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ABSTRACT. In this paper, we consider a semilinear parabolic equation with
nonlinear nonlocal Neumann boundary condition and nonnegative initial da-
tum. We first prove global existence result. We then give some criteria on this
problem which determine whether the solutions blow up in finite time for large
or for all nontrivial initial data. Finally, we show that under certain conditions
blow-up occurs only on the boundary.

1. Introduction. We consider the initial boundary value problem for the following
semilinear parabolic equation

uy = Au — ez, t)uP, z € Q, ¢ > 0, (1)
with nonlinear nonlocal boundary condition
t
Quizt) _ / k(z,y, t)ul(y,t) dy, x € 99, t >0, (2)
8V [¢)
and initial datum
u(z,0) = uo(z), x € Q, (3)

where p > 0, [ > 0, © is a bounded domain in R™ for n > 1 with smooth boundary
08, v is unit outward normal on 9.

Throughout this paper we suppose that the functions ¢(x,t), k(z,y,t) and ug(z)
satisfy the following conditions:

c(x,t) € Cihe(Q x [0,400)), 0 < a <1, ¢(a,t) >
k(x,y, )EC(@QXQX[O +00)), k(z,y,t) > 0;

ug(z) € CH(Q), up(z) > 01in Q, 6u0 / E(x,y,0)ul(y) dy on 0Q.

Many authors have studied blow-up problem for parabolic equations and systems
with nonlocal boundary conditions (see, for example, [2, 4, 5, 6, 8, 9, 10, 12, 13, 14,
15, 19, 20, 21, 22, 23, 24, 25, 26, 27] and the references therein). In particular, the
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initial boundary value problem for equation (1) with nonlinear nonlocal boundary
condition

u(et) = [ bloyyOul . 0)dy. @ < 09 t> 0
Q

was considered for c¢(x,t) < 0 and ¢(z,t) > 0 in [14] and [12], respectively. The
problem (1)—(3) with ¢(z,t) < 0 was investigated in [13] and closed problem was
analyzed in [21].

Local existence theorem, comparison and uniqueness results for problem (1)—(3)
have been established in [11].

In this paper we obtain necessary and sufficient conditions for the existence of
global solutions as well as for blow-up in finite time of solutions for problem (1)—(3).
Our global existence and blow-up results depend on the behavior of the functions
c(z,t) and k(x,y,t) as t — oo.

The paper is organized as follows. The global existence theorem for any initial
data and blow-up in finite time of solutions for large initial data are proved in
section 2. In section 3 we present finite time blow-up of all nontrivial solutions as
well as the existence of global solutions for small initial data. Finally, in section 4
we show that under certain conditions blow-up occurs only on the boundary.

2. Global existence. Let Qr = Qx (0,T), St = 902 x (0,T), 't = STUQ x {0},
T >0.

Definition 2.1. We say that a nonnegative function u(z,t) € C**(Qr)NC*%(QrU
I'r) is a supersolution of (1)—(3) in Qr if

ug > Au — ez, t)uP, (x,t) € Qr, (4)
Pt > [ Kot dy. (2.0) € S o)
U(JZ,O) > UO(‘T)7 z €, (6)

and u(z,t) € C*H(Qr) N CHO(Qr UTr) is a subsolution of (1)—(3) in Qp if u > 0
and it satisfies (4)—(6) in the reverse order. We say that u(z,t) is a solution of
problem (1)—(3) in Q if u(z,t) is both a subsolution and a supersolution of (1)—(3)
in QT-

To prove the main results we use the positiveness of a solution and the comparison
principle which have been proved in [11].

Theorem 2.2. Let u be the solution of (1)-(3) in Qr, ug be a nontrivial function
inQyp>1orclx,t)=0. Thenu >0 in Qr U St.

Theorem 2.3. Let @ and u be a supersolution and a subsolution of problem (1)-(3)
in Qr, respectively. Suppose that u(z,t) > 0 or u(x,t) > 0 in Qr Uy if I < 1.
Then u(x,t) > u(z,t) in Qr UTr.

