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Abstract. In this paper a class of nonlocal diffusion equations associated with a
p-Laplace operator, usually referred to as p-Kirchhoff equations, are studied. By
applying Galerkin’s approximation and the modified potential well method, we obtain
a threshold result for the solutions to exist globally or to blow up in finite time for
subcritical and critical initial energy. The decay rate of the L? norm is also obtained
for global solutions. When the initial energy is supercritical, an abstract criterion
is given for the solutions to exist globally or to blow up in finite time, in terms of
two variational numbers. These generalize some recent results obtained in [Y. Han
and Q. Li, Threshold results for the existence of global and blow-up solutions to
Kirchhoff equations with arbitrary initial energy, Computers and Mathematics with
Applications, 75(9):3283-3297, 2018].
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1 Introduction

In this paper, we study the global existence and finite time blow-up of solutions
to the following parabolic type p-Kirchhoff initial boundary value problem

ug — (a +b/, |Vu|pdx> Apu = |u|T u,  (z,t) € 2 x(0,T),
u=0, (z,t) € 002 x (0,T), (1.1)
u(z,0) = up(x), x € L.
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Here a,b are two positive constants, Ayu = div(|Vu[P~2Vu) is the standard
p-Laplace operator with p > max{2n/(n+2),1}, 2p—1 < ¢ < p* — 1, where p*
is the Sobolev conjugate of p, i.e. p* = +o0 for n < p and p* = np/(n — p) for
n>p. 2CR*(n >1)is a bounded smooth domain with the boundary 942,
Moreover, ug € Wy ?(£2).

In the recent years, much effort has been devoted to nonlocal problems
because of their wide applications in both physics and biology. For example,
when the length changes of the string produced by transverse vibrations is
taken into account, the classical D’Alembert wave equation for free vibrations
of elastic strings is replaced by (see [8])

eus, + us — M(/Q |vu8|pdx)A,,u8 = f(x,t, ), (1.2)

where M(s) = a+ bs, a,b > 0 and p > 1. For p = 2, such nonlocal equations
were first proposed by Kirchhoff [11] in 1883 and therefore were usually re-
ferred to as Kirchhoff equations. The existence, uniqueness and regularities of
solutions to Kirchhoff type equations were well studied since the pioneer work
of Lions [15]. We refer the interested reader to, for example, [4,5,17] and the
references therein. By taking ¢ = 0 formally, (1.2) becomes a Kirchhoff type
parabolic equation

up — M(/Q |Vu|pdx)Apu = f(x,t,u). (1.3)

Problem (1.3) can also be used to describe the motion of a nonstationary fluid
or gas in a nonhomogeneous and anisotropic medium, and the nonlocal term
M appearing in (1.3) can describe a possible change in the global state of the
fluid or gas caused by its motion in the considered medium [6].

When f(z,t,u) = f(z) and 0 < m < M(s) < M, for all s > 0, Chipot et al.
investigated the existence, uniqueness and asymptotic behavior of solutions to
(1.3) for both p = 2 and general p > 1 (see [2,3]). The stationary problem
associated with (1.3) was also investigated in detail by using variational meth-
ods. On the other hand, when the nonlinearity f depends on the unknown u
and grows super-linearly with respect to u as it tends to infinity, the solutions
to (1.3) might blow up in finite time. Recently, Han and Li [10] considered
the global existence and finite time blow-up properties of solutions to (1.3)
with f(z,t,u) replaced by |u|?"'u when p = 2 (under homogeneous Dirichlet
boundary condition). By applying the potential well method first proposed by
Sattinger et al. [19,22] and then improved by Liu and Xu [16,24], they obtained
a threshold result for the solutions to (1.1) to exist globally or to blow up in
finite time when the initial energy is smaller than or equal to the depth of
the potential well. The decay rates of the global solutions were also derived.
Moreover, some sufficient conditions for the existence of global and finite time
blow-up solutions were also given for supercritical initial energy, by using some
variational tricks.

