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Abstract

The initial boundary value problem of a class of Kirchhoff equations with strong
damping and nonlinear dissipation is considered. By modifying Vitillaro's argument,
we prove a blow-up result for solutions with positive and negative initial energy
respectively.
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1 Introduction
In this paper, we consider the initial boundary value problem of the following nonlinear

wave equations of Kirchhoff type:

Uy — wAu,; —M(||Vu||2)Au +h(u) =f(u), xe€Q,t>0, 1.1)
ulx,t)=0, x€dQt>0, (1.2)
M(x: O) = MO(x)r ut(x,()) = I/ll(x), X € Q’ (13)

where Q is a bounded domain in R”, n > 1, with smooth boundary 9€2, so that the diver-
gence theorem can be applied, M(s) = a + bs", h(s) = |s|"2s, and f () = |s|P~%s. Here w > 0,
a>0,b>0,r>0,m>2and p > 2 are positive constants.

When M =1, equation (1.1) becomes a semilinear hyperbolic problem

Uy — Au— oAuy + h(uy) = f(u), (1.4)

and many authors have studied the existence and uniqueness of global solution, the blow-
up of the solution (see [1-6] and the references therein).

When M is not a constant function, equation (1.1) without the damping and source terms
is often called a Kirchhoff-type wave equation; it has first been introduced by Kirchhoff [7]
in order to describe the nonlinear vibrations of an elastic string. When o = 0 or /(u;) = 0,
the nonexistence of the global solutions of Kirchhoff equations was investigated by many
authors (see [8—24] and the references therein). The work of Ono [10, 11] dealt with equa-
tion (1.1) with w = 0 and f () = |u|?~2u. When h(u;) = —Au; or u;, Ono showed that the
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local solutions blow up in finite time with E(0) < 0 by applying the concavity method.
Ono also combined the so-called potential well method and concavity method to show
blow-up properties with £(0) > 0. When h(u;) = |u:|" 2u;, m > 2, Ono proved that the lo-
cal solution is not global when p > max{2r + 2, m} and E(0) < 0. Wu [13] extended the result
of [11, 12] in the case of h(u;) = —Au; or u; by the energy method and gave some estimates
for the life span of solutions. Wu also extended the result of [10] to general M(s) and to
the condition that £(0) > 0 for nonlinear dissipative term /(i) = |u;|"2u, by Vitillaro’s
argument [2]. For more blow-up results of problem (1.1)-(1.3) with @ = 0, s(u;) = |us|"u;
and f(u) = |ul’%u see [14-21].

However, a natural question is whether nonlinear sources can cause finite time blow-up
for solutions to problem (1.1)-(1.3) when introducing both the presence of the nonlinear
weak damping term 4(u;) = |u;|" 2u; and the linear strong damping term Au; (i.e. @ #0).
This question has been addressed for the wave equation (1.4) by Gazzola and Squassina
[3] and Yu [4] (see also Graber and Said-Houari [25] for a strongly damped wave equation
with dynamic boundary conditions). From the physics point of view, the strong damping
term Ay, and the nonlinear dissipative damping term /(i) play a dissipative or inhibitive
part in the energy accumulation in the configurations, which dissipates energy and drives
the system toward stability, while the nonlinear source term f () models an external force
that amplifies the energy and drives the system to possible solutions that blow up in fi-
nite time. It is well known that if w = 0, h(u;) = |u,|"2uy, f(u) = |ulP~2u, the solutions of
(1.4) with any initial data continue to exist globally ‘in time’ if m > p and blow up in finite
time if p > m and the initial energy is sufficiently negative or certain positive initial en-
ergy (see [1-6] and the references therein). However, introducing both a nonlinear weak
damping term /(u,) and a linear strong damping term Au, makes the problem very in-
teresting but difficult as well. Indeed, a strong action of dissipative terms could make the
existence of global solutions easier, since they play the role of stabilizing terms and their
smoothing effect makes the blow-up more difficult [21, 26]. Introducing a strong damping
term Au, makes the problem different from the one mentioned in [1]. The most frequently
used technique in the proof of blow-up named ‘concavity argument’ is no longer applied,
and the techniques in the papers mentioned above also cannot be used directly due to
the term Au,. Thereby, at present, less results are at present time known for the wave
equation with a strong damping term, and there still exist many other unsolved problems;
see Gazzola and Squassina [3] for the case m = 2 (see also [4—6, 25] and the references
therein).