The proof of a global existence result relies on the continuation principle and the
construction of a supersolution. We suppose that

c(z,t) >0,2€Q,t>0. (7)

Theorem 2.4. Letl <1 orl <l <p and (7) hold. Then every solution of (1)-(3)
s global.
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Proof. In order to prove global existence of solutions we construct a suitable explicit
supersolution of (1)—(3) in @Qr for any positive T. Suppose at first that { < 1. Since
k(x,y,t) is a continuous function there exists a constant K > 0 such that

k(z,y.t) < K (8)
in 02 x Qr. Let A be the first eigenvalue of the following problem

Ap+Ap=0, z€Q,
p(z) =0, z € 09,

and ¢(x) be the corresponding eigenfunction with sup p(z) = 1. It is well known
Q

w(z) > 01in Q and max Op(x)/dv < 0.

We now construct a supersolution of (1)—-(3) in Qr as follows

_ _ Cexp(ut)
U(I,t) - G/QD(CC) + 17

where constants C, u and a are chosen to satisfy the inequalities:

a > max K/ Lmax <_8¢>1 1
- o (ply) + 1)t oa \ ov) 7
C > max{sup(ap(z) + Duo(z),1}, p > A1 + 2a” sup %
B 2P (ap(e) +1)2

It is easy to obtain

— — — alp 2 |V90|2 _
el 0 2 (1= o 2 o o 720 O
for (z,t) € Qr,
ou dp . dy
i =aColu) (52) = e et [ b "

> / by, T (g, 1) dy
Q

for (x,t) € Sp and
u(xz,0) > uo(x) (11)
for x € Q. By virtue of (9)—(11) the solution of (1)—(3) exists globally.

Suppose now that 1 < I < p and (7) holds. By (7) we have c(z,t) > ¢ in Qr,
where ¢ is some positive constant.

To construct a supersolution we use the change of variables in a neighborhood of
00 as in [3]. Let T be a point in 9. We denote by 7(Z) the inner unit normal to
0N at the point Z. Since 0f2 is smooth it is well known that there exists § > 0 such
that the mapping 9 : 9Q x [0,0] — R™ given by ¥(Z,s) = T + sn(Z) defines new
coordinates (Z,s) in a neighborhood of 9 in Q. A straightforward computation
shows that, in these coordinates, A applied to a function ¢(%,s) = g(s), which is
independent of the variable T, evaluated at a point (T, s) is given by

R N ! (12)

Jj=

where H;(Z) for j = 1,...,n — 1, denotes the principal curvatures of 9Q at .
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For points in Qs = 00 x [0, 6] x [0,T] of coordinates (Z, s,t) define

U, 5,1) = [(as+2) 7 —w ] 7 + 4, (13)

where a >0, 0 <e <w < ad, max{1/1,2/(p—1)} < B <2/(l—1), 0 <y < p/2,
A > supq ugp(z), o4 = max{c,0}. For points in Qr \ Qs we put U(T, s,t) = A. As
in [12], one can show

Uy — Au+ c(z, t)u”? >0, (z,t) € Qr

for small € and large A.
Now we prove the following inequality

ou

@0.0> [ ke tww.0d. (@0 es (14)

for a suitable choice of €. To estimate the integral I in the right hand side of (14)
we use the change of variables in a neighborhood of 92 as above. Let

- sup/ 7@, 5)| d7.
0<s5<6d J O

where J(7, s) is Jacobian of the change of variables. Then we have

Bl
I§2l_1K/ [(OzS—l—E)_’Y—w_’q_: dy+2l_1KAl|Q‘
Q

_ plw—e)/a Bl
ngKJ/ [(as+e)" —w 7] ds+ 2 KA Q)
0

271K
<2 BT -1 7([5171)} 2l=1 5 Al
SaBl—1) & “ + €21,
where K was defined in (8), || is Lebesque measure of 2. On the other hand, since
ou ou,_ 1 — 8=
a(x,o,t) = —E(x,o,t) =afe e —w "L” )

the inequality (14) holds if ¢ is small enough and hence by Theorem 2.3 we get

u(x,t) <U(T,s,t) in Qp.

