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Bounds for the blow-up time and blow-up rate estimates for
nonlinear parabolic equations with Dirichlet or Neumann
boundary conditions

Abstract: In this paper, we study the blow-up of the solution to a type of parabolic
equations with weighted nonlinear source. We obtain the upper and lower bounds for blowup
time of the solution under different assumptions. Moreover, we get the corresponding blow-up
rate estimates.

Key Words: nonlinear parabolic equations; upper and lower bounds; blow-up time; blow-up
rate estimates.

1 Introduction

Blow-up solutions for nonlinear parabolic equations are discussed by many authors (see
[1-5] and the references therein).
In this paper, we are concerned with the blow-up phenomenon of the following problem:

(b(u)); = div(|VulP72Vu) + f(z,u), =€ Q,t>0,

u(z,t) =0or 3¢ =0, z €00t >0, (1.1)
U(%,O):gl’)zo, $€Qa

where Q ¢ RY(N > 3) is a smooth bounded domain, % represents the outward normal
derivative on 09, g(z) is the initial value, 1 < p < 2. Set R = (0,00). We assume,
throughout the work, that (F1):f(x,s) is a nonnegative C*(Q x [0,00)) function, and
(F2):f8+°O f(d?n) is bounded for s > 0, b is a C*(R™) function satisfying 1 < ¥/, < ¥'(s) <
Wy V' (s) <0 for all s > 0.

The phenomena of the blow-up for nonlinear parabolic equations have been inves-
tigated extensively by many authors. Wu [7] and Gao [8] studied the blow-up of the
solutions for a semilinear parabolic equation involving variable source and positive initial
energy. Ding (cf.[9] and [11]) and Zhang [10] studied the global existence and blow-up
solutions for the parabolic problems. C.Enache [14], L.E.Payne, P.W.Schaefer [15] and
L.E.Payne, J.C.Song [18] discussed the lower bounds for the blow-up time to parabolic
problems under Neumann boundary conditions. L.E.Payne, P.W.Schaefer (cf.[16] and
[17]) dealed with the bounds for the blow-up time of the solution. Many approaches have
been developed in discussing the upper or lower bounds for the blow-up time of various
nonlinear parabolic problems. However, the blow-up rate of the solution to the prob-
lem with general nonlinearity is unknown. K.Baghaei, M.B.Ghaemi and M.Hesaaraki [6]
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studied thefollowing semilinear parabolic problem with a variable source:

u=Au+ P9, e Q. t>0,
u(z,t) =0, x €00t >0, (1.2)
u(@,0) = uola), €,

where Q C RY(NV > 3) is a bounded domain with smooth boundary. They obtained the
lower bound for the blow-up time in some appropriate measure. Wu, Guo, Gao [7] and
Wang, He [8] studied the upper bound for the blow-up time of the solution to the problem
(1.2).In [13], Song and Lv considered the following model:

ur = Au+a(x)f(u), ze€Q,t>0,
u(z,t) =0or 2 =0, z€dt>0, (1.3)
u(,0) = g(x) >0, reQ,

which often appears in combustion theories and engineering application. The author got
the bounds for the blow-up time and blow-up rate of the solution when weighted nonlinear
source satisfies different assumptions.

Motivated by the above work, we intend to study the problem (1.1). Through putting
forward different assumptions, we obtain the upper and lower bounds for the blow-up
time of the solution. Further more, we get the corresponding blow-up rate estimates. Our
paper extend and supplement those obtained in [6] and [13]. This paper is organized as
follows. In section 2, we will use two methods to obtain the lower bounds for the blow-up
time and blow-up rate estimates of the solution to (1.1). In section 3, the upper bounds
of the blow-up time and the estimates of the blow-up rate will be established. A remark
and an example will be given in section 4.

The following conditions will be required in our results:

(F3) There exist positive constants C7, Cy, M, k, a nonnegative constant r and a
positive function m(z) € C(Q; R™) satisfy 0 < r <1, I=F < m_ :=inf,cqom(z) < m(z) <
My = sup,cqm(x) < k + 1 such that

flz,s) <Ci+ CQST(/ s™@dr)M | for all s > 0;
Q

(F4) There exist positive constants C3, Cy, k and a positive function m(z) € C(Q; R™)
satisfy 2 < m_ < m(z) < my < oo, k> max{(n — 1)(4m, — 3),1} such that

fz,5) < Cs+ Cys™);
(F5) There exist positive constant « such that

sf(z,s) >2(1+ a)F(z,s),
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where F(z,s) = [; f(z,¢)d(;

(Gl) For 1 < p <2,
/ VlPdz < p / Pz, g)da.
Q Q

2 lower bounds for the blow-up time of the solution to (1.1)

In this section we will use two different methods to establish the lower bound for
the blow-up time and blow-up rate of the solution to (1.1) under different assumptions.
Define

G(s) = (k+1) [ 0¥ nan, A = [ Glute.t)d, (21)
0 Q
where k is a positive constant.

