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1 Introduction

In this work, we investigate the following reaction-diffusion parabolic problem with singular po-

tential:
%“‘Z:O‘(” o =, (2,1) € Q% (0,T).
W:O, 1=0,1,..., m—1, (x,t) € 90Q x (0,T), (1.1)
v

2(2,0) =20 (x) € HP () NLT(Q), z€Q,

here n > 1 and 2 C R"™ is open and bounded with Lipschitz boundary, where T > 0, » > 1,

A=(-A)", m > 1 is an integer constant and a unit outer normal v, x = (x1,72,...,7,),

|z| = /23 + 23 + -+ -+ 22. The coefficient « (t) is chosen such that
a€C0,00), a(0)>0and o (t) >0 forallte0,00). (1.2)

Explosive phenomena commonly arise in solutions to reaction-diffusion partial differential equations
of various types (see e.g. [4,6,15] and references therein). Understanding the conditions under
which such phenomena occur is of practical interest. However, accurately computing the precise
blow-up time is often challenging. Despite this challenge, it is still possible to estimate the blow-
up time using various methods. Notable approaches for investigation include the first eigenvalue
method proposed by Kaplan in 1963, the potential well method developed by Levine and Payne in
1970, the comparison method, and other techniques involving integration. A recent comprehensive
overview of these methods can be found in the monograph by Hu [11], Al’shin et al. [2] and Pigkin
[17]. Additionally, readers may refer to the survey articles by Galaktionov [8] and Levine [13] for
insights into the blow-up properties of more general evolution problems. Specifically, sufficient
conditions for blow-up estimates are discussed in works of Philippin [16] and Han [9] provided

insights for the equation of the form:
2+ A2 =k(t) f(2).
In another study, Han [10] investigated the equation of the form

Az =k ()2,
2]

in which the author derived the lower and upper bounds on the blow-up time of weak solutions.

In [23], Thanh et al. considered the reaction-diffusion parabolic problem with time dependent
coefficients
2t

A=k
X
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They proved an upper and lower bound for blow-up time. Do et al. [5] investigated the existence
of a global weak solution to the problem together with the decaying and blow-up properties using

the potential well method.

Recently, Thanh et al. [24] proved the higher-order version A (|A|m72 A) of the p—Laplacian
and the function k (¢) non-Newtonian filtration equation and obtained the blow-up result with
lower and upper bounds. The reader is directed to [19-21] for a detailed discussion of higher-order

hyperbolic equations.

In our research, we employed various types of Dirichlet-Neumann boundary conditions in conjunc-
tion with a general nonlinear term. Additionally, we derived the primary outcomes of this paper
using a methodology distinct from those discussed in prior works. While some of the literature
has addressed blow-up solutions for higher-order parabolic equation, to the best of our knowledge,
there is currently no article available that specifically explores the finite-time blow-up solutions for
a higher-order parabolic equation with a variable coefficient term « (¢). Consequently, we endeav-
ored to investigate and present new and noteworthy findings in this regard. For a more in-depth
exploration of blow-up phenomena in higher-order parabolic equation, readers are encouraged to

consult the book by Galaktionov [7].

Motivated by above-mentioned papers, in this paper, we investigate to prove the upper and lower
bounds for the blow-up time of solutions for problem (1.1), which was not previously studied, where

we study higher-order parabolic equation with time dependent coefficient source terms a (£) 2|~ 2.

The rest of the work is as follows: In Section 2, we give some assumptions needed in this work. In
Section 3, under suitable conditions, we obtain an upper bound for the blow-up time. In Section
4, we obtain a lower bound for the blow-up time. In Section 5, under suitable conditions, we

investigate the existence of a global weak solution to the problem.

2 Preliminaries

In this part, we present certain lemmas and assumptions required for the formulation and proof of
our results. Let ||.[, [|.||, and |[.[[yym.-(q) indicate the typical L?(Q), L™ (Q) and W™ (Q) norms
(see [1,18]).

