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Abstract

Consider the initial boundary value problem for degenerate dissi-
pative wave equations of Kirchhoff type with attractive force terms.
We are interested in the case of 0 < v < 1 for the degeneracy of
nonlinear term ®(r) = r7. We prove the global solvability prob-
lem, provided that the initial data belong to the potential well and
satisfy a suitable smallness condition. Moreover, we derive optimal
decay estimates of the solutions.
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1 Introduction

In this paper, we investigate on the global existence and decay estimates
of solutions to the initial boundary value problem for the following degenerate
dissipative wave equations of Kirchhoff type with the attractive force term :

¢

g +ur = P (/ |ux(m,t)|2dm> Uge + f(uw) in (0,€) x (0,00),
0

u(z,0) =up(x), u(z,0)=wui(z) and u(0,t) =u(l,t)=0,

(1.1)

where v = wu(z,t) is an unknown real value function, u; = du = Ju/0t,
Uy = Ozu = Ou/dx, £ > 0, and

O(r)=7r" with v>0 and f(u)=|u/’uv with p>0.

Equation (1.1) describes small amplitude vibrations of an elastic stretched
string. Kirchhoff [9] first studied such integrate-differential equations without
any dissipation (see [3], [5], [13]).
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We define the energy E(u,u;) and the potential J(u) associated with the

degenerate equation (1.1) by
E(u,ug) = [Jug]|* + J (u)

and

1 2
J = lu, 2(y+1) .~ p+2 7
) = el - 2 g

respectively. We introduce the potential well W by
W={ueH]|Ju)<d, K(u)>0},
where
K(u) = [Jug |20 — [|uf213
and the potential well depth d is defined by
d=inf{J(u) | K(u) =0, u+#0}

(see [8], [12], [19], [22]). If p > 27, it is easy to see that

1 p—2y +2
J = —K -_— p
2 p—2y 2(v+1)
= —K(u ———— Uy ,
s () (7+1)(p+2)”'H

and hence,

1 p—2y 2( 1}
J(u) > max< —K(u), —————||uy, DL
() 2 max { K)o

Moreover, when u € W, we have

J(u)\ 260
Kl > (1 (%) ) 20+

Indeed, taking A > 0 such that K(Au) = 0 for u # 0, that is,

K (M) = N2OFD[ | [20HD) — \pF2 |1y |22 = 0,

we have

1

p+2 p+2

(1.2)

(1.3)

(1.4)

(1.7)

2(741) | 75
AP [[uf|PH2 = [lug 20T and A = <||u9”> (1.9)

(]



and A > 1 by v € W. On the other hand, we have

A2(v+1)

v+1

2\PF2 9
D+ 2 ||UHZIQ

d < J(w) = g |20 —

< N0V (W), (1.10)

Thus, we observe from (1.9) and (1.10) that

1\ J(u)\ 260
K(u) = (1 - <A> ) g 21 > (1 - <(d)) ) g | 27HD.

When the initial data belong to usual Sobolev spaces, Arosio and Garavaldi
[1] have carried out detailed analysis about the existence of local solutions for
the Kirchhoff type equations (also see [2], [4], [15] and the references cited
therein).

In order to prove the existence of global solutions, we need to derive suit-
able a-priori estimates including the uniformly estimates for the second order
derivatives in addition to the usual energy estimate, which is the main difficulty
of problems for Kirchhoff type equations.

In the case of non-degenerate type ®(r) > Cy > 0 (e.g. ®(r) =1+ 717),
Hosoya and Yamada [7] have proved the exponential decay estimates and the
global existence of solutions under small data conditions (see also [16]).

In the case of degenerate type ®(r) > 0 (e.g. ®(r) = r7), the situations
are more delicate and difficult. Fortunately, applying the general theory on the
energy decay of hyperbolic equations in [11], we see that the energy decays at
a certain algebraic rate. In particular, when f(u) = 0, we have derived the
detailed estimates of the solutions in previous paper [18] (also see [6], [14] and
the references cited therein).

