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PHENOMENA FOR THE DOUBLY
NONLINEAR DIFFUSION EQUATION WITH
NONLINEAR NEUMANN BOUNDARY
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Abstract Under the nonlinear Neumann boundary conditions, an initial
boundary value problem for doubly nonlinear diffusion equation is considered
in this paper. We establish the new sufficient conditions on nonlinear func-
tions to guarantee that the positive solution u(z,t) exists globally. Under the
conditions to guarantee that the positive solution blows up, by establishing
the Sobolev inequality in multidimensional space, we obtain upper and lower
bounds of the blow-up time 7'
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1. Introduction

In this paper, we consider the problem

uy = div(|Vu™|P=2Vu™) + k(t) f(u), (z,t) € Q x (0,T),
|Vu"”\p_2% = g(u), (x,t) € 00 x (0,T), (1.1)
u(z,0) = ug(z) > 0, ASEOR
where 2 C R" is a bounded star-shaped domain with a smooth boundary 02, p > 2
and m > 1, T is the blow-up time if blow-up occurs, or else T = co. We assume

that k(t) is a nonnegative differential function, f is locally Lipschitz continuous on
R, f(0) =0, g(u) is a nonnegative continuous function.

Definition 1.1. A function u € L>(Q x (0,T)) N LP(0,T; WP(Q)) is said to be
a weak solution for (1.1) if

T T T
/ / u¢,dedr +m / pu™ g(u)dSdr — / / |Vu™P~2Vu™ - Vodzdr
0 Q 0 o0 0 Q
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for any ¢ € C>(Q) x (0, 7).

One of the important examples of the doubly nonlinear diffusion equation is
the porous medium equation, which describes widely processes involving fluid flow,
heat transfer or diffusion, and its other applications in different fields such as math-
ematical biology, lubrication, boundary layer theory, and etc. At present, many
articles are known for the study of blow-up phenomena for the parabolic equations
(for instance, [4-7,16-18]). Recently, some new developments have been made in
the study of the blow-up time estimates for parabolic equations under nonlinear
boundary conditions. We refer to [6,19,20,25]. In order to investigate the blow-up
problems of (1.1), we focus on the papers [6,19,20,25]. In [25], Zhang and Li studied
the following problems

Q=1
Z aij(x)u%iyj = Q(U), (xvt) € 00 x (O,t*),
ij=1

u(z,0) = up(z) > 0, zeQ,

where () is a bounded star-shaped domain in R"(n > 3) with smooth boundary
0f). Under certain conditions on data, they showed that the solution blows up or
remain global for Q € R™(n > 3), and by establishing the Sobolev inequality in
multidimensional space and constructing the unified functionals, they obtain upper
and lower bounds of the blow-up time t*. Payne, Philippin and Vernier Piro [19]
investigate the blow-up phenomenon of the classical solution u(z,t) of the following
initial-boundary value problem

uy = Au — f(u), (x,t) € Q x (0,t*),
g% = g(u)a (.’L’,t) € 00 x (Oat*)v
u(z,0) = ug(z), T € Q,

where 2 is a bounded star-shaped domain in R"(n > 2) with smooth boundary
0. They establish conditions on nonlinearities sufficient to guarantee that u(zx,t)
exist for all time ¢ > 0 as well as conditions on data forcing the solution u(z,t) to
blow up at finite time ¢*. Moreover, under somewhat more restrictive conditions,
upper and lower bounds for ¢* are derived. Ding and Shen [6] consider the blow-up
problem

ue = AW™) + k() f(u), (,) € Q x (0,17,

g—:f = g(u), (z,t) € 00 x (0,t*),
u(z,0) = ug(x), e,

where m > 1, @ C R"(n > 2) is a bounded convex domain with smooth boundary.
Under appropriate assumptions, the sufficient condition is given to guarantee that
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solution u blows up at finite time. Moreover, upper and lower bounds for blow-
up time are derived. Sabitbek and Torebek [20] investigate a global existence and
blow-up of the positive solutions to a nonlinear porous medium problem

uy = div(|VumP=2Vu™) + f(u), (z,t) € Q x (0, +00),
u(z,t) =0, (x,t) € 00 x (0, 4+00),
u(z,0) = up(x), z .

By using the concavity method and constructing auxiliary functions, they obtain
the sufficient conditions of the existence of global solution and blow up solution and
the upper bound on blow-up time.