Remark 1. Let
infoy (0,4-00) (1)
SUP O % (0,4-00) K (T, Y )
Note that under 8 = 2/(I — 1) and a suitable choice of & in (13) the same proof

holds if I = p > 1 and A is large enough and consequently a solution of problem
(1)—(3) is global.

A:

To formulate finite time blow-up result we need that
k(x,y,to) >0, x € 00, y € 09N. (15)

Theorem 2.5. Let | > max{1,p} and (15) hold with to > 0 if p < 1 and with
to =0 if p > 1. Then there exist solutions of (1)—(3) with finite time blow-up.
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Proof. At first let p <1, I > 1 and (15) hold with ¢tq > 0. To prove the theorem we
construct a subsolution of an auxiliary problem which blows up in finite time. First
of all we get a lower bound for the solution of (1)—(3) with positive initial datum.
We denote

¢(t) = sup c(x, t). (16)
Q
Then the function

w(t) = [Al_p - (1-p) f(f e(7) dr} e for 0 <p <1,
Aexp [— fg e(r) dT:| for p=1
is a subsolution of (1)—(3) in Q¢ for any T > 0 if
ug(z) > A > 0. (17)

By Theorem 2.3 we have
u(z,t) > w(t) for x € Q and t > 0. (18)

Consider the change of variables in a neighborhood of 02 as in Theorem 2.4. Set
Q, ={(T,s):T€00,0<s <~} By (15) we have

k‘(ﬂ?,y,t)Zk‘l, Z‘GaQ,yEQW, to <t <ty (19)

for some positive k1, v and t; > .
Let us consider the following initial boundary value problem:

v = Av — ¢(x, t)vP for x € Q, to <t <t
ov(z,t) .
= k t t)d fi o0, t t<t
v /Qw ($,y7 )U (y7 ) Yy or r e , to <t <ty (20)
v(x,t) = u(z,t) for © € 00\ 09, to <t <,
v(z, to) = ulx, to) for x € Q,,

where v is unit outward normal on 99, wu(z,t) is the solution of (1)—(3), t2 €
(to,t1) and will be chosen later. We can define the notions of a supersolution
and a subsolution of (20) in a similar way as in Definition 2.1. We will use a
comparison principle for a subsolution and a supersolution of (20) which can be
proved analogously to Theorem 2.3. It is easy to see that u(x,t) is a supersolution
of (20) n Q(’j/, to, tg) = Q’Y X (to,tz).
We define

(s, t) =(ta+s—1)°, (21)
where o > 2/(l — 1) and show that ¢(s,?) is a subsolution of (20) in Q(v, o, t2)
under suitable choice of t5 and 7. For 0 < s < v and small v we obtain

= H(z
; ISJEIJ)@ <C. (22)
Using (12), (21), (22) we find
—thy + AP — c(x, )PP >(ty + 5 — )7 2 {o(o +1) — o(C 4+ 1)(t2 — to +7)
- (sup)é(t)(ta —to+7)7TP} >0
to,t2

in Q(v,to,t2) if we take v and to — to small enough. Next we check the boundary
condition. Let

1= it [ 195
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By virtue of (19), (21) we have

Y
gif(o,t) _ /Q k(2 )05, £) dy < o (ts — £)~7~1 — kll/o (b + 5 — )~"lds

_ #\—ol+1 ol—1
<o(ty—t)~7" g =T [1 - ( L2 ) 1 <0

ol—1 to + 7y

for x € 09, tg < t < to and small enough to — tg.
As for v and A we assume:

vy <tz —to, (23)
ty 1/(1-p)
A> {(1 - p)/ &(r)dr + y—”“‘p)} for 0 <p <1, (24)
0
t1
A>~"%exp {/ 0(7)} for p=1. (25)
0

Making use of (17), (18), (23)—(25) we obtain
P(s,t) <wulx,t) for € Q,, t =1ty and x € 0, \ 0, to <t < to.