Now, we consider some energy estimates: Let n > 1 and 2 C R™ be open bounded with Lipschitz
boundary. For each z € HF* () N L™ 1 (Q) and ¢ € [0, 00) define the following functionals of the
problem (1.1):

e Energy functional is as follows:

1 1 2 O[(t) r—+1
T (21 = 5 |4k G
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e and Nehari functional is as follows:
1 2 r+1
I(zt) = Ak = a@

We strive to establish both upper and lower bounds for the blow-up time of a weak solution to

equation (1.1), the precise definitions of which are provided in the following.

Definition 2.1. A function z is termed a weak solution to equation (1.1) if =z €

L2 (0,T; H* (Q) N L™ (Q)) and lx’lzgm € L?(0,T; L* () where z satisfies the following equation:

(;;m,@) + (Adz, A3) = alt) (1212 0) (2.1)
for all p € H* (Q) N L™ (Q) and t € [0,00) .

When 2 C R"™ is an open and bounded set with a Lipschitz boundary, the existence of a local weak
solution can be established using standard Ordinary Differential Equation (ODE) theory, coupled

with the Faedo-Galerkin approximation technique, as is well-known in the literature.

Definition 2.2. Assume that z(t) is a weak solution to (1.1). If z(t) exists for allt in the interval
[0,T*), and the limit as to blow up at a finite time T* if z(t) exists for all t € [0,T*) and

2
2l = . (2.2)

t—T~ || ||

Such a T* is called the mazimal existence time as well as the blow up time for z(t). If (2.2) does
not happen for any finite time T*, then z(t) is called a global solution and the mazimal existence

time of z(t) is co.
We are able to define the stable and unstable sets as follows for each ¢ > 0:

e Stable set:
() ={2€ H"(Q) : J(2,t) <ne and I(zt)>0}.

e Unstable set:
S00)={2€ HJ" (Q) : J (2,t) <ne and I(z,t)<O0}.

Y (t) and X (¢) are crucial to our paper. Where
Noo = tgnolon (t).

Note that J,I,Cy,n,%; and X5 are all time-dependent, as indicated by the presence of « (t) in
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(1.1). The introduction of this time-dependent factor introduces additional technical complexity
into our analysis.

m

Because of the presence of the inverse coefficient 1/ |z|*™, it is important to highlight the distinction
between the two cases when 0 € Q and 0 ¢ Q. If 0 € Q then 1/ |z|*™ develops a singularity. This
requires the application of Rellich’s inequality, which is valid for n > 2m 4+ 1, in the proofs of our
main results. However, if 0 ¢ €2 then there is no singularity and (1.1) can be considered as a slight
extension of the model in [10]. In this case our results are valid for all n > 1. To deal with these

two cases at the same time, we use the notation

2m+1, if0e 0, if n < 2m,
and 2% =
1, if 0¢ 0 n_—9 4 2Im_ ifp>92m 4+ 1.

n—2m n—2m?’

no

Let us start with the following Rellich inequality Lemma.

Lemma 2.3. Assume that n > 2m + 1 and  C R™ be open bounded. Let z € HJ" (). Then
\w\%m € L?(Q) and

|Z‘2d m? 2 e =c P
< 2 — 2 .
/n|x|2m v= <n<m—1><n—2m>> /Q‘““ o da /Q‘““ o da

Proof. Let z € HJ* () and 2 be its zero extension to R™. Then Z € H™ (R") by [1, Lemma 3.27],

it [ i< (seaam) i
2 2
= (n(m— S(n—Qm)) /n ’2

here we used [3, Corollary 6.3.5], in the second step of the argument. This provides the justification

and

Az z| dr, (2.3)

for the claim. O

The next result below is the Gagliardo-Nirenberg inequality.

