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Threshold results of blow-up solutions to Kirch-
hoff equations with variable sources
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Abstract. This paper analyzes an initial boundary value problem for variable
source Kirchhoff-type parabolic equations. We aim to derive a new sub-critical
energy threshold for finite-time blow-up, a new blow-up condition, and estimates
for lifespan and upper bounds for blow-up time across various initial energy cases.
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1. Introduction

In recent years, there has been a significant interest among numerous mathematical
researchers in examining the blow-up time properties of solutions to equations used
for describing the transverse vibrations of a stretched string while taking into account
the change in the string length. These equations, proposed by Kirchhoff [19], [26] are
widely employed in engineering disciplines like automotive, aerospace, and large-scale
structures. The extensive applications of these materials have led to a growing desire
among researchers to establish findings related to the presence and control of elasticity
problems. Almeida Junior et al. [25] studied polynomial stability for the equations of
porous elasticity in one-dimensional bounded domains. Iesan et al. [16, 17, 18] studied
the theory of thermoelastic materials with voids. Santos et al. [30] considered a porous
elastic system with porous dissipation In recent years, there has been a significant
amount of research focused on developing mathematical models for nonlocal diffusion.
These models are formulated by using parabolic equations that combine linear or non-
linear diffusion with a Kirchhoff term. The Kirchhoff problems are a type of problem
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that includes the term M (fQ |Vu|2d:r), which causes the equation to no longer be a
pointwise identity

uy — M ([, |Vul?dz) Au =g (z,u), (z,t)€Qx(0,T),
u =0, (z,t) € 9Q x (0,T),
U(I,O):IUO(I% z e

The Kirchhoff problems are a type of problem that includes the term M ( [, [Vu|?dz),
which causes the equation to no longer be a pointwise identity. The nonlinear Kirchhoff
equation (NLKE) is a partial differential equation used to describe the transverse
vibrations of a stretched string while taking into account the change in the string
length [19]. It is also used to describe the movement of a semi-infinite string [26] and
is an underlying equation of quantum mechanics. Partial differential equations have a
wide range of applications, as listed in reference [33]. The study of Kirchhoff equations
has a long history and was examined in detail in Lions research [23], where it became
possible to investigate the existence, uniqueness, and regularity of the solutions in
Kirchhoff’s equations. For more information, interested readers can refer to [10, 11, 24]
and the references therein. This paper studies a parabolic problem with a nonlocal
diffusion coefficient, where a nonlinear source term modeled by an operator appears
in the Kirchhoff equation.

u — M ([, [Vuldz) Au = Ju|*® 1y, (2,t) € Q2 x (0,T),
u =0, (x,t) € 092 x (0,7, (1.1)
u(z,0) = up(x), xz €,

where Q@ C R™ (n > 1) is a bounded domain with smooth boundary 9, we assume

that up € H}(Q) and ug(z) # 0, the diffusion coefficient has the specific form M(s) =
a + bs with positive parameters a, b, 2 C R™, ¢ is constant and satisfy

n+2
(H1)3<CI1SQ($)§QQSTL_2

(Ho) 1<q1 <q(z)<g<3 ifn>1 ze€q.

it n>3, zey (1.2)

We consider a mathematical model, where ug belongs to the Sobolev space H () and
—A denotes the Laplace operator concerning the spatial variables. Our focus is on the
explosion property in finite time. To this end, we use the potential well method and
various inequality techniques to establish the the blow-up of weak solutions within
a finite time and obtain a new blow-up criterion. Additionally, we determine the
lifespan and an upper bounds for the blow-up time in different initial energy cases. It
is important to note that the model (1.1) is called degenerate when a = 0, and when
a > 0, we refer to it as a non-degenerate model. The exponent ¢(.) is a measurable
function on 2 that satisfies certain conditions.

1 < ¢ =ess infg(x) < gq(z) < g2 =ess supg (z) < o0, (1.3)
e €N
and the following Zhikov—Fan uniform local continuity condition. There exist a con-

stant k > 0 such that for all points x, y in Q with 0 < |z —y| < , we have the
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inequality
lqg(z) —q (W) < k(lx—yl), (1.4)

where k(r) satisfies
lim supk(r) In <1> =c < o0.
r—0+ r

This problem has its origin in the mathematical explanation of system in real world
from the mathematical modeling for axially moving viscoelastic materials, they ap-
pear in numerous applications in the natural sciences, for instance models of flows
of electro-rheological fluids or fluids with temperature-dependent viscosity, nonlinear
viscoelasticity, filtration processes through a porous media [3, 4, 28], and the process-
ing of digital images [2, 9, 22|, and can all be linked with problem (1.1), further details
on the subject can be seen in [5, 6, 29] and the other references contained therein.
In recent years, the study of mathematical nonlinear models with variable exponent
nonlinearity has attracted the attention of many researchers. Let us highlight some
of these issues. For example, Pinasco [27] established the local existence of positive
solutions for the parabolic problem.

uy — Au = f(u) in Qx(0,7)
u=0,in o0 x (0,T)
u(z,0) = up(x) in Q

where the source term is of the form
f(u) = a(m)up(x) or f(u) = a(x)/ uq(y)dy_
Q

He also proved that with sufficiently large initial data, solutions blow up in a finite
time. Alaoui et al. [21] considered the following nonlinear heat equation,

ug — div (|Vu(a:)\m(‘r)72Vu) = |u|P®) "2y + f.