When &(r) = r7 € C'([0,00)) (i.e. v > 1), under the conditions that
p > 2y, ug € W, ug # 0, and the initial data are small, we have proved the
global existence of solutions for (1.1), and we have derived some upper decay
estimates of the solutions in [16] (also see [17] for decay properties, and [15] for
f(u) = —|u|Pu). In order to get the a-priori estimate in H? x H!, we used the
function H(t) = ||ug:(t)]|?/||ue(#)]|?Y + ||tee (t)||* when v > 1.

However, in the case of 0 < v < 1, the method in [16] can not be applied
directly to the problem (1.1). Since ®(r) is not C! at the origin, this situation
is more delicate and difficult. To prove the existence of global solutions of (1.1)
for v > 0, we need to modify the function H(t) including the H? x H' norm of
[u(t), us(t)]. The main difficulty is generated by the degeneracy of ®(r) = r?¥
with 0 < v < 1. A key point of the analysis is to show that the non-local
term ®(||u,(t)||?) > 0 for each time ¢ and the decay rate of the H? norm of the
solution is —1/+ which is optimal (see (1.11)).

In what follows, we denote E(t) = E(u(t),u:(t)), J(t) = J(u(t)), K(t) =
K (u(t)) for simplicity of the notations. Moreover, we denote the Sobolev—
Poincaré constant by c., that is, ||v]|, < ei|jvg] for 1 <p < oo.



Our purpose in this paper is to the existence of global solutions of (1.1) in
the case of v > 0 (in particular 0 < v < 1) and to derive the detailed decay
estimates of the solutions.

Our main result is as follows.

Theorem 1.1 Let the initial data [ug,u1] belong to H*NW x H and ug # 0.
Suppose that p > 2v. There exists g9 (0 < €9 < d) such that if E(0) =

E(ug,u1) < € for e < gy (see (3.1) and (3.2)), then the problem (1.1) ad-
mits a global solution u(t) in the class C°([0,00); H> N W) N C([0,00); HI) N
C?([0,00); L?) and the solution u(t) satisfies
C'1+1)"7 < ||oFu@)|2 < CA+t)"7 for k=0,1,2, (1.11)
1020u®)|2 < C(1+)"2"7 for j=0,1, (1.12)
|02u®)|2 < C(1+)73"7 for t>0, (1.13)

where C' and C' are some positive constants depending on the initial data
[uwo, u1].

Theorem 1.1 follows from Theorems 3.1-4.4 in the continuing sections, and
Theorem 1.1 can be applied to Equation (1.1) with the nonlinear term f(u) =
+|ulPT.

The notations we use in this paper are standard. The symbol (-, -) means
the inner product in L? = L2(Q2) with Q = (0, ¢) or sometimes duality between
the space X and its dual X’. The spaces H* = H*(Q) and LY = L9(f2) have
the usual norms || - ||gx and || - |l (|| - || = || - |2 for ¢ = 2), respectively. We
put (a)t = max{0,a} where 1/(a)™ = oo if (a)* = 0. Positive constants will
be denoted by C' and will change from line to line.

2 Preliminaries

The proof of the following local existence theorem is standard and we omit
it here (see [2], [15], [20], [21]).

Theorem 2.1 Suppose that the initial data [ug,u;] belong to H> N H} x H}
and ug # 0. Then, the problem (1.1) admits a local solution u(t) in the class
CO([0,T); HENHY)NCL([0,T); HH)NC?([0,T); L?) for some T > 0. Moreover,
if luz(@®)| > 0 and ||u(t)||gz + [[ue(@®)||gr < oo for 0 <t < T, we can take
T = oc.

In what follows, we denote M (t) = |lu,(t)||? for simplicity of the notation.