Lemma 2.4. Let n > 2m +1 and Q be open and bounded subset of R™, 1 <r <1+ nng Then
there exists Co = Co (2, n,7) > 0 so that

B(r+1)

25ty < Co |42z 1T vz e (@)

)

where

8= %;1) €(0,1). (2.4)
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Proof. Let z € HJ* (Q) . It follows from Gagliardo-Nirenberg inequality that

, 1 |Blr+1) _B)(r
i < C@n ) AT 20,

2]

where used

HVZZH <C(Q,n) HA%Z

by [22, Chapter 3, Proposition 3]. O
Lemma 2.5. Assume that n > 1 and Q C R"™ be open and bounded with Lipschitz boundary.

Suppose « is defined by (1.2). Let z be a weak solution to equation (1.1) with T > 0. Then the
following identities hold:

(H1)
s+ [ ( £ \ -2 ||z||zti1(m> ds = J (20,0),
and
(H2)
. (; = ) - (H(hrl <h>> = (=)

for a.e. he[0,T).

Proof. For (H1), first assume that z; € L? (0, T; Hy" () N L™ (©2)) . Then, utilizing z; as a test

function in (2.1) we have

Moreover, direct calculations provide

2

+ (A%Z,A%zt> =al(t) <|z|’“71 z,zt> .

2t
=™

D700 = (Abz Abz) —a() (127 ) - ij(tl) 2|

r+1
Lr+1(Q)»

as a function of ¢ in the interval [0, 7). Combining these two identities together results in

d
7 0.1 = =

Zt
|=™

Poad®
r+1

2]

r+1
LJ7F'+1(Q) ’ (25)

as a function of ¢ in the interval [0, 7).
Now (H1) follows by integrating both sides of (2.5) with respect to ¢t over (0, h), where h € (0,T).

To conclude, with an approximation argument we examine that (2.5) holds without the assumption

that z, € L2 (0, T; Hi" () N L™ (Q)) .
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The proof of (H2) is the same way and is omitted. O

The result we give below is obtained directly from Lemma 2.4 and the Friedrichs inequality (cf.

[14, Theorem 1.10]).

Lemma 2.6. Letn > 1, z € H" () and 2 < r+1 < 2*. Then there exists a constant S, =
Sy (n,7) >0 so that
12l Lr1 () < Skl Az

In addition, we note that the constant S, may be made explicit and sharp when n > 2m + 1.

Our next result is known as the concavity argument, which is widely used in the literature and is

used for the sufficient condition of blow-up.

Lemma 2.7 ([12,13]). Suppose that a positive, twice-differentiable on (0,00) function i (t) satisfies

the inequality
2

()P () = (1+6) (¢ (1)

>0

)

where 8 > 0. If 1 (0) > 0 and ¢’ (0) > 0 for all t € (0,00). Then there exists T > 0 such that

. _ ¥ (0)
tgr%l_w(t) =00, and T < 6 (0)

3 Upper bound for blow-up time

In this part, we are going to obtain the upper bounds for the finite time blow-up results. For

simplicity, we shall write
2

z (t)

m
||

)

L=y

for each t € [0,7).

We start with the proof of Theorem 3.1. This is related to the upper limit on the explosion time

of the weak solution when the initial energy functional is negative (1.1) .

Theorem 3.1. Assume thatn > 2m+1 and Q C R™ be open and bounded with Lipschitz boundary.
Let r > 1 and « be given by (1.2). Such that 0 # zo € HF* (Q) N L™ (Q) and

a (0)
r+1

20 l5H s ) <.

L. 2
J(ZO,O):EHAEZOH _

Suppose that z (t) is a weak solution to (1.1) with T > 0. Then z blows up at a finite time T which

satisfies
2

20
[z|™

"< —n

~ (1 —=17r2)J(20,0)
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Proof. Here we set T* < oo, where T* > 0 is the maximum existence time of z, and then we aim

to provide an upper bound for 7.

Set for this purpose

for every t € [0,T*). According to the hypothesis £ (0) > 0 and K (0) > 0.