Under appropriate conditions on m and p, and with f = 0, they demonstrated
that any solution with a nontrivial initial condition will experience a blow-up in
finite time. Additionally, they provided numerical examples in two dimensions to
illustrate their findings. Autuori et al. [7] investigated a nonlinear Kirchhoff system
involving the p(z,t)-Laplace operator, a nonlinear force f(t,z,u), and a nonlinear
damping term Q = Q(t,x,u,ut). They established a global nonexistence result
under suitable conditions on f, @, and p. In the classical case of constant exponent
(¢(x) =constant= q), this equation has its origin in the nonlinear vibration of an
elastic string, were the source term w9 'u forces the negative-energy solutions to
explode in finite time. It’s known that several authors have looked at problem (1.1)
concerning the findings of the global existence and blow-up of solutions, and a
powerful method for treating it is the ”potential well method,” which was founded by
the first author Sattinger [31] in 1968 and later been enhanced by Liu and Zhao [32]
by introducing the so-called family of potential wells which later became a significant
technique for the study of nonlinear evolution equations and has also given many
interesting results. Recently, authors of [14, 15] discussed in a bounded domain of R"
with 3 < ¢ < Z—f; the global existence and finite time blow-up of solutions to problem
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(1.1) when the initial data are at different energy levels E(ug) < d, E(ug) = d, and
E(ug) > d respectively. If we know that the solutions of a given system explode in
finite time, it is important to estimate the bounds of the explosion time from both
above and below, which is the main goal of this work. We will expand the assumptions
about the given ¢ in the aforementioned works, assuming a new assumption on the
critical exponent ¢ (.) such that 1 < ¢; < ¢(z) < g2 < (n+2)/(n — 2), under some
sufficient conditions we giving a new blow-up criterion for problem (1.1) if the initial
energy is not -negative, and derive the upper and lower bounds of this blow-up time.
The table below provides a summary of the background for our work.

Table 1: Main results.

Main results q Initial data Blow-up
—gi T
(&) " 24) | E(u) < Ei, Blow-up (2.6)
q1+1
allVuo 3\ 7
Theorem 2 | (H1) | > b
+§||Vu0||‘21
> o Eyasin (2.4) | lim [[u(t)|3 = oo
t—=T
E (ug) <0 Blow-up
E (UO) S Eda
: . t
Eg as in (1.11) Jim Jo llu(r)||I3d7
Theorem 3 | (H1) | uo€ HE(Q), ug #0 0 < E (ug) =0
< Colluoll3 (i)
E(ug) Blow-up
Theorem 3 | (Hs) up € HL(Q) < _%%C(d
(2.21),(2.22) thH% lu(t)||3 = oo.
—

Table 2: The estimate of blow-up time.

0 < E(uo) < Co |luol;

1
E(up) < — Ziis Le(e)

E(up) Upper bound estimate | Lower bound estimate
E (UO) < El \/
E (Uo) <0 \/
E (Uo) =0 ? ?
E (up) < Eq Vv
\/
Vv
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1.1. Modified potential wells
For u € H} (), we define the functionals

B =l + 2Tt - 1 a(x)+1
B(u (1) = B(O) =5 IVallf + 19l = | o fult i,
I(u(t)) =a||VUII§+bIIVUII§—/ Jul 1)+ d, (1.5)
Q
1
M(u () =: M(t) =5 lu () I5-
and testing (1.1) by u; we have E(t) is nonincreasing, i.e.,
d
Bt =~ ()13 <0, (1.6)
and .
E(t) +/ ||ut(t)||§ ds < E(up) ae.te (0,7), (1.7)
0
L'(t)=—I(u(t)) ae. te (0,T). (1.8)

We then have the following lemma.

Lemma 1.1. For q(z) be (1.4) and u € H(Q)\{0}. Let F : [0,+oc) — R the Euler
functional defined by

2 % )\q(z)+1

FO) =2 24 2pvalt — [ A jye@)+g

() = Gl + SVl — [ e,

then, F keeps the following properties:
(1) . limy 0+ F(A) =0 and limy_, 4o F(A) = —o0.
(). There is at least one solution to the equation F'(X) = 0 on the interval [A1, A ,

where
—1 —1

Ay = min [p () 79, p ()70 |, g = max [p (), p ()T | (1.9)

and

p(u) = af| Vull? + bl Vul[*

: fQ |u|q(z)+1dx .

(iii) . There exists a A* = A*(u) > 0 such that F(X\) gets its mazimum at A = X*.
Furthermore, we have that 0 < A* < 1, A* =1 and \* > 1 provided I(u) < 0,
I(u) =0 and I(u) > 0, respectively.

