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We consider an initial boundary value problem related to the equation u; — Au + fy g(t —
s)Au(x,s)ds = |u|?~2u and prove, under suitable conditions on g and p, a blow-up result
for certain solutions with positive initial energy.

1. Introduction

In this paper, we are concerned with the finite-time blow-up of solutions for the initial
boundary value problem

t
u,—Au+J g(t—s)Au(x,s)ds = [ulP~u, xe€Q, t>0,
0

u(x,t) =0, x€0Q,t=0, (1.1)
u(x,0) = up(x), x€Q,

where g: Ry — R, is a bounded C! function, p >2,and Q is a bounded domain of R"
(n = 1), with a smooth boundary 0C.

This equation arises from a variety of mathematical models in engineering and physi-
cal sciences. For example, in the study of heat conduction in materials with memory, the
classical Fourier’s law of heat flux is replaced by the following form:

4= -dVi- Jt Y [k(x, ulx,7)]dr, (1.2)

where u is the temperature, d is the diffusion coefficient, and the integral term represents
the memory effect in the material. The study of this type of equations has drawn a con-
siderable attention, see [3, 4, 10, 12, 13]. From a mathematical point of view, one would
expect the integral term to be dominated by the leading term in the equation. Therefore,
the theory of parabolic equations applies to this type of equations.

In the absence of the memory term (g = 0), problem (1.1) has been studied by various
authors and several results concerning global and nonglobal existence have been estab-
lished. For instance, in the early 1970s, Levine [6] introduced the concavity method and
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showed that solutions with negative energy blow up in finite time. Later, this method was
improved by Kalantarov and Ladyzhenskaya [5] to accommodate more general situations.
Ball [2] also studied (1.1) with f(u, Vu) instead of |#|P~%u and established a nonglobal
existence result in bounded domains. This result had been extended to unbounded do-
mains by Alfonsi and Weissler [1].

For the quasilinear case, Junning in [14] studied

u —div (|Vul™2Vu) = f(u), x€Q,t>0,
u(x,t)=0, x€0Q, >0, (1.3)
u(x)O) = Ll()(x), x€Q,

and established a global existence result. He also proved a nonglobal existence result un-
der the condition

4(m—1)

1 m
; JQ | Vuo(x) | dx — L)F(uo(x))dx < —m

J Bode,  (1.4)
Q

where F(u) = [, f(s)ds. More precisely he showed that if there exists T > 0, for which
(1.2) holds, then the solution blows up in a time less than T'. This type of results have
been extensively generalized and improved by Levine, Park, and Serrin in [7], where the
authors proved some global, as well as nonglobal, existence theorems. Their result, when
applied to problem (1.3), requires that

%L} |Vuo(x)|mdx—L)F(uo(x))dx<0. (1.5)

We note that the inequality (1.5) implies (1.4). In a note, Messaoudi [8] extended the
blow-up result to a solution with an initial datum satisfying

lj |Vu0(x)|mdx—J F(ug(x)) dx <0, (1.6)
mJa Q

In the present work, we consider (1.1) and show that, for suitable conditions on p and
g, the blow-up can be obtained even for some solutions with positive initial energy. The

present paper improves the one in [8] as it is only a special case.

2. Blow-up

In order to state and prove our result, we introduce the “modified” energy functional

E(t) = %(g o Vu)(t) + % (1 _ Jog(s)ds> V()| - %||u(t)||P, 2.1)
where

(o) = | glt=llvn - (o) dr (2.2)
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For the relaxation function g and the number p, we assume that

g5)=0,  g(<0, 1- j g(s)ds =150, (2.3)
0
2<p< 2(’11’1_—21)’ n>2, p>2,n=12 (2.4)
We also set
o= B P(p-2) E, = (1 - l)tx2 (2.5)
) 2 P >

where B = C,/I for C, the best constant of the Sobolev embedding Hj (Q) — LP(Q).
By multiplying the equation in (1.1) by u; and integrating over (), we get, after some
manipulations, see [9],

%E(t) = <2g H|[Vu(t) ||2 g o Vu)( t)+Lz |ut|2utdx) <0, (2.6)

for regular solutions. The same result can be established, for almost every ¢, by a simple
density argument.
Similar to [11], we give a definition for a strong solution of (1.1).

Definition 1. A strong solution of (1.1) is a function u € C([0,T); Hj(Q)) n C'([0,T);
L2(Q)), satisfying (2.6) and

Vu-Vé—| Vu(r (s)dt +ud — |ulP~*u¢ |dxds = 0, (2.7)
JoJa 7uvo-]| )

for all t in [0, T) and all ¢ in C([0, T), H} (Q)).

Remark 2.1. Condition (2.4) is needed so that |u|?~2u € L*(Q); hence [, |ul?P~2u¢dx
makes sense. The condition 1 — [;° g(s)ds = I > 0 is necessary to guarantee the parabolic-
ity of system (1.1).