Recently, Autuori et al. [26] studied the blow-up at infinity of polyharmonic Kirchhoff
systems with nonlinear damping /(u,) and strongly damping of Kelvin-Voigt type. Chen
and Liu [27] studied the local, global existence and exponential decay result of the follow-

ing equation:
t
Uy — M(|| Vu||2)Au — Auy + / gt —s)Au(s)ds + h(u;) = f(u), (1.5)
0

and they also proved that the energy will grow at least as an exponential function of time
when the weak damping term is nonlinear and will blow up when the weak damping term
is linear. But they did not find the result of the blow-up solution when the weak damping
term is nonlinear.
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Motivated by these papers, the purpose of this paper is to investigate the nonexis-
tence result of global solutions of the problem (1.1)-(1.3) with both terms Au; and /(u,).
More precisely, we shall show global nonexistence results of the problem (1.1)-(1.3) by
adopting and modifying the method of [2, 17, 26] and combining with potential well
theory. We will construct a function L(£) (see Section 3) which is different from that in
[2, 5,17, 26]. The method can also be extended to equation (1.1) with the general func-
tion M(s), h(s) and g(s) as in [26], and it can also be extended to equation (1.5) as in
[27]. The plan of this article is as follows. In Section 2, some notations, assumptions
and preliminaries are introduced and the main results of this article are shown in Sec-

tion 3.

2 Preliminaries
In this section, we give some assumptions and preliminary results in order to state the
main results of this article. Throughout this article, the following notations are used for
precise statements: L?(2) (1 < p < 00) denotes the usual space of all L”-functions on 2 with
norm ||u|zr(@) = l|l#ll, and the inner product (u,v) = fQ uvdx. For simplicity, we denote
llull 2 = llull. The constants C used in this paper are positive generic constants, which
may be different in various occurrences. For simplicity, we take w =a =5 =1.

First, we present the following assumptions.

(A) p>max{2(r+1),m}andl<m<p < % ifn>3,1<m<p<ocoifn=1,2.

Next, we present the following local existence theorem, which can be founded in [27].

Theorem 2.1 ([27]) Suppose that (A) hold, and that uy,u; € H> N H}, then the problem
(1.1)-(1.3) admits a unique solution

u e Cp([0, T, H* N Hy) N C°([0, TT; Hy) N Cy, ([0, TT; Hy) N CH([0, TT;L?),

and u, € L*([0, T}; Hy) N L™([0, T] x 2), where the subscript w means weak continuity
with respect to t.

Now, for the problem (1.1)-(1.3) we introduce the following function:

1
Vo] 20D — —|
p

J(@®) =J(u) = %nwn2 + |ul?, (2.1)

2(r+1)
and define the energy of the problem (1.1)-(1.3) by

E0) = Bw) = 5l + a0, 22)
Then we have the following results.
Lemma 2.2 ([27]) E(t) is a non-increasing function on [0, 00) and

E'(t) = —lluell — Ve |* < 0. (2.3)
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_p
We denote A, =B 720D and E; = (ﬁ - }7))»%(”1), where B is the Poincaré constant.

From the Poincaré inequality, we get

1 B?
E@t) > Enwnz + Va2 — ;nwnp

1
2(r+1)

B? _p
> [IVull? + [Vl 2 V] = — [ Vaul® + || Vg 20D ] 205D
2(r+1) P

> G(A(®)), (2.4)

1
for t > 0, G(A(2)) = 2(r1+1) 22D () — Bfkp(t), and A(t) = [|| Vu|? + || Vae|[20*D] 20D | Tt is easy

__r
to verify that G(1) has a maximum at A; = B 7-20+) and the maximum value is E; = (ﬁ —

I%)Af(”l). We see that G(A) increases in (0, A1), and it decreases in (A, 00), and G(A) — —o0
as A — +00.

A similar argument from [2, 13, 15, 27] gives the following result.

Lemma 2.3 Assume that (A) holds, ug, uy € H* N H} and let u be a solution of the problem
1
(1.1)-(1.3) with initial data satisfying E(0) < Ey and Lo = [||Vuo||*> + || Vo] 2D 20D > Ay,

Then there exists a constant Ay > A1, such that
Vel + | Va2 5 220D vee (o, T). (2.5)

Proof Since E(0) < E; and G(A) is a continuous function, there exist A} and A, with 15 <
A1 < Ay such that G(A)) = G(A,) = E(0), by (2.4), implies

G(1(0)) < E(0) = G(1). (2.6)
From the assumption, the properties of G(1) and (2.6), we conclude
A(0) > A,y (2.7)

If it does not hold, then there exists £, > 0 such that A(t) = [|[Vult)|?> +
||Vu(t0)||2(”1)]ﬁ < Aa. If A < A(to) < Mg, according to (2.3) and the properties of G(2),
we know that G(A(%)) > E(0) > E(ty), which contradicts (2.4). If A(y) < A5, then A(t) <
3y < ha. Setting h(t) = A(t) — 22
and /(0) > 0 ((2.7)). Hence, there exists #; € (0, ty) such that 4(#;) = 0, which means that

, it is clear that /(¢) is a continuous function, x(ty) < 0

Alty) = AZ;MZ, implying G(A(#1)) > E(0) > E(t1), which contradicts (2.4). Then we conclude
the result. O

3 Main results

Now, we give our main results.