In this paper, the more generate problems (1.1) are studied. It seems that the
auxiliary functions defined in [6,19,20,25] are not applicable for the problem (1.1).
By defining completely different auxiliary functions from those in [6,19,20,25] and
using a first-order differential inequality technical, we obtain conditions sufficient
to ensure the solution exists for all time or blows up at some finite time. The upper
and lower bounds on blow-up time are also given.

We process as follows. In section 2, we establish the conditions on the nonlinear-
ities to guarantee that u(z,t) exists globally. In section 3, we show the conditions
on the nonlinearities which ensure that the solution blows up at some finite time
and obtain an upper bound of the blow-up time. Section 4 is devoted to showing a
lower bound of blow-up time under some assumptions.

2. Global existence
In this section, we show the global existence of the positive solution to problem
(1.1). Firstly, we give the following general lemma [25].

Lemma 2.1. [25] Let Q C R"(n > 2) be a bounded star-shaped domain assumed
to be conver in n — 1 orthogonal directions. Then, for any nonnegative increasing
C! function h(w), we have

/m h(w)dS < E/Qh(w)dm+i/ﬂh/(w)‘vw|dm’

Po Po

where

po = min(z-v), d:= max|z|.

Theorem 2.1. Let Q C R™(n > 2) is a bounded star-shaped domain with a smooth
boundary O, p > 2, m > 1. Let the functions f, g and k(t) satisfy

f(S) < _0187'1, g(S) < C287'27 k(t) > €3, (21)
where c1,¢c2,c3 >0, r9 > (p—2)m+1, 11 >ro+m—1, (p—1)ry —pro > m —p,

s > 0. Then the positive solution u(x,t) of problem (1.1) is bounded for all time
t> 0.
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Proof. Multiplying the equation of (1.1) by v™(x,t) and integrating by parts, we
have

/ uurdr — / [u™div(|Vu™[P72Vu™) + k(t)u™ f(u)] dz
Q Q

:%H%/Qumjtldm_ 8Qmu2mflg(u)ds+/g|Vum|pdm_/gk(t)umf(u)dz
o, (2.2)

Define the auxiliary functional

R ; m—+1
O(1) = mH/Qu dz, (2.3)

then we have

P (t) = mu2m_1g(u)d5—/Q\Vum|pd:1:+/ﬂk(t)umf(u)da:

a9
§m02/ u?mtr2=lgs — / [Vu™Pda — 0103/ "t d. (2.4)
a9 Q Q
Application of Lemma 2.1 leads to the inequality

d2m+re —1)

/ u2m+r271d5§ ﬁ/u2m+r271dx+—/u2m+T272|vu|d$.
20 ro Jo Po Q
(2.5)

Using Young’s inequality with € > 0, we have

/ 2m—+ra— 2|V’U,‘d.’l,' _7\/ m-4ro— 1|Vum|d:1:
Q
*/ v Pz + 49 / e, (26)

where c(e) = p;fl(ep)_zv%l.

Inserting (2.5) and (2.6) into (2.4) and choosing € = > 0, we have

PO
cad(2m—+ra—1)

&' (1) <2 / w2l g 4 2e(@d@mt s — 1) / LI o
Q Q

Po Po
70103/ u™ T dx.
Q
(mtry—1)
Now let’s estimate fQ "5 da. To this end we make use of Holder’s inequality
to write
plm+ry—1) 1= 7
/ wo ot dx < (/ uQm“?_ldx) </ um+7"1d.'z:> (2.8)
Q Q Q
with

_ ra—(p—2)m—1
o= 0 721)(7“1 " (2.9)
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Note that o € (0,1) in view of r; > ra > (p—2)m+1, (p — 1)ry —pra > m —p.
From (2.8), we obtain