Proposition 2.2 Let u(t) be a solution of (1.1). Suppose that ug € W and
E(0) < d and p > 2. Then, it holds that

KIIM@)T < EB(t) <d (2.1)



and
(y+ 1)6J(t) < SM ()T < K(t) < (v + 1)J(t) (2.2)

where k >0 and 0 < § < 1 are defined by

p—2y
2(v+1)
ao OFDEED (1_ (E0) ) L @y
p—2 d
Proof. Multiplying (1.1) by u; and integrating it over £ = (0, ¢), we have
d 2
ZEO) + 2w @)l =0 (2.4)
and
t
B(t) + 2/ (3|2 ds = E(0). (2.5)
0

From (1.2), (1.7), and (2.5), we observe that

pP—2
(v+1p+2)

which implies (2.1). Thus, from (1.8) and (2.6) we observe that

M) < J(t) < E(t) < E(0) <d (2.6)

K(t) > (1 - (Jﬁf)) ) M)+ > SM (L (2.7)

and hence, from (1.3), (1.7), and (2.7) we obtain the desired estimate (2.2). O
In what follows, let u(t) be a solution and we assume that

E(0) < min{1,d}. (2.8)

Proposition 2.3 Under the assumption of Proposition 2.2, the energy E(t)
satisfies that

y+1

E(t) < (E(O)-ﬁ FdTM (- 1)+)_ i (2.9)

where dy = (y+ 1)y 1(2(2+571) + 56~k 7D )2 is a positive constant.

Proof. Integrating (2.4) over [t,t + 1], we observe

t+1
Q/t lua(s) |2 ds = E(t) — E(t+1) (= 2D(£)?). (2.10)



There exist two numbers ¢; € [t,t 4+ 1/4] and ¢ € [t + 3/4,¢ + 1] such that
lue(t;)]|* <4D(t)* for j=1,2. (2.11)

On the other hand, multiplying (1.1) by u(t) and integrating it over Q x [t1, t2],
we have from (2.10) and (2.11) that

: Kls)ds = /: <”ut(5)| ‘- %(“t(s) u(s)) — (Ut(S),U(S))) ds

t+1

t+1
< / e ||2ds+2||ut (el + / e () [1us) | ds
t

< D(t)>+5D(t) sup |lu(s)]|

t<s<t+1

and from (2.2), (2.10), and (2.11) that

to

B(s)ds = / " (lu(s)]? + I(s)) ds

t1 t1

t+1 ta
< / ||ut(s)||2ds+571/ K(s)ds
t t1

<(14+6 YD) +55D(t) sup |lu(s)] (2.12)

t<s<t+1

Moreover, integrating (2.4) over [t,?2] we have from (2.10) and (2.12) that

E(t) = E(ts) + 2/t ()2 ds

t t4+1
<2 E(s) ds—|—2/ |t (s)|* ds
t t
<2246 HD#)?+55D(t) sup |ju(s)] .

t<s<t+1

Since it follows from the Sobolev—Poincaré inequality and (2.1) and (2.4) that

sup |lu(s)| < sup . M(s)? < c*(nE(t))%le) , (2.13)

t<s<t+1 t<s<t+1

and from (2.8) and (2.10) that

Nl

D(t) < E(t)? < E(0)750 E(t)2G0 < B(t)7a70

we have

E(t) < (2(2+ 6 1) + 56 'xT570) D(t) E(t) T



and from (2.10) that
E(#)" 7 < (224071 + 50 1k200)2(B(t) — E(t+1)). (2.14)

Thus, applying Lemma 2.4 to (2.14), we obtain the desired estimate (2.9). O

In order to derive the energy decay, we used the following inequality (see
Nakao [11] and [12] for the proof).

Lemma 2.4 Let ¢(t) be a non-increasing non-negative function on [0,00) and
satisfy

G()F < k(1) — ot +1))
with certain constants k > 0 and o > 0. Then, the function ¢(t) satisfies
1
o(t) < (#0)*+ak ' (t—1F) > fort>0.
Corollary 2.5 If g > v, then it holds that

~

/t M(s)%ds < dy E(0) 7 (2.15)
0

where dy = KD (1 +~(q—~)~tdy) is a positive constant.