Proof. Since q(z) € C4(Q) = {p €C0(Q): infq(x) > 3}, the assertion (i) is shown
€
by the following;:

A2 2 1
F()\) < 2 b 4 _ min { @1+l \g2+1 / a(z)+19q
) < 5 al|Vul||® + 1 (IVull mln{ , } e 1|u| x,

and

A2 A 1
F(\) > Z—a||Vul? 4_ a1+l a2+l / q(z)+1
(A > 5 al|Vul||® + 1 bl|Vaul|* — max { @ A=F ] @ 11 |ul dz,
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For (ii). We have
P\ = )\a/ Vu(e)|?da + A% Vul|* — / AT [y 1)1 g
Q Q
which implies that F/(\) lies in the following two inequalities

PO 2 a [ [Fule)de + X0Tult max (30,30} [ s
Q2 Q

min{)\lf‘h,)\l*q?}a/ |Vu(z)|*dz
Q

max {9 N2}

)

+min{)\3*q1,/\3*q2}a/ |Vu(x)|4dzf/ |u|1@) g
Q Q
and

F'(A)

IN

No [ [Vu()Pde + AX0Tul ~ wmin (30 ) [ a4z
@ Q

max{)\lfql,)\lf‘m}a/ |Vu(z)|*dz
= min {\", \?} @

)

+max{)\3*q1,)\3*q2}a/ |Vu(x)|4dx—/ \u|q<z)+1dx
Q Q

Since g2 > g1 > 3, we signify that F’()\) has at least one zero point A satisfying (1.9).
So we get (ii). The definition of A* and the relation I(Au) = AF’(\) and

F'IN) < (A — X”)a/ﬂ [Vu(z)Pda+(A° — A%2) b/Q |Vu(z)[*de+A21(u), for X € (0,1),
and

F'(A) > (A —\2) a/Q [Vu(z)Pda+(A? — A%2) b/Q |Vu(z)[*dz+A21(u), for A € (1,00),
lead to the last claim (iii). Completeness of the proof. O

1.2. Assumptions and main results

As FE is the Fréchet-differentiable functional with derivative E’, let suppose that u # 0
is a critical point of E, i.e., E'(u) = 0. Then necessarily u is contained in the set

N = {u € Hy(Q\{0} : I(u) = (E'(u),u) = O},

so N is a natural constraint for the problem of finding nontrivial critical points of E,
N is called the Nehari manifold associated with the energy functional E. By Lemma
1.1 we know that A is not empty set. It is clear that F(u) is coercive on N. The
depth of the potential well, denoted as d, characterized by

d= ulélj{[E(u) (1.10)

Under the appropriate conditions we have d is a positive finite number and is therefore
well-defined. For E; is a constant given by

g1
=2ty (1.11)
G1+1lga—1
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we define the modified stable and unstable sets as follows
W = {u€ Hj(Q): E(u) < Eq, I(u) >0} U{0},
U={ueH)Q):E(u) <Eq, I(u) <0}.

2. Blow-up and bounds of blow-up time

In this section, we get new bounds for the blow-up time to problem (1.1) if the
variable exponent ¢(.) and the initial data satisfy some conditions. Before stating our
main results, without proof, we preferably give the following theorem of existence and
uniqueness, as well as the regularity:

Definition 2.1 (Weak solution). [20]4 function u(z,t) is said to be a weak solu-
tion of problem (1.1) defined on the time interval [0,T], provide that u(x,t) €
L (0,T; Hy () with uy € L*(0,T;L*(Y)), if for every test-function n € HE(S)
and a.e. t € [0,T], the following identity holds:

(ue, ) + (a + b||Vu||§) (Vu,Vn)g = <|u\q(w)*1u,n)ﬂ, a.e. t € (0,7), (2.1)

with u(z,0) = ug € H} ().

Without proof, we give the local existence of a solution of (1.1) that can be ob-
tained by the Faedo-Galerkin methods together with the Banach fixed point theorem
1, 8].

Theorem 2.2. Assume that (1.3)-(1.4) hold. Then the problem (1.1) for given ug €
HY(Q) admits a unique local solution

u € C ([0, Tmax) ; Hy (), u € C ([0, Trmax) ; L*(R)) ,
where Tnax > 0 is the mazimal existence time of u(t).

2.1. Function spaces and lemmas

In this section, we present some preliminary concepts and notations that we shall
employ in our further analysis. Let us start by introducing the variable-order Lebesgue
space LP()(Q), which is defined for all p: Q — [1, +00] a measurable function as

LPY(Q) = {u : Q — R measurable : / \u(x)|p(‘”) dz < —I—oo} .
Q

We then know that Lp(‘)(Q) is a Banach space, equipped with the Luxemburg-type

norm ( )
p(x
Jull, = inf {)\ >0, / —“(;) dz < 1} .
Q

Next, we define the variable-order Sobolev space W P()(Q) as

W) (Q) = {u € LPY(Q) : Vue Lp(')(Q)} ;

equipped with the norm
lullwrro @) = ||U||;27(‘) + ||VU||;2)(.)- (2.2)



510 Nadji Touil and Abita Rahmoune

Moreover, in what follows we will need the following embedding result from [12, 13].

Lemma 2.3. Let Q C R" be a bounded regular domain. It holds the following.
1. Ifpe C(Q) and q: Q — [1,4+00) is a measurable function such that

eisesi)nf(p*(x) — q(a:)) >0,

with p* defined as in (1.2), then Wol’p(')(Q) — LIO(Q) with continuous and
compact embedding.
2. Ifp satisfy (1.3), then ||ullpy < C||Vullp.y for allu € Wol’p(')(Q). In particular,

llullipc) = IVullp) defines a norm on Wol’p(')(ﬂ) which is equivalent to (2.2).

It is not difficult to set up the following lemma’s, so we will ignore its proof here.

Lemma 2.4. Allow (1.3)-(1.4) to apply. Let u(t) := u(x,t) be a local solution to prob-
lem (1.1). Then, the following assertions hold:
(i). If there is a time to € [0, Tinax) such that u (to) € W and E (to) < d, then u(t)
stays within the set W for all t € [to, Tmax)-
(ii). If there is a time to € [0, Tmax) Such that u (to) € U and E (to) < d, then u(t)
stays within the set U for all t € [to, Tmax)-

Lemma 2.5. Suppose that a positive, twice-differentiable function ¢ (t) satisfies on
t > 0 the inequality
o —(1+a) (@) >0, a>0.