Comparing u(zx,t) and (s, t) in Q(v,to,t2) we prove the theorem for p < 1,
[ >1, since ¥(0,t) = oo as t — ta.
Let I > p > 1 and (15) hold with ¢y = 0. We set ¢; = supq, ¢(x,t) and suppose
that
L 2l o2 @z {ltalp = Der] 77,657}
max 4 ——, 7+ — max — p—

a. p—].,l—]. o p_lvuox_ a. 2P C1 s Lo )
where t2 € (0,t1) and will be chosen later. It can be directly checked that the
function w(t) = [(p — Der (t + tg)]_ﬁ is a subsolution of (1)—(3) in Q,. Then by
Theorem 2.3 we have

w(t) <u(z,t) for x € Q and 0 <t < to.

In the same way as above we can show that (s, t) is a subsolution of (20) in
Q(v,to,t2) with to = 0 for small values of v and

70(17*1)
tQ S HliIl {tl, } .
2(p— 1)y

O
Remark 2. We put
— Supyq, ¢(z,0)
A= -
infaaxan k(z,y,0)
and consider
Y(s,t) = (ta +ws — )2 P >0 (26)

instead of (21). Under a suitable choice of w in (26) the same proof holds for
I =p>1if \issmall enough and hence there exist solutions of (1)—(3) with finite
time blow-up.
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3. Blow-up of all nontrivial solutions. In this section we find the conditions
which guarantee blow-up in finite time of all nontrivial solutions of (1)—(3).
First we prove that for p < 1 and [ > 1 no blow-up of all nontrivial solutions of
(1)-3) if
i?zf c(z,0) > 0. (27)

Theorem 3.1. Let p < 1, I > 1 and (27) hold. Then problem (1)-(3) has global
solutions for small initial data.

Proof. Thanks to the made assumptions we have ¢(z,t) > ¢y and k(z,y,t) < K in
Q. and 09 x Q., respectively, where ¢y, K and 7 are some positive constants.
Let ¢(x) be a positive solution of the following problem

_ ) 19
Ay =1, z € £ —|am,x€69. (28)
We put
b= igfw(w). (29)

Defining the function f(¢) as follows
F(t) = exp(t/b) {1 7P(0) = cob” (1 — expl(p — 1)t/b])}1+/(1_p)
and assuming that
0 < f(0) < {cob” (1 — exp|(p — 1)7/5])}1/(1710)

we deduce f(t) =0 for t > 7.
To prove the theorem we construct a supersolution of (1)—(3) in the following
form v(z,t) = ¥(x)f(t). It is not difficult to check that

vy — Av + ¢(z, t)vP >0
for x € 2, t > 0. On the parabolic boundary, we have that for z € 9Q, t > 0,

S o) =g 102 [ b ) @)y

:/ k(w, y, )0 (y, 1) dy
Q

for small values of f(0). Hence, v(z,t) is indeed a supersolution of (1)—(3) in Qr
for any T > 0 if

uo(z) < ¥(z)f(0), =z e
Now Theorem 2.3 guarantees the existence of global solutions of (1)—(3) for small
initial data. O

The following two statements deal with the case p =1, [ > 1. Let us introduce
the notations

qwﬂgmw,m@—wpmwmm{4wnéqﬂm}

N X

ko (2.1) = inf k(z,y.1) exp {—(z _ /Ot () dr} ,

where ¢(t) was defined in (16).
We prove that any nontrivial solution of (1)—(3) blows up in finite time if

