Di and Shang Boundary Value Problems (2015) 2015:109 0 BOU nda ry Value PrOblemS

DOI 10.1186/513661-015-0369-6

a SpringerOpen Journal

RESEARCH Open Access

CrossMark

Blow up of solutions for a class of fourth
order nonlinear pseudo-parabolic equation
with a nonlocal source

Huafei Di'? and Yadong Shang'#”

“Correspondence:
gzydshang@126.com

'School of Mathematics and
Information Science, Guangzhou
University, Guangzhou, 510006,
China

2Key Laboratory of Mathematics
and Interdisciplinary Sciences of
Guangdong Higher Education,
Guangzhou, 510006, China

@ Springer

Abstract

In this paper, we consider the initial boundary value problem for a fourth order
nonlinear pseudo-parabolic equation with a nonlocal source. By using the concavity
method, we establish a blow-up result of the solutions under suitable assumptions on
the initial energy.
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1 Introduction

In this article, we are concerned with the following initial boundary value problem:

up — A — Aug + Nu = P (x,8) [ K(x,0)u#* (9, t)dy, x€Q,t>0,
u(x,0) = up(x), x€€, (1.1)

u:g_ZZOOru:AMZO’ x€0Q,t>0,

where p > 0, and Q2 is a bounded domain of R” (n > 1) with a smooth boundary 9€2. Here,
v is the unit outward normal to 92, and K(x, y) is an integrable, real valued function such
that K(x,y) = K(y,x). It is well known that this type of equations describes a variety of
important physical processes, such as the analysis of heat conduction in materials with
memory, viscous flow in materials with memory [1], the theory of heat and mass exchange
in stably stratified turbulent shear flow [2], the non-equilibrium water-oil displacement
in porous strata [3], the aggregation of populations [4—6], the velocity evolution of ion-
acoustic waves in a collisionless plasma when ion viscosity is invoked [7], filtration theory
[8, 9], cell growth theory [10, 11], and so on. In population dynamics theory, the nonlo-
cal term indicates that evolution of species at a point of space does not depend only on
the nearby density but also on the total amount of species due to the effects of spatial
inhomogeneity; see [4].

There have also been many profound results on the existence of global solutions and
asymptotic behavior of the solutions for the initial boundary value problems and the initial
value problems of fourth order nonlinear pseudo-parabolic equations.
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In 1972, Kabanin [8] considered the following problem:

Mt_ﬂzuxxt"'yuxxxx:auxx, O<x<lt>0,
ux,0) =), 0=<x<l, (1.2)
M(O’ t) = Lt(l, t) = uxx(o» t) = uxx(l: t) =0, 0<t<T,

where o, B, y are positive constants. A classical solution of this mixed problem is obtained
through the Fourier method in the form of a series. Conditions sufficient for uniform con-
vergence of this series are found.

In 1978, Bakiyevich and Shadrin [9] considered the following problem:

Up — Y Uxt + Blhxgxx = Qlhyy +f(t,x), xeR,t>0, 13)
ulx,0)=px), xeR, .

where a > 0, 8 > 0, y > 0 are constants. They showed that the solutions of this problem
are expressed through the sum of convolutions of functions ¢(x) and f(t,x) with corre-
sponding fundamental solutions of the problem.

Zhao and Xuan [12] studied the following fourth order pseudo-parabolic equation:

Up — QUyy — YUyyr + Plygrn + f(U)x =0, x€R,£>0. (1.4)

They obtained the existence of the global smooth solutions for the initial value problem
of (1.4) and discussed the convergence behavior of solutions as 8 — 0.

Recently, Khudaverdiyev and Farhadova [13] discussed the following fourth order semi-
linear pseudo-parabolic equation:

Ut — OCUxyt + Ugxxx =f(t,x, U, Uy, Uxyx, Mxxx)) 0 f X f 1;0 S t f T; (15)

with Ionkin type non-self-adjoint mixed boundary conditions, where « > 0 is a fixed num-
ber. They proved the local existence for a generalized solution of the mixed problem un-
der consideration by combining generalized contracted mapping principle and Schauder’s
fixed point principle and then proved the global existence for a generalized solution by
means of Schauder’s stronger fixed point principle.