Inspired by some ideas from [6,10,13,21,24], we shall consider the global
existence and finite time blow-up of solutions to problem (1.1) for general p > 1,
by combining the modified potential well method with the classical Galerkin’s
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approximation and energy estimates. It is noteworthy that the results obtained
here are not trivial generalization of that of the case p = 2 in [10]. The
main difficulty is of course brought by the diffusion term, a combination of
a nonlocal term and a p-Laplacian, which usually prevent us from obtaining
the convergence ||Vuy,l||, — [[Vul|, by the boundedness of the approximation
solutions {u,} in Wy**(£2). To overcome this difficulty, we will make full use
of the monotonicity of the nonlocal operator to recover the strong convergence
(see Theorem 1). In addition, by applying the concavity arguments introduced
by Levine [12] together with the properties of potential wells, we obtain the
existence of finite time blow-up solutions under proper initial conditions. When
the initial energy is supercritical, we will give some sufficient conditions for
problem (1.1) to admit solutions that vanish at infinity or solutions that blow
up in finite time, in terms of two variational numbers. As a byproduct we
show that for any M > d, there exists a ug such that J(ug) > M and that the
solutions to problem (1.1) with wg as initial datum blow up in finite time.

It is worth pointing out that there are also some important works on Kirch-
hoff type problems involving fractional Laplacian or p-Laplacian, among which
we only mention [18,20,23], where local and global well-posedness, long time
behaviors and finite time blow-up of weak solutions are investigated, under
some appropriate conditions.

The rest of this paper is organized as follows. In Section 2, some notations,
definitions, functionals and sets as well as some lemmas concerning their basic
properties are presented. Sections 3 and 4 will be devoted to the cases J(ug) <
d and J(ug) = d, respectively, and in Section 5, we shall consider the case
J(up) > d, where J(u) is the potential energy functional that will be defined
in Section 2.

2 Preliminaries

In this paper, we denote by |lul|, the L"(£2) norm of a Lebesgue function
u € L"(2) for 1 < r < oo, and by (-,-) the inner product in L?(£2). We will
equip W, P(£2) with the norm ||uHWO1,p(Q) = ||Vul|p, which is equivalent to the
standard one due to Poincaré’s inequality. Before stating the main results, we
first introduce some notations and definitions of some functionals and sets, and
then investigate their basic properties. For u € WO1 P(£2), define

a b 1
J(u) = = ||Vu|? + —||Vul/? — 91 (the potential functional
(u) p” u||p + 2p|| u||p ) ||qu_‘_1 (the potential energy functional)

I(u) = al|Vul[l + b||Vul2P — ||u||gﬁ, (the Nehari’s functional)

and the Nehari’s manifolds

N = {u e Wy(2)] I(u) =0, |[Vul, # 0},
Ny ={ue WyP(2)| I(u) >0}, N_={uecWy"(R)| I(u) <0}

Math. Model. Anal., 24(2):195-217, 2019.
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Both J(u) and I(u) are well defined and continuous in Wy (£2) since g+1 < p*.
The potential well and its corresponding set are defined respectively by

W = {ueW,P(2)| I(u) >0, J(u) < d}U{0},
V= {uecWyP(2) I(u) <0, J(u) < d},

where d is the depth of the potential well that can be characterized by

d= inf sup J(Au) = inf J(u).
0AuEW, P (£2) A>0 ueN

The positivity of d is given in Lemma 1.

Lemma 1. The depth d of the potential well W is positive.