Theorem 3.1 Assuming that (A) holds and ug,u; € H*> N H}, then any solution u of the
problem (1.1)-(1.3) with initial data satisfying E(0) < Ey and || Vuol|® + | Vauo || 2D > 32+

will blow up in finite time.
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Proof We set

H(t)=E,—E(t), fort=0, (3.1)
where E; € (E(0), E;). From (2.3) and (3.1), we get

H'(t) = =E'(t) = lluellyy + IV ue]|* > 0 32)
then H(¢) is an increasing function and

H(t) > H(0) = Es — E(0) > 0. (3.3)

On the other hand, by Lemma 2.3, we have

1 1 1
H(t) < Ey = | lue® + IVl + — [ Vael 7D | + = ull?
2 r+1 p

1 1
E—-—— [I1v 2+V 2(r+1)+_ V4
1= g p UV 1VulP T
1
<E - A2 Ly
<E-goph
1 1 1
= A" Slully < Zul, (3.4)

Hence, combining (3.3) and (3.4) with the embedding H} < L?, we have
1 B
0<H(0) <H(®) < —llull) < —IVull”. (3.5)
p p
We set
1 2
G(t) = (u, ug) + SIvul®,
and then we define
L(t) = H*9(8) + €G(2), (3.6)

where a, k, € > 0 are small enough to be chosen later. By the definition of the solution, we
have

,(t) = ”ut”2 ” ”2 ” ullz(r+1) | t| _Zutu + ” ”p (37)
G Vi v U dx ull,
Q

Adding the term p(H(¢) — E; + E(¢)) and using the definition of E(¢) in (2.2), then (3.7)
becomes

G (&) = llucl* = | Vull* = | Vae |V — f |og ™, dx
Q

p 1
+ = el + IVl + —— I Vul* | + pH(¢) - pE,
2 r+1
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p+2 2, p 2r+1) 2(r41)
R a— Vul(t — ||V
el + P22 | vuto) + L5 v
- / s " uudx + pH(t) — pEs. (3.8)
Q
By r> 0 and Lemma 2.3 again, we have
2 2 p-2(r+1)
o IVe@[" + = IVulPY - pEs
2(r+1)
p-2(r+1) 2 2(r41)
>—— "1 |[Vu(t \Y - pE
2 D vt + 1] -y
2Ur+1 )L2(r+1 _)LZ(HI)
S P- (r+1) 1 [||Vu(t)||2 + ||Vu||2(”1)]
2(r+1) )é(”l)
p =20+ 1) 5"V NVu@ I + [ Va0
2(r+1) )Lg(”l) pE2
P 2(r+1) )»2(”1 —)L%(Hl) [Hvu(t)nz
2(r+1) )é(”l)
-2(r+1
+ |Vl 2] 4 wxf”*” _ pE,. (3.9)

2(r+1)

From the fact that p > 2(r + 1), Lemma 2.3 and E; < Ej, we see that

p—2(r+1) A200 _ 204D

>0,
2(r+1) )é(”l)

(3.10)
p—2(r+1) 2(r+1) P—Z(V‘*l) 2(r+1)
_pE,>— 7 -pE; =0.

2re1) 1 TPy M TR

It follows from (3.8), (3.9) and (3.10) that

Arel) 4 2ri1)
p-20r+1) A" —)Ll”

2(r+1) )é(”l)

G =22 . PE2 L [[Vu)|” + 11V2)20+V]

- f | 2uudt + pH(t). (3.11)
Q

From the Holder inequality, p > m and (3.5), we have

/|ut|m-2utudt 5/ e ]
Q Q

-1
< llullmlloaell;,

1‘% % m-1
= Cliullp " Nullp" el

% 1 1 m-1
=< Cllully" Hr " () lluell,,, - (3.12)

From (3.5), Young’s inequality and the fact that ||| < H'(t), we get

/ || 2 upu dit
Q

< CleMulll + & " TH (O] H (@), (3.13)




Hu et al. Boundary Value Problems (2017) 2017:112 Page 7 of 10

>0, €; > 0. Now, we take o and k satisfying
1 p-m }
p pim-1))

1 p+2
+17 2p

where o = %

1
p

1
O<a <min{a1,§ -
(3.14)

{1
max3 —,1 -y,
2

}<k(1—a)<1,

and then we have

2
<r+1, k(l—oz)>er .