Proof. From (2.1) and (2.9) we observe that
t 1 t .
/ M(s)7ds < (/ +/ ) (KE(s)) 7 ds
0 0 1
t a

< kAT (E(o)#l +/1 (E(oyﬁ Fd7l(s— 1))” ds>

< gt (E(O)vil—k i dlE(O)M>
q—7

and we obtain (2.15). O
We introduce the function p(t) by

()]

t) = _—. 2.16
u(t) SR (s (2.16)
Proposition 2.6 Suppose that
"(t 1
p>2y and |MI(2)] < — (2.17)




and the initial energy E(0) satisfies

22742 (5 E(0)) 7T < 1. (2.18)
Then, it holds that
1 p—27y 1 2
uugt%” <G(t) <2 (G(OP + doE(0) 2(”“)#@)5) (2.19)
where dy = 2(y + 1)(p + 1)cldy is a positive constant, and G(t) is defined by
_ e @) 2
G(t) = M@ T Q(t) + M@ (f (u(?)), uaa(t)) (2.20)
with
Q) = gy (M) ) = M0 (2.21)
Proof. 'We observe from the definition of Q(t) that
([ (¢ )||
and from the Sobolev-Poincaré inequality and (2.6) that
2|(f(ult) uas(t)] _ 26872 2
< p
e < e s O s )]
< 20€+2M( ) (p 27) ||ufDIE ;”
< 22 (kE(0)) 7 ez (DI (2.23)
M(t) '
If E(0) is small such that
202 (kE(0)) 7T < % (2.24)
we have
1 [Juae (£)]]? [taa (DI, e (B[]
— < < . .
> ) SO =20 (2:25)
Using Equation (1.1), we observe
dua®I* 1

i () wye GO e taa) M) = (M)t taa) M(1))

) ﬁ (Hw(t)ug b () + (). 010) <<f<u>>t7um>) M)

+ W (;M’(t) — [Juze (D)])* + %M//(t) _ ((f(“))mum)) M (8)



and

d U), Ugy 1 d M’
dt (J]c\;(i)wl) ~ Mty 21 (W) + (v + 1)M(t)(22 ((f(w)as uz) -

Thus, we have

% (HUX;EE;' N 2((]{/‘[(7&)));;1%)) = —2Q(t) — R(t) + S(t), (2.26)

where Q(¢) is defined by (2.21) and

Rit) = s (2wt @) + (] = 33070) M) |

() = e (20 + D)) M 0) + 2 )1 100) M (D)

On the other hand, we observe

M ()
M{(D)

2 =~ +25 00w + Ry, (2.27)

Summing up (2.26) and (2.27), we have

d v+2M'(t)
—G(t 1+ — t)=5(t 2.2
o +2(1+ 5230 o = 500, (2:28)
where G(t) is defined by (2.20).
Moreover, we observe from (2.17) that
v 42 M'(t)

1+ — >0
HETENVIORS

and from the Sobolev-Poincaré inequality that

501 < 2 LD Ol s (O ) e 0]

2(p+1) »
+ M@ [[u®)[|5 llue (@)l use ()]

<4wzaﬁiwﬁmamwmwn%mw

<4(y+1)(p+ 1) A%)()”é G(t)TM(t)% .

Thus, we have from (2.28) that

1Gm<4w+uw+n£%ﬁ@ﬂ



or

d 1 » lNue@)ll
aG(t) <2(y+1D(p+ 1)C*WM(t)

p
2

If p > 2v, we observe from Corollary 2.5 that
G} < GO)E +2(v+ 1)(p+ 1)e? %/ M(s
<G(0)* + %E(O)ﬂﬁﬂu(tﬁ L do =207+ D(p+ Deldy,  (2:29)
and hence, from (2.25) and (2.29) we obtain the desired estimate (2.19). O

Proposition 2.7 Under the assumption of Proposition 2.6, suppose that the
initial energy E(0) satisfies

27(y + 1)2d2E(0) 57T < 1. (2.30)
Then, it holds that
e (1)
and
[t (8)]? 1 po2y 12
LI ek AL < 2 2(yv+1 2 .
TOREE (G(O) + doE(0)757D B(0) ) , (2.32)
where B(0) is defined by
B(0) = max Ml 27 (v + 1)2G(0) (2.33)
= M(0)2 T vy . .