We can also write from Lemma 2.5:

2 ’
o' (s)
+ 2]
r+1

K (0) =~ (0.0 |

2t
|=™

r+1
i) >0, (3.1)

for each t € [0,77), so K increases over [0,7*). Consequently, K (¢) > K (0) > 0 for all t € [0,T7).

Assume that t € [0,77). Same way,

r—1

L(t) = (m?n,zt>:—l(z(t),t): . HA%z

[ renIen.nzerEn. (62)

Thus,

1 2

2

z

2™

Zt
|=™

2 2
LK (1) > > (W> = o= mKw.  63)

From (3.1), (3.2) and (3.3), we get

(K () L0072 (1)) = £0+972 (1 (zc’ (ew-"7 Y e (t)) > 0.

This means that KL~ "+1/2 strictly increases over [0,7*), which follows:

0<& =K (0)L~THD/20) < K (t) £~T+D/2 (1)
1 2
<

< ().
T -Tr

El (t) E—(r+1)/2 (t) _

here we used (3.2).

Integrating this last representation with respect to t over (0, 7), where 7 € (0,7*), we obtain:

2
<
&1 < 1_,2

(5(1—r)/2 (r) — L)/ (0)) .
Since this inequality only holds for a finite period of time, we deduce T* < co. Moreover,

(7‘2 — 1) &o

0< E(lfr)/Q (7_) < E(lfr)/2 (0) - 5

7,
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for all 7 € [0, 7). This reveals that

2
< 1=1)/2 () —
smopet 0

2L (0)
(1 —17r2)J(20,0)"

The proof is complete. O

Next we state and prove Theorem 3.2. Here it provides an upper bound on the explosion time for

a weak solution to (1.1) when the initial energy functional is positive.

Theorem 3.2. Suppose thatn > 2m—+1 and 2 C R™ be open and bounded with Lipschitz boundary.
Let r > 1 and « be given by (1.2). Assume that 0 # 29 € HJ* (Q) N L™ (Q) and

2

= L(0),

20
™

1
0< Clj(Z0,0) < 5

where )
_(r+1)C _ m?
C1= r—1 and € = n(m—1)(n—2m)/)

Suppose that z (t) be a weak solution to (1.1) with T > 0. Then z blows up at a finite time T*

which satisfies
47“01[: (0)

T* < :
T (=D (r+ 1) (£(0) - C1J (20,0))

Proof. Here we set T* < oo , where T > 0 is the maximum existence time of z, and then we aim

to provide an upper bound for T*.

From (3.2)

[Z’(t)zr;1 2f(r+1)J(z(t),t)2r71

=) - O (), 0] = Tt M),

HA%Z

for each ¢ € (0,7*), where in the second step we used Lemma 2.3.

Observe from the inequality above:

r—1
C

M) =L (t)—01%,](z(t),t) > L (t) > M),

for each ¢t € (0,7*), here we used (3.1) in the second step.

Moreover,

M (0) = L£(0) — C1J (20,0) >0,
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by assumption. Consequently, an application of Gronwall’s inequality gives

M () > M (0) exp <Tglt) > 0.

This means that £’ (¢) > 0 for every t € (0,7*). That is, £ increases strictly over [0,7*) and hence
L(t)> L(0), (3.4)

for every ¢t € [0,T).

And by C; and C given in the statement of this theorem. Fix 7 € [0,7™*) and

e (o%) MO) and o€ ((f_%,oo). (3.5)

The choices of 8 and o are justified below with (3.8) and (3.9) respectively. Define non-negative
functional

h
\I!(h):/o L(s)ds+ (t—h)L0)+ B8(h+0),

where h € [0,7]. Then

Py AN EI0
\If(h)—ﬁ(h)—£(0)+25(h+a)—2/0 <|x|m72t(s)>d8+25(h+a),
and
U () =2 (T;’”zt (h)) 128 =—21(z(h),h) +28
> —2(r 1) (2 (). h) + (r— 1) 422|428
Mz )P o (s il 112
> 2(r+1) J(zo,())—/o ( |x|(m) +r+(1)||z|;+l(m> ds +(r—1)HAzz‘ +28
Pz (s)|]P o (s 1 r—
> =20+ |7 (o) - | ( e ifnznﬁﬂ(m> ds| + 20 ey 408,

(3.6)

for each h € [0,7), where we used Lemmas 2.5 and 2.3 in the third and fourth lines, respectively.