Theorem 2.1. Let u be a nonnegative solution of (1.1) subject to Dirichlet (or Neu-
mann) boundary condition, A(t) be defined as (2.1). Assume that f satisfies (F1), (F2)
and (F3), then the blow-up time ¢* is bounded from below by

400 d77
a) K™+ Konr2 (1 +n7s)M

>

Moreover, we have the following blow-up rate estimate
T S S
ey )l s = SFFF (87— 8) 7P

where Ky, K, r1, o, 3 and S are positive constants which will be determined later.

Proof. Applying the divergence theorem and taking into account assumption (F3),
we obtain

At = [o, G (u(w,t))upda
= (k+ 1) [, uht (u)u,da
1) [o, u*[div(|VuP~2Vu) + f(z,u)|dz (2.2)
—k(k+1) [ uF | VulPdz + (k+ 1) [,u*

< Ci(k+1) [yuFde + Co(k + 1) [, u* " da( [, u™® da)M
For each t > 0, we divide {2 into two sets,

ey ={r € Q:u(x,t) <1}, Qo ={rv € Q:ulx,t)>1}.
Now, applying Holder inequality, we have
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/uk”da: < ]Q]'lc:r;(/ Wkl dr) (2.3)
Q Q
and
Jo um@dy < fQ{<1} um—d$+f9{21} u™ dx
< Joumdr + [umtdx (2.4)

< (fy a1 da) P 4 ([ b4 da) [

Substituting (2.3), (2.4) into (2.2), we obtain

A1) < Culk + D|QFT ([ ubda) 751 4 Colk + 1)|QUF ([, ub+Lda) b1
[(foy ) 5 QTR 4 (f, ubt ) RO R M (2.5)

k+r+m_ M m m__

< Ky ([ ubtda) o1 + Ko( [ ubtida) ™~ mer (14 ([ ubtide) w M

1 1—r M(k+1—m_) M(k+1—m_y)
where Ky = C1(k + 1)|Q#1, Ky = Co(k + 1)|Q ¥ maz{|Q~ 1 ,|Q]” =1 }. On
the other hand,

A(t):/QG(U(:B,t))de/uk“dx, (2.6)

Q
combing with (2.5), we have

k+r+m_ M my—m_

A'() < Ky (AT + Ky(A() ™ w1 [1+ (A(1) =1 M. (2.7)

Integrating (2.7) from 0 to t (¢t < t*), if limy_4+ A(t) = +o0, we get

ps [ i (2.8)
= Jap K 4 Konr2(1 4 nrs) M7
where | = kiﬂ, ry = k“,’:ﬁ‘M, Ty = T
Integrating (2.7) from ¢ to t*, we obtain
vt [ & — 6(A) 1), (2.9
A K™ + Konm2 (1 + n7s)M

obviously, ¢(A)(t) is a decreasing function of A which means its inverse function ¢!
exists and it is also a decreasing one. Therefore, we have

A(t) > ¢ (" —t), (2.10)

which gives the lower estimate of blow-up rate. In fact, if ¢ close to t* enough, such that

k+7‘+m+ M

K27} K+1 > Klnrl,
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using (2.9), we have

k'+1 1—r—m M
tr—t> Alt R+ 2.11
> ) 1)

which means that

k+1 )”"ﬁk%(t* t)frﬂ:j_rzlwfl (2 12)
2Ks5(r+myM — 1) ' '

A(t) = (
Since A(t) < by [y u*ttdz, combing with (2.12), we have

1 _ 1
(-, )| s > SFFH(EF — ) 7FmedT (2.13)

_ 1 k+1 Ty AT
where S = . [ZKz(r+m+M—1)] +M-1

Remark. This method is valid for 1 < p < oo and not to restrict the space dimension.

Theorem 2.2. Let u be a nonnegative solution of (1.1) subject to Dirichlet boundary
condition, A(t) be defined as (2.1). Assume that f satisfies the conditions (F1), (F2) and
(F4), then the blow-up time t* is bounded from below. We have

+oo d
* n
t 2 / k 3(7171;) )
A(0) K 3+ K477 E+T K57] 3n—4p

and blow-up rate estimate
1 _ 3n—4p
lw(e, )| prer > Syt (E" — ) pGFD
where K3, K4, K5 and S, are positive constants which will be defined later.