Proof. Multiplying (1.1) by 2u; and M(¢)~7~! and integrating it over €2, we
have from the Sobolev-Poincaré inequality and (2.6) that

4 IO o (14 2L )

dt M (t)?v+1 2 M(t) ) M(t)2r+1
M’ (t )
B M(t)(’yll + M(t)2'y+1 (f(u)7 ut)
2 2P +2

< Wllm(t)llllum( )+ W||ux(t)||f’||um(t)|\||ut(t)\|

1+ P2 )%(p—zv)) ]\%t;i ||UTZ()2|

<2 <1 + Cp+2(KE(0))%) ]\L?t)(’y)JrHQ |’u,zzt()t§||




where we used (2.18) at the last inequality. Since it follows from (2.17) that

2y +1 M'(¢) 1

YT Ty

we observe from the Young inequality and (2.19) that

d|lu(t)|” 1 Ju@IP w2z (£)]1*

@M 2t M = 2 0D

< P(y+1) (G(O) + d2E(0)5 T u(t)) .

Thus, by the standard calculation for ODE, we obtain

Jlue (8)]1? lusll® g 2 9 1) B2
M S | o 20+ 07 (GO) + BEO) T u0) ;-
If E(0) is small such that

pP—2y

1
26(y + 1)2d3E(0) 1 < 3

we have that

) < max { hnls 261260 | (234

which gives the desired estimate (2.31).
Moreover, from (2.19) and (2.34) we obtain

% <2 (G(O)% —&—dOE(O)sz%ﬂ)B(O)%)z

which implies (2.32) O

Proposition 2.8 Under the assumption of Proposition 2.7, the function M (t)
satisfies

M@®) = lu,())? > C'A+t)"7  for t>0 (2.35)
with some positive constant C'.

Proof. Multiplying (1.1) by 2u; and M (¢t)~27~1, and integrating it over €, we



have

4 u@ 1 2 £ 1M1 Jurlt)]?
dt(M(t)W*M(t)v)“(” 2 M(t))M(le

M'(t) 2

= 0+ Vg + g 0w

sl o ®ll o pin IOl e
§2(7+1)M(t)2w2+1 M(t)% * M(t)272+1 M(t)
<o il

M)

where we used the facts that ||ug.(t)||?/M(t) < C and M(t) < C at the last
inequality. Since it follows from (2.17) that

2y +1 M) 1
1+ >0,
2 M(t ) v+1
we observe from the Young inequality that
d [ Ju(t)] 1 Jlue (8) 12 1
— <C <C(+t
dt (M(t)QWH Tua ) S o e gy S0+

which gives the desired estimate (2.35). O

3 Global Solutions

Theorem 3.1 Let the initial data [ug, u1] belong to H*NW x H} and M (0) > 0
and E(0) < d. Suppose that p > 27 and the initial data [ug,u;] satisfy

max{z%gﬂ(w(o))ﬁ L 27(y + 1)2d3E(o)’%} <1 (3.1)
and
2(y+1) 1 p—2y 1 1 ol
2y + 1) (G(O)f + dOE(0)2<v+1>B(0)§) BO)PE(0)7 <1. (3.2)
where dy is a positive constant given by (2.19), and G(0) and B(0) are defined

by (2.20) and (2.33), respectively.
Then, the problem (1.1) admits a global solution u(t) in the class C°(]0, c0);



H2NW)NCY[0,00); H) N C3(]0,00); L?) and the solution u(t) satisfies
M) _

1
M) ~y+1 (3:3)
[uae (I [Jue (1)
- — < 4
M(t) S M(t)2+1 — ¢, (3-4)
C'+0)77 < Ju@I? < CO+)77, (3.5)
C'(1+6)77 < Jluas ()] < CQ1 Lot (3.6)
@2 < C+t)7>5  for >0, (3.7)
where C and C' are some positive constants.
Proof. Let u(t) be a solution on [0,77]. Since M (0) > 0, putting
Ty ={te[0,00) | M(s)>0for0<s<t},
we have that T; > 0. If 77 < T, then
M) >0 for 0<t<Ty, M(T1)=0. (3.8)
We observe
(M@ o lue@llluwe O] _ -, lu@l] ||um(t)||M(t)7
M(t) — M(t)* M(t)7+3 M(t)s
ue (O] [[taa ()] =2
<2 + 1)E(0))>+1 . 3.9
<2 e e (6 + DE0) (39
Since it follows from (2.20), (2.33), and (3.2) that
|M'(0)] 1 1 =2y 1 v 1
<2B doE(0)26+0 B HE L —
M) S 2BOF (GO +dBOFTHBO)F) (0 + DEO)TT < =,
putting
/
ngsup{te()oo“M())l ry+1for0<s<t},
we see that Ty > 0. If T, < T4, then we have that
[ M (t)] 1 |M'(T3)| 1
— for 0<t<Ty, - . 3.10
O BT WL A V70 S B (3.10)