LEMMA 2.2. Let u be a strong solution of (1.1) with initial data satisfying
E(0)<E1, ||VUO||2 > . (28)

Then there exists a constant 3 > « such that

t 1/2
[(FJ g(S)ds)IIVu||§+(goVu)(t)] > B, (2.9)
0
lull,>BB Vte[0,T). (2.10)
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Proof. We first note that, by (2.1) and the Sobolev embedding, we have
B0 = (1= [ g@ds) 19l + 2 go Va0 - L jul
"2 0$ 275 pltie
1 f , 1 1 »
> E(l —J g(s)ds)IIVu||2+—(go Vi)(t) — LBV ull?
0 2 P

= %(1—Iog(s)d5)||VM||§+%(goVu)(t) (2.11)

- %[(1 - Ltg(s)ds) IVull2 + (g o Vu)(t)]P/2

1 B
===,

where

¢=|(1- Ltg(S)dS> IVul3+ (g o w)(t)]m. (2.12)

It is easy to verify that h is increasing for 0 < { < «, decreasing for { > a, h({) — —oo as
{ — +o0,and

h(a) = (% _ %)szmp—z) _E, (2.13)

where « is given in (2.8). Therefore, since E(0) < Ej, there exists 5 > « such that h(f) =
E(0).
By using (2.11) we have

h(|[Vuoll,) < E(0) = g(B), (2.14)

which implies that || V|, = B.
Now to establish (2.9), we suppose by contradiction that

to 1/2
[(1— 0g(S)dS)IIVuII%Jr(gOVu)(to)] <p, (2.15)

for some #; > 0 and, by the continuity of

(1- [ &6ds) IVl + (g u)) (2.16)
0

we can choose t; such that

[(1 - J;og(s)ds> IVull? + (g Vu)(to)] e (2.17)
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Again the use of (2.11) leads to
to 1/2
E(to) > h([(l - L g(s)ds) IVull? + (g o Vu)(to)] ) Sh(B)=E(0).  (218)

This is impossible since E(t) < E(0), for all t € [0, T). Hence (2.9) is established.
To prove (2.10), we exploit (2.1) and (2.6) to obtain

t
%[(1 - Lg(s)ds) IVull? + (g o Vu)(t)] <E(0) + % lull2. (2.19)
Consequently
1. p_ 1 ' 2
Sty = 5[ (1= ] gds) 1wl + g o Vo) | - EO
> %/32 — E(0) (2.20)
oo gy = B pe
=3B~ h) =
Therefore (2.20) yields the desired result. The proof is completed. O
THEOREM 2.3. Assume that (2.3) and (2.4) hold. Given uy € H}(Q) satisfying
[[Vuol|, > a, E(0) < E,, (2.21)
if
* 1-¢ 2+ (p-2)(a/P)F
L g(s)ds < 1= G/de EYPS co = —p <1, (2.22)
then any strong solution of (1.1) blows up in finite time.
Proof. We define
L) = 5 | wenndx (2.23)
2Ja

and differentiate L to get
0 =J s (3, E)dx
Q
t
=J uAudx—J u(x,t)J g(t—s)Au(x,s)dsdx+J lulPdx
Q Q 0 Q
t
= —J IVulzdx+J Jg(t—s)Vu(x,t) . Vu(x,s)dsdx+J |u|Pdx (2.24)
Q aJo Q
t
Z_J IVulzdx+J g(t—s)||Vu(t)||§dT+J |ulPdx
Q 0 Q

— th(t—s)J | Vu(t) - [Vu(s) — Vu(t)] | dxdr.
0 Q



92 Blow-up of solutions of a heat equation

By using Schwarz inequality, (2.24) takes the form

t) > L) lulPdx — (1 - J:g(s)ds> IV u(t)ll;

‘ (2.25)
- | gt = DlITuO ][ Vu(r) - Tuto)
By applying Young’s inequality to the last term of (2.25), we arrive at
3 t
(1) = JQ ulPdx — [1 -2 Lg(s)ds] V(|2 (g o Vu)(8). (2.26)
We then substitute for || Vu(t)||3 from (2.1); hence (2.26) becomes
, [1-(3/4) [;g(s)ds] [1-(3/4) [y g(s)ds]
L'(t)= | |ulPdx+2 ; H(t)-2 ; E
T v R B i PTG
1-(3/4) [yg(s)ds )
+ (—1 T gls)ds 1)(go Vu)(t) (2.27)
21-(3/4) ) Iy g(s) dsj ulPdx.
p (1— [y g(s)ds
By using (2.5) and (2.9), the estimate (2.27) takes the form
) [1-(3/4) [y g(s)ds] ([1(3/4) Iy g(s)ds] )
L'(t)=2 k H(t E -1 Vu)(t
R Ty AR N RV I A
_(2,p22(a 1_(3/4)fog5)d5] p (2.28)
+[1 (P+ p (/3)) (1—Jpg(s)ds) Jde
ZyJQIuIde,
where
(2. p-2(a P)l—(3/4)fo°°g(s)ds
-Gt ) ) T e 22

because of (2.22). Next we have, by the embedding of the L7 spaces,

LP2(t) = Cllull}. (2.30)
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By combining (2.28) and (2.30) we get

L'(t) = TLP(¢). (2.31)

A direct integration of (2.31) then yields

1
p/2-1
N0 2 e v (2.32)
Therefore L blows up in a time t* < 1/TL(»’?~1(0). O
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