In what follows it is convenient to denote
2
2t (s)

h h
e(h)=<2 £(s)ds+6(h+o)2> (/ o ds+6>
0 o Il |zl L2(Q)

_ (/Oh <|z(i?,zt<s)) ds+,8(h+a)>220, (3.7)
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for every h € [0, 7], where in the last step of (3.7) we used the Cauchy-Schwarz inequality.
From Lemma 2.7, (3.6) and (3.4), we obtain

2

W (h)W" (h) - (W' (h))” =W (h) W (h) —2(r+1)

Ah (|Zx(|s")zt (S)> ds + B (h+ o)

2
ds+ﬁ>

2t (8)
|z|™

=W (h)U" (h)+2(r+1)

h
6.(h) — (¥ (h) — (7 — h) £(0)) (/

2
ds+5>

) -

‘ ds-i—ﬁ)

2t (8)
|$|77L

h
>V (h) ¥ (h) —2(r+1)¥(h) (/
0

zt (8)
™

> (h) [P (h)—2(r+1) (/’
0

> ) |20+ 1) (0,0) + 20D

2(r—

> U (h) -—2 (r+1)J(20,0) +

(1)U (R {—Juo,owc{lc(o) - } >0, (3.8)

for all h € [0,7].
Then observe this
U (0) =7L£(0)+ B0 >0, and ¥ (0)=280>0.

Consequently, from Lemma 2.7:

20 (0) 2 (7L (0) + Bo?) L (0) o

TSGoDv ) 20 —1)Bo (G —Dfs Tr-1

This is as a result

or equivalently, we can write

r<2 (1o £O = po . (3.9)
r—1 (r—1)po (r—1)po— L(0)
Reducing the expression mentioned in (3.5) across the range of o results in

AL (0)

S At (3.10)

Next, we aim to minimize the expression referenced by (3.10) within the specified range of 5 as
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outlined in (3.5). This leads to the following inequality:

47"01£ (0)
T =12 (r+1)M(0)

(3.11)

Finally, the inequality stated in reference (3.11) remains valid for all 7 € (0,7*). From this, we

can conclude that

(r—=1)"(r+1)M(0)
as needed. O

b

4 Lower bound for blow-up time

In this section we consider with the lower bound for the finite time blow-up results. This is the

content of Theorem 4.1. For simplicity, we shall write

2

z (t)

=™

E(t):%

)

for each t € [0,T).

We start with the proof of Theorem 4.1. This is related to the lower limit on the explosion time

of the weak solution when the initial energy functional is negative (1.1) .

Theorem 4.1. Assume that n > 2m + 1 and Q C R™ be open bounded with Lipschitz boundary.
Let «v is given by (1.2) which enjoys a further property that

Qoo = tlggoa(t) < 0.

Suppose that 1 < r < 1+42. Let z (t) be a weak solution to (1.1) with T > 0 and 0 # zo € HJ" ().
Assume that z (t) blows up at T*. Then

.o L177(0)
T ~ \7)
SR
where ( ) ( Y )
_nlr—1 _(1-8)(r+1
P=tvn OV =55 Tt
and
. 2 B(r+1) 9 —B(r+1)/(2—B(r+1)) 4y
“ (aooCoﬁ <r+1>> (f}éSx') ’

with Cy = Co (Q,m,r) > 0.
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Proof. By assumption 1 <r <1+ 477” this leads to

0<ﬁ(r+1)=(r%)"<m.

This allows us to apply Young’s inequality below.