If
©(0) >0, and ¢'(0) > 0,

then, then there exists t; € (0, aﬁ(%)) such that

p(t) = o0 ast — .
Lemma 2.6. Let 2 be a bounded domain of R™, q(.) satisfies (1.2) and (1.4), then

B||Vully > |Jull for all u € Wy*(Q). (2.3)

q()+1>

where the optimal constant of Sobolev embedding B is depends on q1 2 and |€].

Lemma 2.7. Assuming (uo,u1) are in Hi(Q) x L2(Q)) and that ug is an element of U,
the following holds:

1 1 1 .
< 2 g+l 2 4 g0 +1 4 Tmax .
d< (2 " 1) al|Vu(t)|lz + (4 p— 1) b|Vu(t)|s,  fortelo, )

Proof. Because ug € U, according to Lemma 2.4 u(t) € U for t € [0, Ty ) and thus
I(u(t)) < 0. By Lemma 1.1 there exists A* € (0, 1) such that T (A\*u) =0, i.e

/ NI (@) |1 dz = a (V) [ Vull3 + b (V) Va3
Q
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Thanks to A* < 1 we can derive from the definition of d

* +\4 \q(z)+1
1< B = o 1wunl + o g - [ )

o q(@)+1
)2 w\4
<o) Sl - g [0 ol

Ju(t)[" de

Va3 +b
~ (3~ 1) O e + (5 - ql) ) BITuDI + T Ou(o)

1 1 , (1 1 .
<(=- - .
< (2 Q2+1) allVu(t)|3 + (4 q2+1> bl Tu(t)]

The proof is completed. O

Suppose there are positive constants By, a1, ag, and F; that satisfy the following
argument:

b
B1 = max(l,B) , g = \/G”VU()”% + §HV’LLO”§,

2 a1+1
a; = (Bl) a0 Fy = <1 _ 1) 04%.
a 2 q1 + 1

Based on equations (2.3) and (2.1), we can come to a conclusion that

(2.4)

Q

1
E(t) > Vull3 + fuwné—mmax(||u||3§ji1,||uuq1>+1)

[\D

a 1 2 QZ;l 2 QI;I
> |Vul} + 2 vull} - PRl ((B% Ival3) * . (B2 IVul})
1 1 B2\ B2\ 7
>-a? — max =1 a®tl (=L a1 =g (a) Ya >0,
2 q+1 a a

(2.5)

where a = \/a||Vu||§ + %||Vu||‘21

To the best of our knowledge, no evidence has been found regarding the blow-up
of solutions to this equation in R™, given the initial data at a high energy level. This
paper aims to investigate this matter by examining the finite-time explosion of weak
solutions in the initial boundary value problem provided.

In the following sections, we will present our main theorems
For3<qi <q(x)<g < Z—J_rg, we have the following result

2.2. Results on the blow-up time

Theorem 2.8. Supposed that q satisfies (H1). If ug # 0 is chosen in such a way that
E(ug) < Eq and (%)ﬂhﬂ > (al|Vuol3 + g||VuoH§)Q1T+1 > «y. Then the solution
of the problem (1.1) will eventually blow-up in finite time T. Moreover, the blow-up
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time T can be estimated from above by ZA“ where

(CII + 1 |Q| (IQ )

(@1 —1) (1 = 3) (1 - ((q1 +1) (% - ES%“)))II>
= max iy (2.6)
(@1 +1)[Q]" 7 (fg uOdw) ’

(g2 = 1) (1 = 3) (1 — ((fh +1) (% _ Eg‘%‘”))ﬁ)

Lemma 2.9. Let define h: [0,4+00) — R as

h(a):%aQ ! (BQ) Qmit1 (2.7)

g1 +1
Then, under the assumptions of Theorem 2.8, the following properties hold :

~)

(i). R is increasing for 0 < a < a and decreasing for a > ay;
(if). lim h(a) = —oo0 and h(a1) = Es.
a—r+00

Proof. By the assumption that By > 1 and p; > 1, h(a) = g(a), for 0 < a <

a1+1
(&) o Moreover, h(a) is continuous and differentiable in [0, +00).

Ja
a1+1
B2 3 B —q1+1
h (o) =a- (1> o', 0<a< (1> i
a Vva

Then (i) follows. Since g1 —1 > 0, we have lim h(a) = —oco. A typical computation

a—r+00

yields to h(ay) = Ej. This means that (ii) is true. O

Lemma 2.10. According to Theorem 2.8, it can be assumed that there is a positive
constant ay > «q such that

b
\/a||Vu||§ + 5||Vu||;1 >ay, t>0, (2.8)
1 1 /B
/ —— ju(z, )" dz > =t ot (2.9)
aq(x)+1 ’ T +1\ a ’
and .
1 E(u a1 =T
071 > ((q +1) (2 - Eyﬂ)) > 1. (2.10)
1