1—0o o
/up(m:—fffl)dz < (5001 / u2m+r21dz.> (5/ um+r1dm>
Q Q Q

<(1—o)j71 / u2m+”‘2—1dx+05/ u™ " de, (2.10)
Q Q
for arbitrary ¢ > 0. By inserting (2.10) in (2.7), we obtain
®'(t) < M, / w2y — M, / u™ " dx (2.11)
Q Q
with
M, _nmez (1 —0)d7 T cac(e)d(2m + 15 — 1) >0,
Po Po
) d(2 -1
My gy — 2002(€)dCm A2 = 1) (2.12)
Po

and choose § small enough to have Ms > 0. From Hélder’s inequality, we have

2mry—1

TEET . mergemi
/u2m+r2—1dm < (/ u’"*”dx> ! Q" (2.13)
Q )

where |Q] := [, dz. Combining (2.11) and (2.13), we obtain

o'(t)
2m4rg—1 M ri—rg—m+1
m+r ry—rog—m+1 m-+r
SMI (/ um+T1 dx> ! |Q‘ nf}»rl — 72 </ um+7'1dx> ! .
Q My \Ja
(2.14)
Using again Holder inequality, we have
m41
1 m+1 1 mar mir -1
O(t) = —— [ u™dz < u" M dx |Q =T (2.15)
It follows from (2.14), (2.15) that
' (1) (2.16)
2mAry—1
m—+ry
SM:[ (/ ’U/m+rld$>
Q
y {mp et JMa gy Rt o) CRETEEED ¢ gy mrat
M,y
(2.17)

From the inequality (2.16), we can conclude that ®(¢) remains bounded for all
time under the conditions in Theorem 2.1. In fact, if u(z,t) blows up at finite time
T, then ®(t) is unbounded near T" which forces ®'(t) < 0 in some interval [tg,T).
So we have ®(t) < ®(to) in [tg,T") which implies that ®(¢) is unbounded in [tg, T),
this is a contradiction.

The proof of Theorem 2.1 is completed. O
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Remark 2.1. If there is no heat source and the boundary is adiabatic, that is,
k(t) = 0 and g = 0, from (2.2)-(2.4) in the proof process, we conclude that the
nonnegative solution exists globally.

Remark 2.2. If k(t) = 1,p = 2,m = 1 is taken in this problem, then this problem
is the model in reference [19], which is consistent with the results in reference [19].
In this case, 1 = 2 and ro = 1 can satisfy all the conditions in Theorem 2.1.

Remark 2.3. If we choose f(s) = —c15™, g(s) = cas™, k = c3, where ¢1,c2,¢5 >0

2+ 1)m

and r; = (2 o> T2 = pm, then all the conditions in Theorem 2.1 are satisfied.

3. Blow-up and upper bound estimation of T

In this section, we determine a condition sufficient to ensure the solution blows up
at some finite time and obtain an upper bound on blow-up time. From the physical
background and characteristics of the heat equation, we known that if the function
f, g and k(t) are nonnegative, then the solution to (1.1) is nonnegative and smooth.

Lemma 3.1. [13,14] If the function w(t) > 0 is twice-differentiable and for the
constant 6 > 0 and any t > 0 which satisfies

W (Hw(t) — (1+0) (' (t)° >0

and w'(0) > 0, then there exists 0 < t1 < 0:§((’3J) such that w(t) tends to infinity as

t—t1.

Theorem 3.1. Let Q C R™"(n > 1) is a bounded domain with a smooth boundary
0. The heat source coefficient k(t) is a nonnegative nondecreasing differentiable
function, and the nonnegative integrable functions f, g satisfy the conditions for
some constant o« > m + 1:

u™ f(u) > aF (u), v*™ tg(u) > aG(u),u >0 (3.1)
with
_pm o [ema _ 2 [ eame
Pl = 22 [ ent e, G = 25 [T @ Dgeic 0. (2)
Moreover, we assume ©(0) > 0 with
— __1 m|p
o) = | Gluds - — /Q VumPdz + k(t) /Q Flwde.  (3.3)

Then the nonnegative classical solution u(x,t) blows up at some finite time T < Ty
with

4+ D2 [, up dz

Tv="—mtnen (34)

VAP 1> 0.

where o = P~
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Proof. By the definition of ©(¢) and the condition (3.1), and in view of &'(t) > 0,
we deduce

pm?