The so-called viscous Cahn-Hilliard equation is also in a class of fourth order nonlinear
pseudo-parabolic equations and can be considered as a special case of (1.5). In recent years,
a lot of attention has been paid to the viscous Cahn-Hilliard equations. For more and
deeper investigations of the stability analysis (as £ — 00) and the asymptotic behavior of
viscous Cahn-Hilliard models, we refer readers to [14, 15] and the references therein.

Since the study on blow-up solutions for nonlinear parabolic equation with nonlocal
source by Levine in [16], many efforts have been made devoted to the study of blow-up
properties for nonlocal semilinear parabolic equations. The upper bound and lower bound
of the blow-up time, blow-up rate estimate, blow-up set, and blow-up profile of the blow-
up solutions for a various of nonlocal semilinear parabolic equations with nonlocal source
terms or nonlocal boundary condition have been widely studied in the last few decades;
we refer the readers to [17-29] and the references cited therein.

Korpusov [30] considered a Sobolev type equation with a nonlocal source and obtained
blow-up results under suitable conditions on initial data and nonlinear function. In [31],
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Bouziani studied the solvability of nonlinear pseudo-parabolic equation with a nonlocal
boundary condition. More results on the global well-posedness for the nonlinear pseudo-
parabolic equation with nonlocal source can be found in [1] and the references therein.

Motivated by the above-mentioned works, we investigate the blow-up behavior of solu-
tions of the initial boundary value problem for a fourth order nonlinear pseudo-parabolic
equation with a nonlocal source (1.1). By using the concavity method, we prove a finite
time blow-up result under some assumption on the initial energy E(0).

2 Preliminaries

In this section, we first state a local existence theorem, which can be obtained by Faedo-
Galerkin methods. The interested readers are referred to Lions [32] or Escobedo and Her-
rero [33] for details.

Theorem 2.1 Assume that p > 0 and uy € H3 (). Then there exists a T,, > 0 _for which
problem (1.1) has a unique local solution u € CY([0, T,,); H3(2)) satisfying

(s, v) + (Vu, Vv) + (Vg VV) + (Au, Av) = (u”(x, t)/ K(x, y)u ™ (y,t) dy, v), (2.1)
Q

forallve HX(Q) and t € [0, T,,).

Before stating our principal theorem, we note that the Fréchet derivative f, of the non-
linear function f () = u?(x, t) [, K(x,y)u?* (y,t) dy is

Jou - 1l £) = pu ™ (x, £, t) / K(x,y)u?(y,t) dy

Q
+ (p + D) (x, t)/ K (x, y)uf (y, t)h(y,t) dy, Vu e HX(Q).
Q
Clearly f, is symmetric and bounded, so that the potential F exists and is given by
1
£ = [ (o) dp
0

1
:/ /ppup(x,t)[/ K(x,y)pp*lup”(y,t)dy]u(x,t)dxd,o
0 Ja Q

1
2p +2

//K(x,y)up”(x,t)up”(y,t)dxdy. (2.2)
aJe

Now, differentiating the identity (2.2) with respect to ¢, it follows that

d 1 d
ZFu) = =
dt ®) 2p +2dt

= l P P+l
Z/Q/QI((?C,)/)M (o6, )l (y, t)uy(x, £) dx dy

/ / K (x, y)u L (x, )t (y, £) dxc dy
aJa

+ %‘/Q/QK(x,y)uP(y,t)ul’*l(x,t)ut(y,t)dxdy
://1<(ny)up(x,t)up+1(y,t)btt(x,L‘)dxdy:(f(u),ut)’ 23)
QJQ

where we have used the symmetry of K(x,y).
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To obtain the blow-up result, we will introduce the energy function. We have