Proof. According to Lemma 2.9, since E(ug) < E7, there must be a positive constant
ag > a1 such that E(ug) = h(az). Using equation (2.5), we can see that h(ag) =
g(ag) < E(ug) = h(az). With the help of Lemma 2.9(i), we can conclude that ag > aq,
which proves that (2.8) holds for ¢t = 0. Now, to prove (2.8) by contradiction, let’s

assume that there exists a t* > 0 with \/aHVu ) 13 + 5[Vu (t*) |4 < as. By the
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continuity of \/ [Vu(,t*) |2+ 2| Vu (., t*) |3 and a2 > a1, we may take t* such that

ag > \/ [Vu (t*) |13 + 2| Vu (¢*) |4 > a1, then it follows from ) and (2.7) that

(2.5
E(ug) = h(a2) < h (\/aHVu (t*) )13 + f||Vu (t*) ) E(t
which contradicts to (1.6), and (2.8) follows. By (2.1) and (??), we obtain

1 z
/ — (2, 1)1 A > 2 V)3 + fnv 14 — E(uo)
a9 2

x)+1
1 1 B?
>,a2_ha Q1+1
=22 (a2) = 111+1( )

and (2.9) follows. Since E(ug) < Ey, by a simple calculation, we can check

(o0

then the second inequality in (2.10) holds, and we only need to show the first in-
equality. Denote [ = %’ then 8 > 1 by the fact that as > a3. So it results from
E(Uo) = h(OéQ), B; > 1 and (24) that

(2.11)

1 1 +1 -1
g1 +1 aﬂlgn Bgl ﬁq1+1a1111
1

1 1
— 202 - q1— 1 2 - q1—1
a6 (5 - o) za (5 o).
which implies that the first inequality in (2.10) holds. O

E(uo) = h(az) = h (Bay) =a? ( B2 —

Consider H(t) = Ey — E(t) for t > 0, the following lemma holds.

Lemma 2.11. According to Theorem 2.8, the functional H(t) mentioned earlier has
the following estimates:

0< H(0) < H(t /7ux,t 1@+ 4. 1> 0. 2.12
(0) < H(t) < Qq()+1|( )| (2.12)

Proof. By (1.6), H(t) is nondecreasing in ¢. Thus
H(t) > H(0) = Ey — E(ug) >0, t>0. (2.13)

Combining (2.1), (2.4), (2.8) and a3 > ay, we have
1 1 b
H(t)— | ——— Ju(z,0)|" " dz =F, — = 24 2| Vull}
0= [ g el do =B = 5 (@l Tul} + 59l

1 1 1
<[(=- 2_Za2<0,t>0.
_<2 ql+1>a1 PRI

(2.12) follows from (2.13) and (2.14). O

(2.14)

With the three lemmas presented above, we can give the proof of the Theorem
2.8.
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Proof of Theorem 2.8. Let define the function

o (t) = %/Qu(x,t)de, (2.15)

According to the definitions of E(t) and H(t), the derivative of ¢'(¢) meets the re-
quirements

o (t) = /Q w(z,t)ug (z,t) dz

:/ u(x,t) (M </ |Vu|2d:r> Au + |u|q(x)1u> dz
Q Q
:—a/ |Vu(a:,t)\2dx—b/ \Vu(x,t)|4dx+/ |u\q(w)+1 dz
) Q )
1
> (—4E(t)+a||Vu||§ —4/ |U|Q(I)+1dx) +/ ‘u|q(f£)+1 de
q(z) +1 Q
—4(F1—H 1— Q(I )+1
(£, <m+( qﬁ4)/mxt| ar

> —4F + QH

(2.16)

By (2.4) and (2.8), we see

+1

a1
1B =15 +B(Bﬁ‘**=2“11(¥>z‘ﬁ“
Q1 q1 a
+1 a1 +1
) (@)
[0 a
« 2 (2.17)
-1 q1+1 )
(5] e
q1

_ 3 q1+1 .
<I (m) / lu (1)1 dg.
g +1 \a Q

According to Lemmas 2.11, (2.16) and (2.17), this result

(2 [ u o o (2.18)
Q

o q1+1
_wm3 (@ >0
@1 +1 a2
According to Holder’s inequality we have

@““<><03/WW“A%
Q

where

. (2.19)
w*m<@/w“%x
Q
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where
q1+1 g2+1

a1—2 1 2 2—1 1 2
<2> 5 and CQ = 2 (2>

|| is the Lebesgue measure of 2. Then it follows from (2.18) and (2.19) that

¢/ (1) >y min ( / |u<m,t>\q1“ dz, [ ut et dx)
Q

>~ min

this implies

1% v -1\
( =)

> min —2
1*42 a3 —1
O YA
2C5
Now, let
ai 172q1 a2 1—2q2
0 < T" := max 2201(/ u%dz) ,2202</ ugdx) < 00,
(@ —1) \a (2 —1) \Ua

(2.20)
then ¢(t) blows up at time T*. Hence, u(x,t) discontinues at some finite time 7" < T*,
that is to means, u(z,t) blows up at a finite time 7. Next, we estimate 7. By (2.10)
and the values of v, C1, Cs, we have

290 _ (1 +1)
1—1 o
Y(qn —1) (@1 —1)(q1 —3) (1 - ((q1 +1) e _ Eg?))) m )
290, (qn+ 1)1
v(g2 — 1)

(g2 = 1) (1 —3) (1 - ((q1 +1) (% N Efi”)))

The pair of inequalities shown above coupling (2.20) imply that T < T™* < f, with T
being a fixed in (2.6). O

Forl<qi <q(z)<g < ”J_rg, we have the following blow-up results

n

Theorem 2.12. Let u(x,t) the weak solution to problem (1.1) with the initial data
ug € HE(Q) are such that ug # 0.