11y
G)(t)im—I—l

w2 Dy g(u)dS — mLH /Q VU P2V - V(0™ da
pm

i o [ [ e

o | e g s - /Q Vu™P2Vu - V(") da

+E(t) /Q(um)tf(u)dx

+

k(#) /Q W™ ()

vV

p [ —2 m m m|p—2 m
= ™M Vu™ PTEA da:—|—/ V(|Vu™P7%) - Vu™d
B vt arae [ @) v (v ) s

Tk (t) /Q (™), f (u)da

| / (™) div(|Va™ P~2Vu™)dz + k() /

m-'—l_g Q

__b m
_m-|—]_/9(u )tutdx

m
=7 u™ Ml de

>0, (3.5)

(eS|

which with ©(0) > 0 imply O(t) > 0 for all t € (0,T). And we can see that

@(t):@(O)—i—/Ot ddT@( dr > 6(0 //m wlldzdr.  (3.6)

Now, we introduce a new function

t
:/ /um+1da:dt+M, (3.7)
0 Q

where M > 0 is a constant to be determined later. Then it is easy to see that

t
' (t) :/um“dx: (m+1)// umqusz+/ ul M d. (3.8)
Q QJo Q

Use integration by parts, the condition (3.1) and (3.6) in turn to obtain
O (t) =(m +1) /Q uupdx
—(m+1) /Q [ div(| V™ P~2Vu™) + k(t)u™ f(u)] da
~m+1) [ mutgu)ds — mo+1) [ Vs

oN

Fm+1) /Q k(E)u™ f(u)dz
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zamm+1) | Gu)ds - (m+1)/ VU™ Pd
Q

a(m+ 1)k /F

Sam+1) [ Gu)ds - (m+1)/ v |pdm+a(m+1)k()/F(u)dm

—a(m+1) [6; Glu dS—i/ VU Pdz + k(¢ /F da:]
+(afm—1)/ Vum Pdz

Sa(m+1) [ [ c dS—i/ IV Pz + k(¢ /F d.'z:]

—a(m +1)6(t)

>a(m+1) [@(0)+/0t/ﬂnf:_n1umlu3dzd7'}. (3.9)

Using the Schwarz inequality, we obtain

' (1)? = ((m—l—l) /Q /O s drdi 4 /Q u6"+1dx)
~(omen) [ [ wmveeas) ([ iar)’
L o(m ot 1)(/Q /Ot umqude)(/Q W)
<tme ([ [ wmunirae) + ( [[rrian)
ey -
—(m+1)°(1+ o) (/Q /()tumqude>2+(1+1) (/nglﬂdx)z
<+ 17149 [ [ ([ sz);(/OtudeT);dxr
by
o[ [ (][ e
(u%) (/Q 0+1dx) , (3.10)

where € > 0 is arbitrary. Combining the above estimates (3.8), (3.9) and (3.10), we

_ Japm
obtain that for o = ¢ = presry 1>0,

2

Q" (1)D(t) — (1 + o) (1)
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>a [(m—f—l)@(O)—i—pm/t/ m-1 dedr] [/ / m+1d$dT+M]
ot eo( | o) [ [0
S (+a)1+ )(/ a"“dm)
—aM(m + 1)O(0) + a(m + 1)0 // m+1dmdr+aMpm// m1y2 ddr
4 [opm — (m + 1201+ 0)(1 + )] (/ﬂ/ " idrds ) (// wdrds
St (/Qu?“dx)2

>aM(m+1)0(0) — (1+0)(1 + %) (/Q u5”+1dx> . (3.11)

Since ©(0) > 0 by the assumption, we can choose

1 m+1
a4t (m o 1({8(0) da)’ >0, (3.12)
that gives
" (t)®(t) — (1+0)®'(£)% > 0. (3.13)
Then by the Lemma 3.1, we have derived the conclusion. O

Remark 3.1. From the above proof process, it is not difficult to find that when
a=m+1, pm =m + 1, it holds that

@/ <°>t

®(t) > ¢(0)eTO®
then we deduce

lim ®(t) = +oo.

t——+oo

apm apm?
Remark 3.2. If we choose F(u) = um™+1 fi(u), G(u) = u™+T g;(u), where fi(u)
and g1 (u) is nonnegative nondecreasing function on (0, +00), ug(z) = constant > 0,
then all the conditions in Theorem 3.1 are satisfied.

Remark 3.3. The proof of Theorem 3.1 has not required that €2 is a star-shape
domain.