Proof. From (2.2) and (F4), we know that

Alt) =—k(k+1) [ou | VuPde + (k+1) [, u* f(z,u)dx

k—1+p
< —k(k+ 1) (=15 Jo IVu 7 [Pz + Cy(k + 1) [, uFda (2.14)
+Cy(k + 1) [ uF O dz,
Like (2.4),
/ uF ) dy < / uF T d + / T d, (2.15)
Q Q Q
by applying Holder inequality, we have
/ W= d < Q™ ( / u R gy, (2.16)
Q Q
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and
k(4n—3p)+p(n—3)+2n
/uk+m+d$ < ’Q|m3(/ u R gy (2.17)
Q Q
where
-  An—p)(k+m_) I A(n —p)(k+m-)
! k(4n —3p) +p(n—3)+2n" > k(4n —3p) +p(n — 3) + 2n’
i Amepkam) A m)

k(4n — 3p) + p(n — 3) +2n’ k(4n —3p) + p(n —3) +2n’
Substituting (2.16), (2.17) into (2.15) and using Young inequality, we get
k(4n—3p) +p(n—3) +2n

/uk+m(x)dl‘ S ll + lg / u 4(n=p) dl’, (2'18)
Q

Q

where 1 = (mq + m3)|2|, lo = mg + my. Substituting (2.18) into (2.14), we have

At) < —k(k+1)(5

P Jo IV P+ ok + 1) QY (f, ubt d) 7 o)

k(4n—3p)+p(n—3)+2n

+C4l1(k + 1) + O4l2 k+1 fQ 4(n—p) dx.

We now make use of Holder inequality to the last term on the right side of (2.19) to get

[T e < ([ ani [ @S5 (2.20)
Q @ “

Note that

np

/ (") 5 de < (Cs) 75 ( / (i (2.21)
Q Q

here Cj is the best Sobolev’s constant. By inserting (2.21) in (2.20) and using the Young
inequality, we have

k(4n—3p)+p(n—3)+2n 3n—4p)(C ﬁ 3(n—=p)
Jpu T gy < GO (b g 5
et (2.22)
7’L€(Cs 4(n p) k—1+4p P
T fQ |Vu »  |Pdz,

where € is a positive constant to be determined later. Combing with (2.22) and (2.19),
we obtain

A(t) < Ky + Ky [ ubde) o5 + Ks( [ ub*da) 5 + K [, |Vu' o Pd
(2.23)

k 3(n—p)

< Ky + Ky(A(t)7 + K5(A(t) ot + K [, |[Vu » |Pda,




UNDER PEER REVI EW

where

(3n — 4p)(C,) ™D
4(n — p)esiv

K3 = Culy(k + 1), Ky = Cy(k + 1)|Q|77, K5 = Cylo(k + 1)

np

= Cula(k + 1) 24CL" — f(k + 1) (=257

4(n—p)
If we choose € > 0 such that
4k("*P)(k+i+p)p

C4l2n(Cs)4<:£p) ’
then, we obtain the differential inequality

€ =

3(n—p)

A1) < K3+ Ky(A@) 71 + K5(A(t)) snn . (2.24)

An integrating of the differential inequality (2.24) from 0 to ¢ (¢t < t*) leads to

(2.25)

oo [T dn
&= 3(n=p)’
A(0) K3 —+ K477k+1 + K5T] 3n—4p
if limy_4+ A(t) = +o00. Similar to (2.13), we get the lower estimate of the blow-up rate

3n—4p

1
[, )] e > Syt (8" — t) 7 G, (2.26)

3n—4p

where SQ = Qb’M—Kg,P

3 Upper bounds for the blow-up time of the solution to (1.1)

In this section we seek the upper bound for the blow-up time and corresponding esti-
mate of the blow-up rate. Define

“ 1
B(t) = 2// sb'(s)dsdz, H(t) = /(F(a:,u) — =|Vul|P)dz. (3.1)
QJo Q p
Then, we have the following results

Theorem 3.1. Let u be a nonnegative solution of (1.1) subject to Dirichlet (or
Neumann) boundary condition, B(t), H(t) be defined as (3.1). Assume that f satisfies
(F1), (F2) and (F5), then the blow-up time ¢* is bounded from up. We have

< B(0)
~ da(l+ a)H(0)’

*

and blow-up rate estimate

[e3

(- 8)llze < S§(#* — )73

where S3 is a positive constant which will be defined later.

l\.’)
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Proof. Multiplying the first equality of (1.1) by u; and integrating the resulting
equality over {2, we have

Job(u)yuwdr = [, div(|VulP?Vu)ude + [, f(x, u)ude
= —fQ |VulP~2VuVu,dr + 4 S(Jo F(x, u)d)
= —4( Jo|VulPde — [, F(x, u)dx)
= H'(t).