1. Let q satisfy (H1). Suppose that one of the following claims holds:
(1). E(ug) <0,
(ii). F(0) < Eq,
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q1+1 ’ 2(qa+1)
A1 > 0 is the first eigenvalue of —A in  with homogeneous Dirichlet
boundary condition.
Then u(x,t) blows up in finite time. Moreover, the upper bound for T has
the following proprieties:

(iii). 0 < E(ug) < Co|luoll; £ min (a(‘hfl)/\l ba1=3) /\2||U0||§) luoll5, where

lluoll3
< 2 .
= (1—¢%)E(uo)
In case (i), when E(ug) < Eq, then the T can be bounded above as:

In case (i), T

T 4qs [|uol3 .
T (@1 = D2 (g1 + 1) (Eq — E(0))
4q1[luoll3
I T< 2 .
mcase (i), T S G i (ot 0y 32 o ) o B o))
2. Let q satisfy (Hz) . Suppose that the following claim holds: E(ug) < —L24L b (e),

q1+5 4e
where
4
3—aq Be- ULt IS 7
4 4
0 < ¢(e) = max < | (2.21)
3—q _awrigy+ 1)
B 27T
4 <€ Ty
and
b 1)°
0<5§49%?l, (2.22)

. Then T < 400, which implies that u(x,t) blows up in finite time. Moreover,
the upper bound for T has the following form

e Juoll3 |
(1- ) (L5 Bwo) + £¢(9))
Proof. 1. (I) Set
MWZ%M@ﬁaJ@Z—MMWé—WM%W,
then M(0) > 0, J(0) > 0. By (1.7) we have J'(t) = E(u(t)) = ||ut(t)||§ >0
which infers that J(t) > J(0) > 0 for all t € [0,T). Evokmg (1.5), (1.8) and the

fact that ¢; > 3, we gain, for any ¢ € [0,7T), that

M/ (1) = ~I(u(t)) > ~ (ar + D E@) + (0 — 1) 5[Vull + 5 (@1 —3) [Vull

(2.23)
> (g1 +1)I(),
This, when combined with the Cauchy-Schwarz inequality, results
1 1
MM (t) =5 @) 3 e (Il > 5 llu@)]3 (0113
1 1 +1 (2.24)
>2 () = 5 (1) = L= () (0),
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Based on direct calculations, it can be inferred from (2.24) that

(M= ) =M= ) (Yom( - 20 0) >0
Therefore,
0 < w:=JOM "2 (0) < JOM "2 (1)
s QLG (M (t)) . (2.25)

By integrating (2.25) over the interval [0, ¢], where ¢ belongs to the open interval
(0,T), and taking into consideration that g; > 3, we can derive the following
result

1—-q3

(M= () - M (0)

rt <

1—qf

or equivalently

¢ —1
2

It is clear that (2.26) cannot hold for all ¢ > 0, implying T' < +oc. Furthermore,
it can be deduced from (2.26) that

1-q1

0<M () < M2 (0) —

Kt, te(0,T). (2.26)

re 2 i oI5
T (@ -1k (1 —aq7)E (uo)

(IT) Assuming the existence of u(t) globally, we will use contradiction and define
the following function:

(0) =

t
o(t) = / la(s)Bds + (To — ©) fuoll? + B (¢t + 1), t € [0.Tl, to > 0. (2.27)

where tg, Ty and (8 are positive constants to be determined later. Then we have

0' (1) =llu(t)||3 — lluoll3 + 28 (t + to)

:/O %Hu(s)”%ds + 28 (t + to) (2.28)
=2 t ug(s)u(s)dads + 26 (t + to) ,
0 Q
and
0'(6) =2 [ w(Outt)de +25. (2:20)

Using (1.1), and (2.29) we deduce that

0"(t) = ~allVul ~ | Vull + [ fulr o+ 25. (2.30)
Q
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Based on (2.27), (2.28) and (2.30), it can be concluded that

g +1

5 (0'(1)

=20(t) [—a|Vu||§ — bHVuH;l + / |u|q(z)+1dx + B}

2

_aTl +1 ( / /ut s)dxds + 28 (t+t0)> (2.31)

=20(t) [—a|Vu||§ —b||Vul]3 + / |u|q(z)+1dx + ﬁ}
Q

0" (4)0(t)—

#2000+ 0 o) - (00— @ -0 jul) (5+ [ Jan(o)as)|

where 7 : [0,7] — R is the function given by

0 = Qﬂwwm”+/Ww@ﬁw)(ﬁ+[fud@@dﬁ

(st [ [ uion dxds)? (232)

By utilizing the Cauchy-Schwarz and Young’s inequalities, we can ensure that:

(/uo <m@2ﬂmm@mmm&

t+a//¢t s)dads <B (¢ + ) /Wuﬂﬂmﬂ/HUHﬂs

By (2.33), we get

<>ﬁtuo/wm m&+@/m @®+/nm M®/nunﬂs

—2,Bt+to//ut dxds—(//ut dmds) >0, Vtelo,T].