On the other hand, we observe from (3.2), (3.9), and Proposition 2.7 that

[M(1)]
M(t)

<2B(0)} (G(0)} + doE(O)TFT BO)} ) (7 + 1 E(0) 7

1
< —— for 0<t< Ty,
v+1



which is a contradiction to (3.10), and hence, we have that T, > Ty. Then, we
observe from Proposition 2.8 that

1
MA)>C'1+t)"5 >0 for 0<t<Ty,
which is a contradiction to (3.8), and hence, we have that T; > T.

Multiplying (1.1) by (—2uyz.:) and M (¢)~7 and integrating it over 2, we
have

d y MO fuze @I 1
2(p+1) P
< 20D O O 0]
< 2(p+ 1M () j\;(t()”” ,
where H () is defined by
_ e (0|12
H(t) = M) + [l (8]

Since it follows from (3.10) that

we observe from the Young inequality that

%H@)SCM@wHﬂ

and from Corollary 2.5 that if p+ 1 > 27,

pt1—2vy

H(t) < H(0) + CE(0)"5+

(3.11)

Thus, we obtain that M (0) > 0 and ||u(?)| g2+ |u:(®)||gr < Cfor0 <t < T.
Therefore, the local solution u(t) of (1.1) in the sense of Proposition 2.2 can
be continued globally in time. Then, the estimates (2.9), (2.31), (2.32), and
(2.35) hold true for ¢ > 0, and hence, (3.5) follows from (2.9) and (2.35), (3.6)
follows from (2.32) and (2.35), (3.7) follows from (2.31) and (3.5). O

4 Decay Estimates

Proposition 4.1 Under the assumption of Theorem 8.1, it holds that

Uzt ? —2-3
”M<(f>)l|+ lua (@) < CL+87277 1)



Proof.  Multiplying (1.1) differentiated with respect to t by 2u and M (¢) ™7,
and integrating it over {2, we have

d Y M) [lun®)]?
a0 (1 NERYI0) ) M(t) (4.2)
= ’y]\]\//{[((;)) (Uga, ute) + M) ((f(w))e, uge)

B O e e

<375 S MO ) e (0]

e @) ( lluae (]2
S TTOE ( A MO “) M (1) ur(1)]],

where F(t) is defined by

Ut 2
Fie) = I+ a1

Since it follows from (3.3) that

M/
147 (t)Z v +2 >1,
2M(t) ~2(v+1) " 2

we observe from the Young inequality and (2.6) and (3.3) that

da e (8)1°

Uy 2 1y 2
th(t) + <C (”(t)' + M(t)z(P Zv>> M (t)7[|Jug (1)]

Mty = M)
<SCr®?,  f(0)? =M@ lu(®)] (4.3)

Integrating (4.3) over [t,t + 1], we have

/t M (s) ds < F(t) F(t+1)+ct§£+1f( ) (= D()?) .
(4.4)

Then, there exist two numbers ¢, € [t,t+1/4] and ¢3 € [t +3/4,¢+ 1] such that

[ wee ()] 2 .
0 < 4D f =1,2. 4.
el <ap? dor -1, (45)

Moreover, there exists t, € [t1,t2] such that

F(t,) < 2/t2 F(s)ds. (4.6)

t1



On the other hand, multiplying (1.1) differentiated with respect to t by u,
and M (t)~7, and integrating it over 2, we have

2 Y IM(2)]

_ e ON* d (ug,uee) < M/(t)) (ug,ue) | ((f(w))e, ur)

My dt My Ty ) e T M@y

and integrating the resulting equation over [t1,t2], we obtain from (3.3), (3.7),
(4.4), and (4.5) that

ta
/ ezt ()] ds
ty

L g ()2 O oo
<[ S +Z Mity)F M(1,)3 I M(s)? M()F
t+1

+C M(5)2 P2 ||uy(s)|| ds
t

<CD@t)?+CD(t) sup g(s)+C sup h(s)?