Based on the constants defined in the expression of this theorem and utilizing the Lemma 2.4 and

Young’s inequality. We get

£ = (Fh e ) =100 = a el g - [t
< Coars HA%ZHB(TH)
2 B(rt1) ( 5 >—ﬂ<r+1>/<2—ﬂ<r+1>>
2 aooCoB (r+1)
2 Bt 1) ( 5 >ﬁ(r+1>/<2ﬁ<r+1)>
axCoB (r+1)

92 — ﬁ r+ 1) ( 9 )B(T+1)/(25(T+1)) (
aooCOB (T + 1)

2
”Z”(lfﬁ)(TﬂLl) . HA%ZH

IN

2 2
42|+ J=47 = 42

2
121

IA

4y
suplel) £

zeN
=C*L(t)7,

for all h € (0,7*) . Equivalency one has

where do we get it

ﬁ (L7 (1) — £ (0)) < C*t.

Lastly, since v > 1 and lim;_,p+ £ (t) = oo, allowing ¢t — T™* in the above inequality, we have
1—ry
T > L0 )
C*(v-1)

as required. O

5 Global existence

In this Section, we establish the existence of a global weak solution to the equation referenced
as (1.1), which corresponds to Theorem 5.2. While the proof follows the conventional arguments
of Faedo-Galerkin approximation, the presence of the fourth-order operator in (1.1) requires a
thorough justification, particularly when the initial datum zy belongs to the stable set 3. For the

sake of simplicity in notation, we utilize the dot notation in this part
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0
2, = (), = azk'

Hereafter

aANb=min{a,b} and aVb=max{a,b}.

Remember we set

2m+1, if0eQ 00, if n < 2m,
ng = and 2% =
1, if 0 ¢ Q 20— ifn>2m+1,
with
5,)={2€ HJ' (Q) : J (2,t) <ne and I(zt) >0},
and

So(t)={z€ HJ" (Q) : J(2,t) <ne and I(zt) >0},
for every t > 0.
We begin with a problem of approximation.

Lemma 5.1 ([5]). Assume that n > ng and 2 < r+ 1 < 2*. Suppose that k € N, T > 0 and
zko € C (). Then the problem

Pk (z) Z;C + Az = Bk (21) (z,t) € Qx (0,77,

azgi({c’t):o,i:(),l,...,mfl, (z,t) € 2 x (0,77, (5.1)
Vl

2k (Z‘,O) = Zk0, T €€,

accepts a global solution z, € C ([0,T]; HY* (Q)) so that z;, € L? (0, T; HJ* (Q)) , where

pr(@) = e[ An and B () = at) [(=k)V (I ) AR

Finally, we present the existence of a global weak solution to (1.1) when the initial datum zg

belongs to the stable set 3.

Theorem 5.2. Suppose that n > nq and  C R™ be open bounded with Lipschitz boundary.
Assume that 2 < r +1 < 2*. Let z9 € Y., (0). Suppose a € C*[0,00) satisfies a(0) > 0 and
o (t) > 0 for all t € [0,00). Morever suppose that lim;_, o . (t) = 1. Then there exists a global

weak solution to (1.1).
Proof. Since zy € X1 (0), there exists a constant ¢y > 0 so that

J (ug,0) + €9 < Moo
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From Lemma 5.1 for every k € N there exists a weak solution z, € C ([0,7]; Hi" (2)) with
z, € L*(0,T; HP* (2)) to the problem (5.1), here z; € C2° () is so that

hm zro = 2o in HJ ().
k—o0
By choosing a sufficiently large k € N, we can also assume that

J(Zko,()) < J(Z(),O) + €0 < Noo- (52)

Using z;, as a test function in (5.1), we get

/Ot/gpizfc (s)zdxds—s—/ot/ﬂAzk (5) 20 (s) da ds
:/Ot/gﬁk(zk)z;(s)dxdsg/Ot/ﬂ|Zk(8)|r_1zk(S)Z;c(s)dxds'

d (1 2
/QAZka v=o (2 A A4zl dax
/IZkI ' pzpde = <r+1/ [EN s dx)'

We can rewrite the above inequality as follows:

When you realize this

and

/0 /kaz,g ()2 dads + J (24 () 1) < J (250, 0) < Mo, (5.3)

here we used (5.2) in the last step. This implies z (t) € 31 for every ¢t € [0,T]. Indeed, let us
express the opposite statement by way of contradiction. Let t* denote the minimal time at which
zi (t*) ¢ 3. Utilizing the fact that z; € C ([0, T]; H* () we deduce that zj (t*) € 0X1. In other
words, either J (zx (t*),t*) = 1o or I (zx (t*),t*) = 0. The former is impossible due to (5.3).