(2.33)

(2.34)
From (2.31) and (2.34) we obtain
0" (001~ L (0(1)” = (1), (2.35)

where ((t) is given by

t
dﬂ=4dW@—%Ww%ﬂ/wwmﬂww%ﬂm+w@+/m®@®>
(2.36)
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We will now make an estimation of {(t), using equations (1.7), and (2.36) yields

C(t) = — 2] Vul2 — 25| Vul + 2 /Q 1@+ g

+2(q1 +1)E(uw) —2(q¢1 +1)E(uo) —2¢:8
> — 2a||Vul3 — 20| Vull3 + (g1 + 1) al|Vull3

b
+5 (a0 + 1) [Vulls = 2 (g1 + 1) E(uo) — 2018

2 (2.37)
-3
= (@~ )| Val}3 + T30 Vull} — 2 (@ + 1) Buo) — 2018
1 1 1 1

(53— 27 lvuli+ (5 - ) ol
=2(q1 +1) o o q
_E _ 4l

(uo) qﬁ—lﬁ

Let 3 be a positive value such that 8 € (0, qlq—fl (Eq — E(uo))} , and since ug € U
by Lemma 2.7, we have:

1 1 1 1
<(zZ_- = 2 - 3. 2.
i< (5= ) VeI + (- g ) oIveol @39
And by assuming E(ug) < E4 we get
g —1g+1
E < d<d
(o) Gq+1lg—-1 —
1 1 1 1
<(z-— 24 (- —— 1
< (5 57) VeI + (5 - 7 ) HIVuls
(2.39)
If we connect (2.37) and (2.39) we obtain
¢(t) > p>0. (2.40)
From (2.35) and (2.40), we reach at
1
0" (1)0(t) - L= (0 (1)) = (). (2.41)

By the continuity of 6 and equation (2.38), we can infer that there exists a
positive constant ¢ such that 6(t) > ¢ for ¢ in the interval [0,T]. Therefore,
equation (2.41) produces

_atl
2

In this case, we prove that T cannot be infinite, meaning there is no weak solution
at all times. We use Lemma 2.5 to infer that 6(t) — oo as t — T, where

0" (£)0(t) 0'(£))° > cp. (2.42)

__ 60 Toluol;+ 515
"7 (g —1)0'(0) (@1 —1)Bto
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there exists a T™ < T, which
t
iy [ u(s) s + (To = &) ol + B (¢4 to)? = .
t—=T* Jo
Let’s choose appropriate values for ¢y and Ty. We can set tg to any number that
depends only on ¢, d — E(0) and g

2
[[uoll3
(@ — 1)
If ¢y is fixed, then Tj can be chosen as
_ Tolluol3 + 823
(@1 —1)Bto

pt3
(g1 — 1)Bto — [[uol3
The lifespan of the solution u(z,t) is bounded by a certain number as

Ty = inf iia _ 4wl 4qy ||uolf3 .
tzto ((q1 — 1)t — ||uo|\§) (@1 =128 (1 —1)*(q1 +1) (Eq — E(uo))

Due to the arbitrariness of Ty < T it follows that

to >

To

so that

T) =

4q1 ||uoll3
DS G D2 @+ D) (B Buw))

(III) To deal with the case 0 < E(ug) < Cy ||uo|\§, first, it follows from the
definitions of I(u), E(u) and the assumption (ii) that

a(lqgp —1 b(q1 —3
1 (u0) = (a1 + DE (ug) — "L g2 - X =3 g
alqgp — 1
= @+ 1) (B0) ~ Colluol) — 2L (1ol — s o 2)
b(g1 —3
U823 gt <0

We claim that for all ¢ € [0,T), I(u(t)) < 0. Otherwise, there would exist a
to € (0,T) such that I'(u(t)) < 0 for all t € [0,%) and I (u (tp)) = 0. By (2.23),
we have that [|u(t)||3 and ||u(t)||3 are strictly increasing in ¢ for t € [0,%0), and
therefore

0 < E(uo) < Co [luoll3 < Co llu(to)]3- (2.43)
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On the other hand, we can deduce from the monotonicity of E(u(t)) and
(1.5)

( -1 b(q1 — 3)

4(q1 +1)

A%uo@) ot (to) 2 = Co [l (ko) 2.

IVu <to>||2+#1< (to)

7 (k)3 + i

)

)
(a((h — 1) " b(q1 — 3)
(a+1 "7 2(q+1)

+
—_

Therefore, since (2.43) is contradictory, we have I(u(t) < 0 for all ¢t € [0,T).
Then, ||u(t)||? is strictly increasing on [0, T') and ||u(t)||3 is also strictly increasing
on [0,7T). For any Ty € (0,T), 8 > 0, and to > 0, we define

:/0 lu(r)3dr = (To — 1) luoll5 + B(t +t0)*, ¢ € [0,To). (2.44)

Through a direct calculations

t
F0) =018 - ol + 250+ 10) = [ )3 + 200+ 10)
:2/ (uy 1) dr -+ 26t + to),
0
F(t) =2 (u, ug) + 28 = —2I(u(t)) + 28

(2.45)
= 2(qu + DE(u(®)) + a(gr — 1) Vu(t)|3 +

b —
a1 =) gu (o) + 28

=—2(q + E (uo) +2(q1 + 1)/0 lur ()5 dr + alqr = 1)[[Vu(®)]3

+ 1) )8+ 28,

For t € [0,Tp], set

(/ (D)2 + Bt + 1) )(/ ol + 5)

_ (/Ot (u,ur)dr+ﬁ(t+to))2

By applying Cauchy-Schwarz and Hoélder’s inequalities, we can show that F'(¢) is
non-negative on the interval [0, Tp]. As a result, we can use equation (2.44)-(2.45)
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and the monotonicity of ||u(t)||3 and |lu(t)||3 to conclude