1 1
E(t):if |Vu|2dx+§/ |Aul? dx

/ / K (x, y)u ™ (x, )P 1 (y, t) dx dy. (2.4)
2p +2

Lemma 2.1 Let p > 0 and u be a solution of the problem (1.1). Then E(t) is non-increasing
function, that is, E'(t) < 0. Moreover, the following energy equality holds:

t
E(2) +/ (luel* + |V, |*) dxdt = E(0).
0
Proof Multiplying (1.1) by u, and integrating over 2, we have

1d 1d
/Q|ut|2dx+/Q|Vut|2dx+ §E/Q|Vu|2dx+ §%L|Au|2dx

= / u? (x, t)|: / K (x,y)up”(y,t)dyi|ut(x,t)dx.
Q Q

Hence, from (2.3), we obtain

1d 1d
/|ut|2dx+/ |Vut|2dx+——/ |Vu|2dx+——/ |Aul? dx
Q 2d 2dt Jq

f /K X, ) (x, 1) (y, t) dx dy

2p+2dt

and
2 2 d
lug|“dx+ | |Vuy|“dx+ —E(t) =0. (2.5)
Q Q dt

Integrating (2.5) from 0 to ¢, we find

t
E(t)+/ /(|ut|2 +|Vu|?) dxdt = E(0). (2.6)
0 Ja
The proof of the Lemma 2.1 is completed. d

3 Blow up of solutions
Now, we will state the blow-up result of the solutions to the problem (1.1).

Theorem 3.1 Assume thatp > 0 and uy € Hy(Q). If u(x, t) is a solution of the problem (1,1)
and the initial data uy(x) satisfies

/Q(|uo|2 +|Vuo|?) dx > nE(0), (3.1)

then the solution of problem (1.1) blows up in finite time; that is, the maximum existence
time Tmax of u(x, t) is finite and

t
lim / /(|u|2 +|Vul*) dxdrt = +o0,
Q

t—Tmax Jo
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where n = %; m= (% —1Ag; 2 < <2p +2; A is the first eigenvalue of operator —A under

homogeneous Dirichlet boundary conditions.

Proof The proof makes use of the so-called ‘concavity method’ Multiplying (1.1) by u and

integrating over 2, we have

/Iul dx+ /|VM| dx+/ |Vu| dx+/ |Au|? dx
2dt

:/ u? (x, t)|:/ 1<(x,y)up+1(y,t)dy:|u(x, t)dx.
Q Q
Hence
/|u| dx+——/ V| dx+/ |Vu| dx+/ |Au|? dx
Zdt
—//K(x,y)u‘“l(x,t)up”(y,t)dxdy+aE(u)—g/ |Vu|? dx
U 2 Ja

o o
_ - A 2 K ; p+l ; p+l :
2/| u| dx+2 +2// K (5, Y)u (%, )l (y, £) dx dy

2dt[/ |u] dx+/ |Vl dx:|+a}5(u)
(g 1) [ [ xome om0 dsay

+<1_E>/ IVulzdx+(l—g)/ |Aul?dx = 0. (3.2)
2 Q 2 Q

We consider the following function:

H(t) = /Q(|u|2 dx + |Vul|*) dx — nE(0). (3.3)

From (3.2), (3.3), Lemma 2.1, and Poincaré’s inequality, we have

1d
——H(t
2dt ©

= di/(|u| +|Vul*) dx

1
2
( ) |Vz,t|2 + | Ayl )dx—aE(u)

+1 +1
(1_210—2)//K(x,y)u” (%, )u’*(y,0) dx dy

=(%_l)f(|Vu|2+|AM|2)dx—aE(Mo)+0l/ /(Iut|2+|vm|2)dxdr

+11- /f[( X, 9)uP L (x, £ (y, £) dx dy
2p+2
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> (% —l)kl / (|Vu|2 + |u|2) dx — aE(ug)
Q
= W1|:/ (|Vu|2 + |u|2) dx — UE(MO)] = mH(t), (3.4)
Q
where n = ~;m = (5 —1)A1;; 2 < o < 2p +2; A, is the first eigenvalue of operator —A under

homogeneous Dirichlet boundary conditions.
Due to the conditions (3.1), it follows that

H(O):/(|uo|2+ |Vu0|2) dx —nE(ug) > 0. (3.5)
Q
Multiplying (3.4) by e"2", we have

d d

e’z’"t%H(t) —2me P H(¢t) = E[e-z"”hr(t)] >0.