/ k,(2,1) dSudt = oo. (30)
0 o0
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Conversely, problem (1)—(3) has bounded global solutions with small initial data,
provided that

/ Folt) dt < oo, (31)
0
and there exist positive constants «, to and K such that a > tg and

R

/ \/ﬁ dr < K for any t > «. (32)

t—to

Theorem 3.2. Let p =1, I > 1 and (30) hold. Then any nontrivial solution of
(1)—(3) blows up in finite time and upper bound t* of the blow-up time is given by

/Ot* /mkc(a:,t)dswdtz (zin {|Q|/Qu0(y)dy}_(l_l)_

Proof. Let v(x,t) be the solution of the following problem

vy =Av for x € Q,t >0, (33)
t
v(z,?) zkc(x,t)/ vl(y,t)dy for x € 99, t > 0, (34)
ov Q
v(x,0) = ug(z) for x € . (35)

By a direct computation we can check that

u(z,t) = exp < /O t a(r) dr) o(z,t)

is a subsolution of (1)—(3) in Qr for any T > 0. Then by Theorem 2.3 we get
Q(l‘,t) S u(x,t), (J?,t) € QT

for any T > 0. To prove the theorem we show that any nontrivial solution of (33)-
(35) blows up in finite time. We set

V(t):/ﬂv(x,t) dzx.

Integrating (33) over 2 and using Green’s identity and Jensen’s inequality, we have
0 t
Vi = [ stwiie= [ 280 as, - [ g enas, [
Q o OV o0 Q

>t BQEC(x,t)dSle(t).

Integrating last inequality, we obtain the desired result due to (30). O

Theorem 3.3. Letp =1, | > 1 and (51), (32) hold. Then problem (1)-(3) has
bounded global solutions for small initial data.

Proof. Let w(x,t) be the solution of the following problem
wy = Aw for z € Q, t >0,
0 ) -
wit) / w(y,t)dy  for x€dQ, t >0, (36)
Q

ov
w(z,0) = up(z) for x € Q.
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It is easy to check that

u(z,t) = exp ( /O t () d7> w(z, t)

is a supersolution of (1)—(3) in Q7 for any T > 0. To prove the theorem we show
the existence of global bounded solutions of (36). Let us consider the following
auxiliary problem
hy=Ah, z€Q, t>0
Oh(z,t —
¥ = ko(t), © €09, t >0, (37)
h(z,0) = ho(z), v € Q.
As it was proved in [13] any solution of (37) is a bounded function. Now we construct

a supersolution of (36) in such a form that g(z, t) = ah(x,t), where a is some positive
constant. It is obvious,

g =Ag, x€Q, t>0.
Moreover,

dg(x,t)

— 0 = ake(t) > alﬁc(t)/ h(y, t)dy = Ec(t)/ g'(y, t)dy, x € 09, t >0
81/ Q Q

for small values of a. Then by the comparison principle for (36)

w(mvt) < g(a:,t), (xat) € QT

for any T > 0 if ug(z) < aho(z), € Q. Since g(z,t) is bounded function in
2 x (0,00), so does the solution u(z,t) of (1)-(3) O

Remark 3. By Theorem 3.2 and Theorem 3.3 the condition (31) is optimal for
global existence of solutions of (1)—(3) with ¢(x,t) = ¢(t) and k(z,y,t) = k().
Arguing in the same way as in the proof of Lemma 3.3 of [13] it is easy to show that
(32) is optimal for the existence of nontrivial bounded global solutions of (1)—(3)
with e(z,t) = ¢(t) and k(z,y,t) = k(¢) under the condition

/OOO c(t) dt < oo.