- )

F@)F"(t)
2

—F(O)F"(t) — 2(q1 +1) (/Ot (u,ur)dr + B(t + to))
—F(O)F"(t) + 2(q1 + 1) [9(1&) - (F —(T —t) ||uo||§) (/ot s 15 dr + 6)}
>F(t)F"(t) — 2(q1 + 1)F () </Ot lur |5 dr + ﬂ)

=F(t) | =2(q1 + DE (uo) + 2(q1 + 1)/0 lurll3 d7 + algy = 1) Vu(®)|3

b(f112—3>||w(t>|g+2ﬂ—2(q1+1>/0 uTIIEdT—Q(fh“W}

blar =3)
2

blgr —3)
2

>F(t) |—2(q1 + 1)E (uo) + alqr — 1)1 [u(®)]3 +

Aﬂmoﬁ—zm4

>F(t) |—2(q1 + 1)E (ug) + min <a(q1 — 1)y,

ﬁm&@wm@—Mﬁ]

2(ar + DF(E) |Coluol ~ B (un) — 22| >0
a+1
(2.46)
Choosing 0 < f < ‘hq—‘fl (CO ||u0||§ - E(u0)> . Then using Lemma 2.5, to infer

F(t) — oo as t — T, where
co_ FO)  Toluoly+ 5t
~ (@ = 1)F(0) (@1 —1)Bto

Let’s choose appropriate values for ¢y and Ty. We can set tg to any number that
only depends on ¢, d — E(0) and ug as

(2.47)

2
[[uoll;

to > ——.
(1 —1)B
Fix tg, then Ty can be picking a

7= D luoll + 523
(@1 — 1)Bto

so that
Bts
(a1 = 1)Bto — [luo]l3
Therefore, the lifespan of the solution u(zx,t) is bounded by
t2 4 ;
TO = inf ﬂ 5 = a HUOH2 5 s
o lgn — D50~ Tuoll2 (a2 — 12 a1 + 1) (Co ol — B o)

Ty =
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due to the arbitrariness of Ty < T it follows that
41 [|uoll
(a1 = 1) (g1 + 1) (min (alar = DAL, 27208 fuol13) o 3 — B (uo) )

2. To handle the case where 1 < ¢1 < ¢g(z) < ¢2 < 3, we modify the energy
functional E by setting

Tp <

MO = Sl 0 = -B(0) - (S EO) + 1e©)
2 Bule.0) - (Bl + (@)
then M(0) > 0, J(0) > 0. By (1.7) we also have
7(6) = — S B(u(t) = fua(t)]3 >

It implies that J(¢t) > J(0) for all t € [0,T). Additionally, Lemma 2.6 states that
for any € > 0

[l e < B (I0ulg g )

4
3—q (B q+1\*=n
vl + 22 ()
£ 1
< max 4
3—q B g +1)\3x
4
vl + 252 (g2
< < Vulf + (o).

which give
4o 1 (z)+1 1
[Vully =2 = [ Ju]"" de — —c(e),
g Jo g
and from (1.5)
a b 1
E - Z 2 e 4 _/ - q(x)—i—ld
) = GIVul}+ JIVul - | o e

a b1 1 b
> ¢ 2, 22 a(x)+1q,. _ q(@)+1 3, _ 2
> GIVul+ g7 [ e - — [ e - o).

also using (1.5), and (1.5)2 we have

4
b||Vul|s < 4E(0) + 7/ w1 @+ g,
Vull; O+ Q||
in which (1.5)2 becomes

4
I(u) < af|Vul|2 + 4B(ug) + —— / 1)+ g
(h + 1 Q

a -1
_/Q |u|q(m)+1dx + % ||VUOH§



524 Nadji Touil and Abita Rahmoune

thus we obtain, for any ¢ € [0,7T), that
(@1 +1)E(u) — I(u)

—1 b 1
> @ al| V|3 + blant+1) / || 9@+ g — / |u|?1@H dg
2 4e Q Q
b 1 4
—4E(ug) — (91 + )c(e) — / | 9@+ g +/ |u| 9@+ g
45 Q
bl +1) / b(gi +1)
> @)+ gy — 4B T
- ( 4e g1 +1 ful o (uo) = de ¢(e)
b 1
> —ap(ug) - Yo
this meaning that
b(gn+1
MI(1) = ~I(u) > — (g + 1) E(w) ~ 4B(ug) — "1V e @) = — g0+ 1)30),
which, together with Cauchy-Schwarz inequality, yields
1 1 1 o4 +1
M()I'(0) = 5 ()3 )3 > 5 (u)® = 5 (M) > L2200,
By direct computations as previously, it follows that
—a a1 ¢ -1 _ a1+l
7 (t) < (0) — 5 JOM~ 72 (0)t, te(0,T). (2.48)

It is obvious to see that (2.48) cannot hold for all ¢ > 0. Therefore, T' < +o0.
Moreover, it can be inferred that

2 iy o3
" (gF - DIOL () (1-¢2) (5B (w) + £e(e))

O

Remark 2.13. It is not possible to compare the conditions in Theorem2.8 and The-
orem2.12, which use E4, Eq, and E(ug). However, when 1 < ¢1 < ¢(x) < g2 < 3,
instead of 3 < ¢1 < ¢(z) < g2 < 2%, and n > 3, three new blow-up criteria are
obtained which have not been addressed before in [14, 15].
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