From the last inequality above and (3.5), we obtain
H(t) > H(0)e*™ > 0. (3.6)
From what has been discussed above, we find
ld 2 2 ' 2 2
—— (|u| + |Vu| )dx>a (|ut| + [ Vuy| )dxdr. (3.7)
2dt Q 0 JQ
Now we define
t
G(2) =/ /(|u|2 +|Vul?) dxdr. (3.8)
0 Ja
Differentiating the identity (3.8) with respect to £, we deduce that
G/(t):/(|u|2+|Vu|2)dx,
Q
d t
G'(t) = — / (lul + |Vul*) dx > 2a/ / (le” + |V |*) dxedr,
dt Jo 0 Ja
so we have

t t
G'(t)G(t) Z2af /(|ut|2+ |Vut|2)dxdr-/ /(|u|2+|Vu|2)dxdt
0 JQ 0 JQ

t t
ZZa/ /Iutlzdxdr/ /|u|2dxdr
0 JQ 0 JQ
t ¢
+20‘/ / |14t|2dxd1'~/ / |Vu|* dxdr
0 JQ 0 JQ
t t
+20‘/ / |Vut|2dxdt~/ / |u|® dxdt
0 JQ 0 JQ
t t
+2a[ / IVu,Idedr-/ / |Vul* dxdr. (3.9)
0 Ja 0 Ja
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Using Schwarz’s inequality, we get

t 2 t t
(/ /uutdxdr) 5/ / |ut|2dxd1:-/ /|u|2dxdr,
0 Ja 0 Ja 0 Ja
t 2 t t
(/ /Vuvmdxdr) 5/ /|vm|2dxdr~/ / |Vu|? dxdr,
0 Ja 0 Ja 0 Ja

and

t t
2/ /uutdxdf-/. /VuVutdxdt
0 Ja 0
<2(f /IM;I dxdr) ~(f/|u| dxdr)
t 7 t %
-(//|Vut|2dxdt) </ /qu|2dxdr)
0 Ja 0 Ja
t t
5/ / |Vut|2dxdr~/ /|u|2dxdr
0 Ja 0 Ja
t t
+//|ut|2dxdr~/ /|Vu|2dxdt.
0 Ja 0 Ja
Inserting (3.10)-(3.12) into (3.9), we find
t 2 t 2
G”(t)G(t)22a(/ /uutdxdt) +205(/ /VuVumlxdt)
+4af fuutdxdr f/VuVutdxdr
= 20{[/ /(uut+VuVut)dxdr:|

o

_ 1 4 2
—2(/OG(t)dr> (@1 -G60).

Thus, we obtain
U o U ! 2

G'(t)G(t) - E(G -G (0)) >0
On the other hand, from (3.6), we know

lim H(t) = +o0.

t—0o0
This implies

G(t) = / [lul* + |Vul*|dx — +00, t— oc.

Q

Hence, for 2 < B < « there exists a T, such that for all £ > Ty

«(G'(t) - G(0))” = BG (1)

Page 7 of 9

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)
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By (3.14) and (3.16), we have

B

G'(t)G(¢) - EG’(t)Z >0, t>Tp. (3.17)

We consider the function G(¢)™ for 0 < g < g, we see that

(GO = g6 *[(g + VG (t)* - G"(1)G(t)]

< qG(t)‘q‘Z[w - 1] G'()G(H) <0, t>Tp (3.18)

Since a concave function must always lie below any tangent line, we see that G(¢)~ reaches
0 in finite time as t — T~, where T > T. This means

lim G(t) = +o0,
t—>T-

or
t
lim / / (lul* + |Vul*) dxdt = +oc. (3.19)
=T Jo Jo
Then the desired assertion immediately follows. O
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