]), we find a
constant cjp > 0 such that

/Olu(t) In #dw - u/ol [“? In “S) - (“S) - 1)}@
gu/olé(?—lfdx:%/Ol(u—u)%lx

1 1
< 010/ (v —@),)*dx = CIO/ ulda.
0 0

By Lemma 3.3, it has that for all ¢ € (0, Ty,az)

1 u 1 1,2 1,2
/ uln —dz < cm/ udr < cyol|ul| g / —Ldxr < cn(&?,,u,é)/ —dx. (3.14)
0 u 0 o U o U
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With the boundary condition w|,—¢; = 0, the Poincaré inequality provides some c15 > 0
such that fol widr < ¢y fol widx for all t € (0, Tynez), which, combined with (3.14), gives

! u C12 )
G(u,w) /0 {u nﬂ+<2 +2)w4dl‘

1 2 1 1 2
€ +6 €
< L / pwidr < ’V/ < Yo /wa,) dx
0 0 u

e Jo u 21

where 7 = “L + 0122—:5. Then with the above inequality, the integration of (3.13) yields
that ) ,

d 1

%G(u,w) < —/0 <€% +,uw§) dr < —;G(u, w)

which, upon the integration, gives
G(u,w) < G(uo,wo)(f%t =: G(ug, wp)e .

This completes the proof of Lemma 3.5.

3.4. Proof of Theorem 1.1. The first inequality in Lemma 3.2 along with the Sobolev
embedding: W12(0,1) < C°(0,1) asserts that |Jw| 10,1y < c13 for some constant ¢;3 > 0.
This, together with Lemma 3.3 and extensibility criterion in Lemma 2.2, indicates that
Trar = +00. Hence the existence of global classical solutions is proved. Next we are
devoted to proving the exponential convergence of the global solution by borrowing an

idea from [22]. To this end, we first derive from the first equation of (1.2) that the quantity
u — u satisfies

(u—a) = (u—10)ge — (vw),, z€(0,1),t>0,
(u—a)(z,0) =up(x) — u, x € [0,1], (3.15)
(u - ﬂ)xlac:o,l — O, t > 0.

Then multiplying the first equation of (3.15) by —(u — )., and using Cauchy-Schwarz
inequality, we get

1d 1 1 1
—— | (u—u)idr+ / (u— )2, dv = / (U — @) g (vw) pdx
L, Lt
<= [ (u—a),de+ = | (uw)ide.
2 Jo 2 Jo

This, along with the inequality (uw)? < 2(w?u? + v?w?) and the boundedness of u and
w, gives a constant ¢4 > 0 such that
d [t 1 1 1
p (u — u)2dx + / (u— 1), dr < / (uw)2dz < 014/ (u2 + w?)dx. (3.16)
0 0 0 0

Furthermore the second inequality of Lemma 3.2 with Lemma 3.3 yields a constant ci5

such that
t pl topl 2
/ / uidxds < Hu||Loo/ / —ZLdxds < cp5 for all t > 0.
o Jo o Jo U

Then using above inequality and integrating (3.16) with respect to ¢, one has

1 1 t M
/ (u — u)2dr < / (up — @)2dx + c14(c1s + 1)/ / w2dr < e (3.17)
0 0 0 Jo

for some constant c16 > 0, where the second inequality of Lemma 3.2 has been used.
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Next we employ the Csiszar-Kullback-Pinsker inequality (cf. [4]) with Lemma 3.5 to
obtain that

1
|u — a2 < QU/ ulngd:v < 2uG (ug, wo)e . (3.18)
0 U
Noticing that the Gagliardo-Nirenberg inequality yields a constant c¢;7 > 0 such that

= all e < exn(ll(e = @allfa - 1w — all s + lu = allz2).
Then the application of (3.17) and (3.18) to above inequality asserts that
|u — ||z < crge7 6" forallt >0
for some c1g > 0. Finally we prove that w converges to zero exponentially. This is obvious.

Indeed from Lemma 3.5, we obtain a constant c9 such that

Jwl|Z> + lwa 72 < 190G (ug, wo)e "

Note that if f|,—o1 = 0, then it has by the Holder inequality that

(=) :/0 [f2(6))'d¢ = 2/0 FEOF©)de <2/ flleall felle < NfII72 + IfelZ2-
Therefore the application of above inequality gives that

[wl|ze < (Jw]|2e + [[ws]22)? < /erGuo, wo)e 5,

which completes the proof of Theorem 1.1 by choosing 3 = —¢. O
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