Now we prove finite time blow-up of all nontrivial solutions of (1)—(3) for I > p >
1. Let mo = inf{supq, 9 (x)}, where ¢(z) was defined in (28). To formulate blow-up
result we put

k(1) = it k(r,y,1)

and suppose that

c(x,t) < c1(t), c1(t) € CY([to,00)), c1(t) >0 for ¢t > to, (38)
where tg is some positive constant,
/
—1
lim inf a®) > b (39)
t—oo ¢ (t) mo
and
Jim E(t)[er ()] 0/ P=D = o0, (40)
—00

Theorem 3.4. Let ! > p > 1 and (38)-(40) hold. Then any nontrivial solution of
(1)—(3) blows up in finite time.
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Proof. Let u(x,t) be nontrivial global solution of (1)—(3). Then by Theorem 2.2
u(z,t) >0 forx € Q, t > 0. (41)

At first we get an universal lower bound for u(z,t). From (39) we see that there
exists a constant m satisfying m > mg and

/
—1
limint 2®) 5 _P=1 (42)
t—oo ¢ (t) m

We now let f(t) be the solution of the equation
t
= e, 20z (13)

Then f(¢) can be written in an explicit form

F(t) =exp(t/m) {[f(tr) exp(~t1/m)]' P

+@Wﬂ1[%mwnﬂmqwm»wh. )
We rewrite (44) as following 1
-
ORI )

exp[(p — 1)t/m]es (t)
£ (t1) exp(—t1 /m)]' 7 + (p — V)mp=1 [} expl(p — 1)7/mles(7)dr

and prove that right hand side I of (45) is bounded below by some positive constant.
Indeed, the numerator and the denominator of I tend to infinity as ¢ — oo by virtue
of (39). Using (42) we can obtain

exp[(p — 1)t/m}{(p — Der(t)/m + 1 (1)}

hm mfI > hmmf (= Dymr—Tes (0 expl(p — Dijm] > 0. (46)
By (44)—(46) we conclude

f(t) 2 diles ()77, £ 2 1, (47)

where d; > 0.

Let ¢(x) satisfy (28) and
sup ¢ () = m. (48)
Q

Now we define

u(z,t) = P(z)f (1) (49)

and show that u(z,t) is a subsolution of (1)-(3) in Q x (¢1,T") under suitable choice
of t; and T > ;. Due to (28), (43) we have

u, < Au—c(z, t)uf, ze, t> 1. (50)
Using (28), (40), (47), (49) we find
Ou |

G et) =ar (0 < a7 e () R [ ') d

< [ Koy O )y, € 02, £ 1

Q

for large values of 1. By (41), (47)—(51) and Theorem 2.3
w(z,t) > u(x,t) > daler (8] 777, (2,8) € Q% (t1,T) (52)

(51)
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for some dy > 0 and any T > t; if
ianu(x,tl)
Hh) < ————=.
f(t) < p

We set
Ut) = / u(z,t) dz. (53)
Q
Integrating (1) over Q and using (38), (40), (52), (53) and Green’s identity, we have

U'(t) = /Q (Au(z,t) — c(x, t)uP (z,t)) de > /Q (|0Qkt)u' (z,t) — c1 ()P (2, 1)) d

1 _
2%\89\@(75)/ u' (2, t)de > 5|{~)Q|d§—1@(t)[cl(lt)]—% / u(z, t)dz = @)U (t),
Q Q
(54)
where t > to, to is large enough and lim;_, . £(t) dt = co. Integrating (54) over
(ta,t) we find

¢
U(t) > Ul(ts) exp (/ &(r) d7> . (55)
ta
Now we deduce lower bound for k(t). From (42) we can write
Cl(t) 2 Cl(tg) exp <—(p_"nl)t) s t Z tg (56)

for some t3 > to. By (40), (56) we have
I—1)t
k() =y (t)[cr ()] 7 > yo(t) exp <—( ) ) fort >t3,  (57)
m

where lim;_, o 7 () = 00, i =1,2.
Let us change unknown function

t
t) = —— t). 58
wle.t) = e (<) ule. (58)
It is easy to check that w(x,t) is the solution of the following problem