From condition (G1) and the fact that [,(b(u))u,dz > 0, we know that H'(t) > 0,
H(t) > 0. Next, we compute

B'(t) =2 [, ubl (u)udz
=2 [ u[div(|VuP~2Vu) + f(z,u)|de
> =2 [ |VulPdz + 4(1 + a) [, F(z,u)dz (3.3)
> 4(1+a) [o[F(z,u) — |Vul’lde
=4(1+a)H(1),
it follows that

(1+a)B(H)H(t) <

1 =

(B'(t))* = (/Q ub' (u)uydz)? < (/Q u%'(u)dm)(/Q V(u)uidz). (3.4)

By integrating by parts on fo sb/(s)dx, it is easy to see that [, u?b'(u)dz < B(t), then

(1+a)B'(t)H(t) < B(t)H'(t), (3.5)
which means that
d —(1+a
SUBO) T H @) 0 (36)

Integrating (3.6) from 0 to ¢, we have

(B(t))" " H(t) > (B(0)) "+ H(0) (3.7)
that is
Ht) _  B(t)\14a
w0 2 Go) ™ (33)

Combing with (3.3), we get
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B'(t) - 414+ «)H(0)

BOY= - BOE )
Integrating (3.9) from 0 to ¢, we have
(B(t))™ < (B(0))™* — alst. (3.10)

Since inequality (3.10) cannot hold for (B(0))~®—alst < 0, we thus conclude that solution
u of the problem (1.1) blows up at some finite time ¢* and ¢* is bounded from up by

(B(0)™ B(0)
tr < = . 3.11
~ als da(l 4 a)H(0) (3:11)
Integrating (3.11) from ¢ to t*, we have
(B(0))™* -
B(t) < tr—t) . 3.12
()_4a(1+a)H(0)( ) ( )
Since B(t) > ¥, [, u*dx, from (3.12), we get
Jul- Dl < 53 )7, (313)
j e
where 53 = %.

4 A remark and an example

In this section we will give a remark and an example to illustrate the results in our
work and make some discussions.

Remark. When b(u) = u, p = 2, f(z,u) = u™® = uP@ the problem (1.1) under
Dirichlet boundary condition is model (1.2). Moreover, if m_ and k in Theorem 2.2 satisfy
m_ > 1, k > max{2(n — 2)(m; — 1),1}, we can obtain similar result in [6]. That is,
blow-up time is bounded from below by

(4.1)

/+oo d77
3(n—2)
A(0) K7+ Kg’f] 3n—8

here K7 = (my + m3)|Q|(k + 1), Kg = (b +1)(Co) "% (3n_8)(matma) - Begides, we have the

4(n—2)e 3-8

corresponding estimate of blow-up rate

3n—8 _ 3n—
Lﬁ)dqﬁ—@ﬁwﬁ (4.2)

If the positive constants « in (F5) satisfies 0 < a < (m_ =p_ > 1), by the results
of Theorem 3.1, we get the upper bound for the blow-up time and the estimate of blow-up
rate, that is

[l press = (

m_—1

B(0)

PS Il + a)H0)

(4.3)

9
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and
(B(0))H*

O
with B(0) = [, ¢*(z)dz, H(0) = [(F(z,9) — 5|Vg|*)dz.

wR

<
Julle <

Example. Let us consider the following example:

(u+ V1 +u) = div(|VuP~>Vu) + ([, u’de)?, z € Q,t >0,
u(:r,t)zOorg—Z:(), x et >0,
u(z,0) = g(z) > 0, x € Q,

where 1 <p <2, 0<f3<k+1,qg>1. Now we have

b(u) =u+vV1+u, f(x,u):(/ u’dx)’.

Q
Applying Theorem 2.1, we have

1 1—¢q
Ll — k1
> (A0,

and ]
k+1 k+1
1> 1 (t* —¢) a1
Julleor > () 7 7 = )75,

k+2—p8

where Kg = (¢ — 1)|Q| #+1 .

Applying Theorem 3.1, we have

‘ B(0)
< ,
~ da(l+ a)H(0)
and )
lull> < SE(E —1)72,
_ _(BO)"e
where 84 = m.

(4.4)

(4.5)

(4.8)

(4.9)

From (4.6) and (4.8), we get the bounds for the blow-up time of the solution to the

problem (4.5), that is

1 1g . B(0)
EA((]) st s 4a(1+ )H(0)

10

(4.10)
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