As a result, it is necessary to satisfy I (z (t*),t*) = 0 or equivalently,

Atz )|

= a(t") [l () 1 0y

which implies

. r—1 2 r—1 .
J(Zk: (t ),t ) = m HA Zk; ) 2 msr 2 HZk (t )Hi"‘*'l(ﬂ)
172 || g1 |\ TG
ro1 L, (@) AR )

2r+1) " 120 e ()
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r—1

#\2/(1=1) g—2(r+1)/(r—1) _ *
> ———aft S, =n(t") > .
=30 1)Oé( ) , n(t*) > neo

This statement contradicts the information provided in inequality (5.3). Therefore, z (t) belongs

to the set ¥ for each ¢ in the interval [0, T, as asserted.

For t € [0, 7], if zx (t) € X1, it implies

1 2 r41
422 )] = a @z Ol g -

By utilizing equation (5.3) we can derive the following inequality:

t 1 a(t)
/ 2 -
/0 /szk(s) d$d8+(2 r 1

There is one in particular

> HA%zk (t)H2 < T (210, 0) < Tioe. (5.4)

(3-57) [at 0] = (G- 2 ) [4tsof
< (; _ f‘fi) (e (t)H2 < J (240,0), (5.5)

here oo = limy—, o, @ (t) = 1 by hypothesis. Utilizing the Lemma 2.6, (5.5) and (5.2), we get

1 L o\ (r+1)/2 ) o\ (r+1)/2-1 ) 9
[rta<s (ataol) =se (Jakao]) a0
_ (r+1)/2-1
< grtt 1 ! 7 (10.0) HA%Zk (t)Hz
" 2 r+1 ’
_ (r+1)/2-1
<5 |(5-— 1(J(z 0) + €0) ) HA%Z (t)H2
T 2 r4 1 05 0 k
1 2
:6HA5zk (t)H . (5.6)
Note that
_ (r+1)/2—-1 _1 (r—1)/2
1 1 ! 1 1 r—1
r+1 - _ L -1
0<o<5 [(2 r+1> d“] l<2 7~+1) 2(r+1) :

Next, we employ zj, as a test function in (5.1) to obtain

1 t 2 t - 1
f/pkzﬁder/ / ‘A%zk (s)’ dx ds g/ /|zk (s)] +1d:rals+f/pkz,%od:r
2 Ja 0 Jo 0 Jo 2 Ja

t 2 1
<6/ /‘A%zk (s)’ dxds—i—f/ PRz da,
0o Jo 2 Ja
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where we utilized reference (5.6) in the second step.

It can be deduced that

1 ¢ | 2 1
f/ przidr + (1 — 5)/ / ‘Afzk (8)‘ drds < f/ przigdr < C, (5.7)
2 Ja 0 Jao 2 Ja

here C' > 0 is independent of k and 7. As a result, the sequence {2z}, is uniformly bounded in
L?(0,T; HY* ().

By (5.4) and (5.7), the following properties are satisfied:

2p — 2 a.e. in (0,7) x Q,

o P S Ee i L2 (0,75 L% (),
A2z, % A2z in L2 (0,T;L2 (%)),
in L? (0, T; L™ (Q)) ,
in L? (O,T; L+t (Q)) ,

for all T' > 0. The theorem now follows by taking limits as k — oo in (5.1). Since T' > 0 is arbitrary,
the solution is global. O
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