— 1)t 1
wy = Aw — c(z,t) exp <(pm)> wP — W, e, t>0, (59)

aw(’gzx/, 2 - Xp ((l:nl)t> /Qk(%yvt)wl(y,t)dy,w e 0N, t >0, (60)
u(z,0) = uo(x), z € Q.
We put

From (53), (55), (58), (61) we conclude that
lim W(t) = oo.
t—o0

Integrating (59) over 2 and using (38), (40), (52), (54), (57), (60), (61), Green’s
identity and Jensen’s inequality, we have

W'(t) > o(t)W(t) — %W(t) for t > t3,

where lim;_, o o(t) = co. Hence W (¢t) blows in finite time. O
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To show the optimality of (40) for blow-up of any nontrivial solution of (1)—(3)
we put

k(t) = sup k(z,y,t)
OO xQ

and assume that

c(x,t) > co(t) for t >0, co(t) € C([0,00)) N C ([0, 00)), c2(t) >0 for t > o, (62)
>

: ch(t)
lim su <0, 63
t—>oop cat) — (63)
E(t) < Kleo()]V/ =0 ¢ >0, (64)

where o and K. are some positive constants.

Theorem 3.5. Letl > p > 1 and (62)-(64) hold. Then problem (1)-(3) has global
solutions for small initial data.

Proof. In order to prove the theorem we construct a supersolution of (1)—(3) in Qr
for any T > 0. Let us define g(t) as a positive solution of the following equation

g =20 =ty 0) (65)
where b was defined in (29). Specifically, g(t) takes the form
t -1/(p—-1)
o10) = exp(t/0) { GO + (o= 1007 [ explto = yr/leatr)ir |
(66)

We rewrite (66) as following

(/=D exp[(p — 1)t/blea(t)
WOl SO + (= )1 [ expl(p — Dr Hlea(mydr )

Defining the functions
a(t) = exp[(p — 1)t/blea(t),

t
80 = 9O + (o= )0 [ expllp — 1) lea(r)dr
0
and using Cauchy’s mean value theorem and (63), we obtain

o) _ala) _ o) —ala) _a'(§) 1 A

Blt) Bty ~ Bt —Bla) A€ b (p— L) Lea(€) T bP

for large values of a, t > a and & € (a,t). From (67), (68) we get the estimate

(68)

)Pt 3
{gOle)/e 1 < 2tz 0 (69)
for small values of ¢(0).
Now we define
u(x, t) = P(x)g(t) (70)
and show that @(z, t) is a supesolution of (1)—(3) in @ for any T > 0 if initial data
are small. By (28), (65) we have

uy — AU+ c(z, t)a? >0, ze€,t>0. (71)
We note that
.om
lim — =1, (72)
b—oo b
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where m was defined in (48). Using (28), (64), (69), (70), (72) we find

(e = bera(0) > Koo m o
=K {a®lea 100} a0 [ Wy = RO o) [y (7
Q

2/ k(x,y,t)ﬂl(y,t)dy, eI, t>0
Q
for large values of b. Thus, by (71), (73) and Theorem 2.3 u(x,t) is a supersolution
of (1)—(3) in Qr for any T > 0 if
uo(z) < g(0)y ().
O

We will write h(z,t) ~ s(t) and z(z,y,t) ~ s(t) as t — oo if there exist positive
constants 3;, (i = 1,6) such that

Bih(z,t) < s(t) < Boh(z,t) for x € Q and ¢t > O3

and
B4Z($,y,t) < S(t) < ﬁBZ(xayvt) for z € 891 Yy e Q and t > 667

respectively.

Remark 4. By Theorem 3.4 and Theorem 3.5 the condition (40) is optimal in a
certain sense for blow-up in finite time of any nontrivial solution of (1)—(3). In
particular, let c¢(x,t) ~ t¢ In’t ast — 0o, a € R, B € R. Then there exist global
solutions of (1)-(3) for k(z,y,t) ~ {t*In” t}(=1/®=1) 35 ¢ — 0o and any nontrivial
solution of (1)—(3) blows up in finite time for k(z,y,t) ~ v(t){t* In? t}(=1/?=1) a5
t — oo if limy_, o0 y(t) = 0.