1-k(1-a) - 0, 1
(L-a)—a < <k(1—a) 2p

(3.15)

Furthermore, from (3.13) and (3.5), we have

/ |ut|m_2utudt‘
Q

< Clef"H™™ (0)l[ullh + &, " H' =1 (0)H* =" (0) H'(¢)]. (3.16)

By differentiating (3.6), we see from (3.11) and (3.16) that

L'(t) = [k(1 - @) - eCe; ™1 HIFU==o1 Q)T Hk0--1 () ')

+2
+ B ] + epH(E) - eCel H ™ O)ull

p=2(r+1) A3 20D
2(r+1) )é(”l)

[[Vu@)|” + 1Vul?]. (317)

2(r+1) _, 2(r+1)
Letting§ = 1 min{l%z, g, P;(Zr(:)l) M/\ij} and decomposing epH (t) in (3.17) by epH(t) =
2

28€H(t) + (p — 28)eH(t), we find from (3.3) and (3.17) that

L'(8) > [k(1 - &) — eCe; T K== (0) | k0= (1) b ()

28 2
+ e[— - Ce{"H-“I(O)} lual + e["i - 6] e
P 2

p- 2(}" + 1) )»é(Hl) _ k%(Hl)
)
st |

+(p—28)eH(t). (3.18)

|Vu@)|? + [Vu]20*0]

_m_

Choosing€; > 0 small enough so thate]” < p%H"‘l(O) andO0 <€ < kg—g")H‘(l‘k(l‘o‘)‘o‘l)(0)61”"l ,
we have from (3.18)

L'(®) = Ce(llull? + lucl® + He) + | Vu@) | + [Va]27*D), (3.19)

for a positive constant C. Therefore, L(t) is a nondecreasing function. Letting € in (3.6) be
small enough, we get L(0) > 0. Consequently, we obtain L(¢) > L(0) > 0 for £ > 0.
We claim the inequality

L'(£) > CL(t)faa ., (3.20)

For the proof of (3.20), we consider two alternatives:
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(i) If there exists a t > 0 so that G(¢) < 0, then

LT = [HK0-)(g) 4 eG(t)] = < H(t). (3.21)
Thus (3.20) follows from (3.21).

(ii) If there exists a ¢ > 0 so that G(¢) > 0, since 1 < k j<l+r by (3.15), then we deduce
from (3.6), the Young inequality, the Holder mequahty and the embedding 17 < L? that

1
1 1 =)
L(t)R-a) < [Hk“-”(t) Lol + e + Enwnz}
T s 2
< C[H@) + [lull,™ + [l | 097 + || Vo] 020 ], (3.22)
for = + 2=1,7t>0,s>0. Ifweetakes—Zk(l @), then s > 1 by (3.14), and 7 1 Tie) = =2.By
(3.15) we have k(1 =3 (l—a)—l <p klfa) < 2(r + 1). Furthermore, we get
f Zk+
ot I T8 = [[ag |2, luellp" " = flaaf (3.23)
Thus from (3.22), (3.23) and (3.5), we have
1 2 2/((12()( V4 ) 2(r+1)
L(t)K=o1 < C[H(2) + [luel)® + |l ||u|| + IIVuIIk V] 7]
[H(t) + ) + (pH(0)) P T ) el
3 (e ~2(r+1)
pk(1-a)
+ (KH(0)> ||wu2<'+“]
Br
CIH@) + lluell® + el + [V 0] (3.24)

This inequality together with (3.19) implies (3.20).
Then, by integrating both sides of (3.20) over [0, £], it follows that there exists a T > 0 so
that

lim L(¢) = lim (H"(2) + €G(t)) = oc. (3.25)
t— Ta t— Ta

This combined with (3.24), (3.21) and (3.5) gives

. 2 2(r+1 2
lim (Jfell? + [Vl + [ Varl P70 + [l ]|?) = o0.
t—>T0

This theorem is proved. d

Theorem 3.2 Assuming that uy € H*> N Hy, u; € Hy, and p > max{2(r + 1), m}, E(0) < 0,
then the local solution of the problem (1.1)-(1.3) blows up in finite time.

Proof Setting H(t) = —E(¢t) instead of H(¢t) in (3.1) and then applying the same arguments
as in Theorem 3.1, we get the desired result. O
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Remark 3.3 We point out that the method can also be extended to equation (1.1) with
the general function M(s), i(s) and g(s) as in [26], and it can also be extended to equation
(1.5) as in [27].
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