4. Lower bound estimation of T'
In this section, under assumption that Q@ C R™(n > 2) is a bounded star-sharped

domain assumed to be convex in n — 1 orthogonal directions, we give the lower
bound estimation of blow-up time under occurrence of blow-up phenomena.
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Lemma 4.1. [1] For any function u € W'Ol’p(Q), we have the inequality
[ullr < Csllullwre,

forall1 < r < p*, where p* = n”—_’; ifn > p and p* = oo if n < p. The best constant

C, depends only on Q, n, p and r.
We suppose that functions f, g and k satisfy

f&) <al™, g(§) <b€™, k(t) <M, t>0, (4.1)
where a, b, 1, ro, M are some positive constants and
pro—(p—1ri1 >p—m, 7o >1+m(p—2). (4.2)

The auxiliary function is defined as follows

D(t) = /Quﬁdm

with

(4.3)

5>max{1,p*p[r2—m(p—2)—1]}.

(P =p)p-1)
Theorem 4.1. Let Q C R™(n > 2) is a bounded star-sharped domain assumed to
be convex in n — 1 orthogonal directions. Assume that (4.1)-(4.3) hold. Then, the
nonnegative classical solution u(x,t) € L>°(Q x (0,T))NLP(0,T; WyP(Q)) to (1.1)
blows up at finite time, and the blow-up time

+o00
dr
TZ/ p(1— 0‘1)’
(0) Cy 4 Corr=r o1

where Cy, Cy and o1 are certain positive constants, we will provide them later.

Proof. Using (4.1), (4.3), and the divergence theorem, we have

"(t) :ﬁ/ P tuyde
Q

_5 /Q WP [div([Vam PEVum) + k() f(u)] da

:ﬁ/uﬂ_IV(|Vum|p_2)-Vumdm+5/§lu5_1|Vum\p_2Aumdm
8 [ KO

=pm | T Pg(u)dS — 5/ VU™ PAVu T Y de

+6/ tyu f(u)

=pm uPTm=2g(u)dS — B(B — 1)m/ uP T3 V™ P2 V2 de
o9 Q

+ 3 /Q E(t)u’ 1 f(u)de. (4.4)



Global existence and blow-up phenomena 1477

We note

1
mu5+m—3|vum|p—2‘vu|2 :Eu/g’—m—l |vum|p—2lvum|2

1 mp P Bt (p=1)m—1
m (ﬁ+ (- 1)m— 1) v (“ ' ) 7. (45)

Inserting (4.5) into (4.4), we get

O'(t) <Bmb [ w7248
oQ

pB-1) mp P Btp-nm-1
oom <ﬁ+(p—1)m—1> /QW(“ ’ )|pd$

+ BaM /Q uP T, (4.6)

To the first term of right side of (4.6), we apply the Lemma 2.1 to obtain

/ ubStmtr2—24g
o0

o uﬂ+m+r2’2dx+d(ﬂ+m+m_2)
“po Ja Po

/ w3 Yy de, (4.7)
o

where pg = ;relgsl)(z -v) and d = max |z]. By (4.5), the Hoélder inequality, and

Young inequality, we derive

/ uftmtra=3 |Vu|dz
Q

p—1

1 p=1
< </ uﬁ+(1)1)mpl|vu|pdz> i (/ uﬁ+4p(7‘2;2§rm+1 d:l:) !
Q Q
1 1 % 1 B+ p(rg—2)+m+1 %
- 61/u[3+(;0— ym—p— |Vu|Pdz ﬁ/u T 1 dx
Q €1 Q

SS/uﬁ+(P—1)m—p—1|VU|pdx+p%711/uﬂ+p(r2—p2$dx
? p

p €1
= (5 +( pl) 1)p/ v (u 5“”’,})””’1) [Pdz + : ;11 / Uﬁ+p(7‘2;221+m+1 o,
p p—Lm-— Q pey Q
(4.8)
where
(8 = 1)pgmP—?

61:bd(ﬂ+m+r2—2)>0. (49)

Substituting (4.7)-(4.9) into (4.6), we deduce

-2
o' (t) <Pmb (; / wirmera=2gy o 408 +mp+ rz=2) / uﬁ+m+’”23IVu|dx>
0 JQ 0 Q

B(B—1) mp P Bp=1m—-1
_ -~ <ﬁ+(p—1)m—1> /Q|V<u P )|Pd:1:




1478 N. Chen, P. Wang & F. Li

+ BaM/ uBtm g
Q

<M/uﬂ+m+rz—2dx+ dﬁmb(ﬁ+m+r2—2)
~ po Ja Po

<e1 (ﬁ—i_( T _1> /|V £t p=tym= 1)|pdx

pel™" Ja

_ P oyt
,ﬂ(ﬁm 1) <ﬁ+(pin;)m—l> /Q|V (uﬁ( p) )|pd:1:

+ BaM/ w1l
o

_fmbn / WA =2 g
Q

Po
N dpmb(p —1)(B —I;In + 7y — 2) / R
popeq 0
+<dﬁmb(ﬁ+m+r2—2) < p )pe
pop B+(p—1m—-1)

_B(Bm_ 3 (5 e Tli)m — 1)”) /Q % (uBHp_pl)m_I) [P dz

+ BaM/ uP Tl dy
Q

= /men / u,3+m+’f‘2*2dz
Po Q

+dﬁmb(p_1)(ﬁ+jn+7"2—2)/ ’8+de;
p0p€1
29—l : 1) [ g (=) K
d M BAr1=1 g4
B+ (p— v )l x + fa
(4.10)

We use the Holder inequality and the Young inequality to the first and fourth terms
of right side of (4.10) to obtain

_ p(ro—2)+m+1
/ wBtmtr2=2 g, < (/ ﬂ+7p 1 dx
Q Q

_(P*1)3+p(7"2—2)+m+1/“ dz
r2—(p—2)m—1
T DB - rmr1 (4.11)

(p—1)(B+m+ro—2)
) (p—1)B+p(ra—2)+m+1 (p

‘Q| (p— 1)B+P(Tz) 2)+m+1

and

(r: 2)+m+1
/UB+T1_1dz<</ PSS e
Q Q

(p=1)(B+ry —1)
) (p—1)B+p(rz—2)Fm+1 —(p—1)ry —ptm

|Q\ oD P~ T T
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(P-1(B+rn—-1) /um%d‘m
T8 +p(r2 —2) +m+1 Jg
pr2—(p—Dri—p+m

+ (p—1)p +p(r2—2)+m+1|Q|’ (4.12)

(p—1)(B+m+r2—-2) (p—1)(B+r1—1) . .
where 0 < (pfpl)Ber(Tz*Q)ermel <land0< (p71§ﬁ+p(r2712)+m+1 < 1 in considera-

tion of (4.2) and (4.3). and |Q] is the measure of Q. Inserting (4.11) and (4.12) into
(4.10), we have

p(ro—2)+m+1
4 2lra=2)bmil

(I)/(t) §A1 -|— Ag/ uﬁ P—

Q
B(B —1)(mp)P~1(1 —p) bttty
" B+mE-1)ym-1)r /QIv (u ) |Pdz, (4.13)
where
_ [Bbmn[rs — (p — 2)m — 1] + poBaM[pro — (p — 1)r1 — p + m]
Al_{ pol(p — 1)B +p(ra —2) + m + 1] ]|Q|>0
(4.14)
and

_Bbmn(p —1)(B+m+r2 —2) 4 pofaM[(p —1)(B + 71 —1)]

= o0 =13+ (s —2) +m+1]
Bmbd(p —1)(B+m + 1y —2)
+ =1
PoPEY
>0. (4.15)

We use the Holder inequality, the second term on the right-hand side of (4.13)
can be estimated as follows

1—0o % o
/u6+p(w;2—);rm+ldm < </ u6d$> 1 {/ (uBJr(P*pl)?rL—l)p d:l;:| 1’ (4,16)
Q Q Q

where

plp(ra — 2) + m + 1]
(p=Dp*(B+(@—-1)m—1)—pp|’

in view of (4.2). And by Lemma 4.1, we have

/ (us+(p_p1)m_1)p iz < C7* [/ W+ p=1m=1 g +/ \V <u[3+(11—p1)m—1) |pdz} a 7
Q Q Q

(4.17)

O0<oyr <1

o1 =

where C, = C\(n, Q) is an embedding constant depending on n and €.
Inserting (4.17) into (4.16), we have

p(rog—2)+m+1
/ u’t p—1 dx
Q
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«7 01
170'1 C1)ym— T
< ( /Q qu:v) cr* [ /Q L /Q \V(uiﬁﬂp > ) |Pdm}
1—0’1 p*pal
:Of*gl (/ uﬁdx> (/ uﬁ—‘r(p—l)m—ldx + |V (UW) |pd$>
Q Q Q
(4.18)
For (4.18), by using the following basic inequality