4. Blow-up on the boundary. In this section we show that for problem (1)—(3)
under certain conditions blow-up cannot occur at the interior domain.

Lemma 4.1. Let | > max{p, 1}, ming k(z,y,t) > 0 and the solution u(x,t) of
X1
(1)-(3) blows up int =T. Then fort € [0,T)

/ / (x,7)dedr <s(T —1t)" V=g s . (74)

Proof. Integrating (1) over Q; and using Green’s identity, we have

[ wtw 1y = [ ualoy - /0 | vyt dyar
+/Ot /m/ﬂk(g,y,r)ul(y,r) dydSedr

> /0 /Q (FoQul(y,7) — Cu?(y, 7)) dydr

t
Z@/ /ul(y,T)dydT—M
2 0 Jo
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where

k 8911;1 Tk(a: y,t), C ngc(m7t)7 12| {k|8Q}

Applying Holder’s inequality, we obtain

[ty < m“-””{ R dy}m. (76)

Let us introduce .
J@://d@ﬂmw
o Ja

Now from (75),(76) we have
(TN > cod(t) — My, co > 0, M, > 0.

We suppose there exists to € (0,T) such that J(tg) = 2M;/co since otherwise (74)
holds. Then J(t) < 2M;/cq for 0 <t < tg and

!
J'(t) > (%)J(t)) for t > to. (77)
Integrating (77) over (t;T), we obtain (74). O

Theorem 4.2. Let the conditions of Lemma 4.1 hold. Then for problem (1)-(3)
blow-up can occur only on the boundary.

Proof. In the proof we will use some arguments of [7], [17]. Let Gn(z,y;t — 7)
be the Green function of the heat equation with homogeneous Neumann boundary
condition. Then we have the representation formula:

) = [ Gl o)y - / | GGyt = r)cty. . ) dyr

t (78)

—|—/ Gn(z, &t — /k &y, T)u' (y, 7) dydSedr
0o Joa

for (z,t) € Qr. We now take an arbitrary Q' CcC Q with 9Q’ € C? such that
dist (092, Q) = € > 0. It is well known (see, for example, [16],[18]) that

Gn(z,y;t—7) >0, 2,y €Q, 0< 7 <t < T, (79)
/GNmy, Tdy=1,2€Q, 0<7<t<T. (80)
0<Gn(zyit—7)<c, z€Q, yedN, 0<7T<t<T, (81)

where ¢, is a positive constant depending on e. By (74), (78)—(81) we have

78)
sup u(x, t) <sup uo(x) + c.|0Q| sup k(x,y,t / / (y, 7) dydr
Q QX Qr

<ey (T — )~V =D,

As it is shown in [17], there exist a function f(z) € C?()’) and positive constant
¢ such that
LIV

A =17

> —coin ', f(z)>0in Q', f(z) =0on 9Q'. (82)
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Now we compare u(z,t) with
w(e,t) = e3 (f(x) +ex(T — )70
in ' x (0,7, where a positive constant ¢z will be defined below. By (82) for x €
[

and t € [0,T) we get
p w
L T ) ) By R
- v ) > 0.

(= Df (@) + 2T = 1]

/=D e and w(z, 0) > uo(z) for @ € ', by comparison

Choosing c3 such that c¢3 > c;
principle we conclude
u(z,t) < w(w,t) in Y x [0,7T).

Hence, u(z,t) cannot blow up in Q' x [0,7]. Since €’ is an arbitrary subset of €,
the proof is completed. O

From [1] it is easy to get the following result.
Theorem 4.3. Let p > 1, glf c(z,t) > 0 and the solution of (1)-(3) blows up in
T

t =T. Then blow-up occurs only on the boundary.
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