t<s<t+1 t<s<t+1

with

and  h(t)2 = M(£)FP20) |lu,(1)]?,

/1 F(s ds—/ (”3‘\;(())“ 1<>||2) s

<CDt)?+CD(t) sup g(s)+C sup f(s)>+C sup h(s)?. (4.7)
t<s<t+1 t<s<t+1 t<s<t+1

Moreover, for 7 € [t,t + 1], integrating (4.2) over [r,t.] (or [t.,7]), we have
from (4.6) that

(g MO P M)
o= [ (205 ) i e

2
7M(s)’¥ ((f(u))tv utt)) ds

< 2/t2 F(s) d5+c/t+1 ||Utt(5)||

t t (5)

e (PO | e som20) agcerd
v [ Ll (Rl ar(20-2) )3




and from (3.4), (3.5), (3.7), (4.4), and (4.7) that

sup F(s)
t<s<t+1
<CDt)?+CD(t) sup g(s)+C sup f(s)>+C sup h(s)*.

t<s<t+1 t<s<t+1 t<s<t+1

Moreover, we observe from (4.4) that

sup  F(s)?
t<s<t+1
<C (D(t)2 + sup g(s)2> D) +C sup f(s)*+C sup h(s)?
1<s<t+1 t<s<t+1 t<s<t+1

<C <F(t) + sup g(s)2> (F(t) —F(t+1)+C sup f(5)2>

t<s<t+1 t<s<t+1

+C sup f(s)*+C sup h(s)*
t<s<t+1 t<s<t+1

and from the Young inequality that

sup F(s)?<C (F(t) + sup g(s)z) (F(t)—F(t+1))

t<s<t+1 t<s<t+1
+C( sup g(s)P+ suwp f(s)2) sup f(s)*+C sup h(s),
t<s<t+1 t<s<t+1 t<s<t+1 t<s<t+1

On the other hand, since it follows from (3.5) and (3.7) that
) = M@ ur(1)]” < CA+)777

g(t)* = |X4t((g|,l <O+t

h(t)? = M(£)2 =2 u, (1) |2 < C(L+ 1) 7277,
we have

sup F(s)* <C (F(t) +(1+ t)‘l‘%) (F(t) = Ft+ 1)) + C(1 + )~ % .

t<s<t+1

(4.8)

Thus, applying Lemma 4.2 below to (4.8), we obtain the desired estimate
(4.1). O

In order to derive the decay estimate of the function G(t), we used the
following inequality (see [10], [11], [18] for the proof).

Lemma 4.2 Let ¢(t) be a non-negative function on [0,00) and satisfy

S O(s)' T < (koo ()™ + kr (14 6)77) (o(t) — (¢ + 1)) + ko (1 + )77



with certain constants ko, k1, k2 >0, o > 0, 8 > 0, and v > 0. Then, the
function ¢(t) satisfies

-0 L [14+B
o(t) < Co(1+1)™7, e_mm{a,l+a}

for t > 0 with some constant Cy depending on ¢(0).

Proposition 4.3 Under the assumption of Theorem 8.1, it holds that
lu(®)|* > C'(1+6)> (4.9)

with some positive constant C’.

Proof. From Equation (1.1), we observe

T = T Tat
= T o+ T )+ e et e~ )
= T 1 T T e T e~ S0
Moreover, the Young inequality yields
E T < Clucory
<C<M%ﬂﬁﬁgr+“““%Mﬁyﬂgnﬁg#
<O+
where we used (2.35), (3.5), and (4.1) at the last inequality. Thus, we obtain
m%ﬂQSC and [u(t)|2 > O M ()

which gives the desired estimate (4.9). O

Summing up Propositions 4.1 and 4.3, we conclude the following theorem.

Theorem 4.4 Under the assumption of Theorem 3.1, the solution u(t) of (1.1)
satisfies

e (1)) < CA+H77, Jun(@®)]? < CO+6)7277
u(®)]* > C'(1+ t)_% for t>0,

where C' and C' are certain positive constants.
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