(1 +72)" <2'(j1 + ), J1 >0, j2 >0, 1>0, (4.19)

we deduce

p(rog—2)+m+1
/ WPt dz
Q
p* oy

* l1—01 K
S(QCf)ppl (/ 'I.I/de) (/ u6+(p1)m1dx>
Q Q
Toy 1= B+(p—1)m—1 P:1
veen ([wa) ([ pa) T
Q Q

Due to (4.3), we have

*
b o1

0< < 1. (4.21)

By (4.21) and Young inequality, the first term of (4.20) can be rewritten as

) I—o p*pﬂ
(207) 5 (/ uﬁ’dx) ' (/ u5+(;01)m1d$>
Q Q
. e L
p o pP—pP O] p—p o1
- (205)%( P ) (/ uﬂdx>
p o1 Q

p*oq

x( P /u5+(p1)m1d:1:> ’
p*o1 Jo
__pfoy p(l=cy)
* *o p—p*o p—p*o
(1) e (G2 7 ()
D pro1 Q

- / wPHP=m=1 gy, (4.22)
Q

It follows from the Holder inequality and the Young inequality that

/ - Dm—1 g
Q

1 oo 1 __9%2 170'2
p(ro—2)+m+1 l—0op
202 O 202
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__92
1 p(ra—2)+m 1 1-o
g—/ uB+" = de—k(l — 09) <> ’ |2, (4.23)
2 Q 20'2

where

(p—1D[B+(p—-1)m—1]

, 0<oe <1
Blp—1)+plra—2)+m+1 2

09 =

in view of (4.2). For the second term of (4.20), we apply (4.21) and the Young
inequality to obtain

o 1—0; S p oy
(20M)"5 ( / uﬁdx) ( / v (a5 |pdx)
Q Q
(1—0y) =
p*oq 71’*% Z*P*O’ll g
= (QCf)P—p*”l € pmpro1 </ ’U,Bd27>
Q
p¥oy
p—1)m—1
X (62/ Y (uﬁﬂ > >|”da:>
Q
y . ooy p(l—0oq)
p*o P21 p—proq
S (1 _ p 01) (2Cf)ﬁ€2 pP—pToq (/ uﬂdz)
p Q
+pp01 62/ |Vuﬁ+(p_;)m_l|”dx, (4.24)
Q
where
-1 p—1 -1

T 2o B+ (p—m—1p

Now inserting (4.22)-(4.24) into (4.20), we get

p(ro—2)+m+1
/ WPt dz
Q
p(1—0j)

__p*oy
S(l—p 01) (2CP)7 (”_p> T (/ qua:>p o
P noy Q

%2
]_ (rg—2)+m ]_ 1-og
+§/uﬁ+—p 2p2_;r +1d$+(1*0’2) ( ) ‘Q|
Q

20y

p(l—0q)

+ (1 - p*(fl) (207, T (/ uﬁdz) T
p Q

*o B+(p=1)m—1
+ B2 62/ [Vu = |Pde.
p Q

That is

p(ro—2)+m+1
/ uPt p=1 dx
Q

<2 (1_]9(71> (205)101’172101( *p ) p—p¥oy (/ uﬂdm) p—proy
p p o1 Q
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1\ =%
+2<1_02)( ) o)

202
p*o—l p*oq 7# 2(71%;1"11)
+2 (1 - ) (20775, T (/ u%;)
P Q
2 i (p—1)m—
2 E2/ Vu T (4.26)
p Q

We substitute (4.26) into (4.13) to derive

|
(1) <A+ 242(1 - 02) (5 ) T [0
02

[ s [ e

r(1—0q)
—=C} + Cod o771 (1), (4.27)
where
1 o2
Ci=A1+ 2A2(1 — 0'2)(7) 1—o2 |Q| (428)
20’2
and
* * — ”*‘11 P oy
r o p—proy -
Cy =2 <1 - p"l) (207) 7751 A, ( P > Fe L (4.29)
p p o1
Integrating (4.27) from 0 to ¢, we have
e dr
t> / —_— (4.30)

2(0) Cq + Cyrp—ro1

Since u blows up in measure ®(t) at T, we pass the limits as ¢ — 7'~ to obtain a
lower bound

—+o0
0) C) + Corrn

p(l—01)

where -
p—p o1

> 1 in view of (4.3), So the above integral converges. O

Remark 4.1. If we choose p = 2 in problem (1.1), then the results in Theorem 4.1
are identical with the results in literature [6].
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