Proof. Since g+1 < p*, W, P(£2) can be embedded into L4+ (£2) continuously.
Denote by S > 0 the best embedding constant, i.e. ||ullq+1 < S||Vullp,, Vue€
WP (£2). Therefore, for any u € N,

+1
al| Vullp + bl Vully? = [lullity < STVl

a ) 1/(g+1-p)

which implies [|Vul|, > (W

. Recalling that ¢ + 1 > 2p, we have

a b 1
J = —||Vull? + =—||Vul|/?? -
(@ = JIVulp+ 5 IVeli -

alg+1—p) b(g+1—2p)
T plgt) IVuls+ 2p(q +1) I
alqg+1—p) ( a )p/(q+1*p) b(q+1—2p) ( a )217/(‘14’1717)

p(g+1) \Saft 2p(g+1) \Stt

(allvull + bl vu)2)

Vu||12,p

Therefore,

> alg+1—p) ( a )p/(q+1_P) b(qg+1—2p) ( a )2p/(q+1—p)
— plg+1) \Stt 2p(qg+1) \Satl :

The proof is complete. O

Next, for any 6 > 0, define the modified Nehari’s functional and Nehari’s
manifold as follows:

Is(u) = 6(a + bl VulB) I Vulh — ullfi,
N5 = {u € WyP(2)] Is(u) =0, || Vull, # 0}

The modified potential wells and their corresponding sets are defined respec-
tively by

Ws = {u € Wy ()| Is(u) > 0, J(u) < d(8)} U {0},
Vs = {u € WyP ()] I5(u) <0, J(u) < d(5)}.
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Here d(9) = uien/f/(; J(u) is the potential depth of W;, which is also positive.
For any s > d, define the (closed) sublevels of J by
J* = {ue WyP(02)| J(u) < s}.
By the definition of J(u), A, J* and d, we see that

‘ , +1-p) b(g +1—2p)
NSENNJTS = EN:LV py - V|| <
{u parn) VT Ty 1Vl S}
# . (2.1)
We also define two variational numbers
As = inf{|jull2 | v e N°},  As = sup{||ull2 | v € N*}. (2.2)

It is clear that A, is nonincreasing in s and A; is nondecreasing in s.
Finally we introduce the following sets

B = {ug € Wy (£2) | the solution u(t) to (1.1) blows up in finite time},
Go = {ug € WyP(£2) | the solution u(t) to (1.1) tends to 0 in Wy (£2)
as t — oo}

When ug € Gy, we say that the solutions to problem (1.1) vanish at infinity.

Since the equation in (1.1) is singular or degenerate when p # 2, classical
solutions may not exist in general. Therefore, we give the definition of weak
solutions.

DEFINITION 1. (Weak solution) A function u = u(z,t) € L(0,T; Wy*(£2))
with u; € L2(0,T; L?(£2)) is called a weak solution of problem (1.1) on 2 x
[0,7), if u(x,0) = ug € Wy P(£2) and satisfies

(uh¢)+((a+b/Q|Vu|pdx)\Vu|p_2Vu,V¢>:(|u|q_1u,¢), a.e. t€(0,T),

(2.3)
for any ¢ € Wol’p(Q). Moreover, u(z,t) satisfies

A s 207 + J(u(z, 8) = J(uo), . et € (0,7T). (2.4)

The following lemmas show some basic properties of the functionals and
sets defined above, and will play a fundamental role in the proof of the main
results. Most of the proofs are more or less standard and hence are omitted.
Interested readers may refer to [10,24] for the details.

Lemma 2. Let 2p — 1 < q < p* — 1. Then for any u € Wy (), |Vull, # 0,
we have

(1) limy o+ J(Au) = 0, limy_ 100 J(Au) = —00.

(ii) there exists a unique \* = X*(u) > 0 such that 5= J(Au)[rx=r» = 0.
J(Au) is increasing on 0 < A < \*, decreasing on \* < A < 400
and takes its mazimum at A = \*.

Math. Model. Anal., 24(2):195-217, 2019.
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(#i5) I(Au) >0 on 0 < A < A*, I(Au) <0 on A* < A < 400 and I(A*u) = 0.

ob )1/(q+1—2p)

Lemma 3. Let2p—1 < qg<p*—1,uc€ Wol"p(Q) and r(0) = <@

(S is the constant given in Lemma 1). Then we have

(1) If 0 < ||Vu|p, < r(d), then Is(u) > 0.
(1) If Is(u) < 0, then ||Vull, > 7(9).
(i11) If Is(u) = 0, then ||Vull, =0 or ||Vul|, > r(6).

Lemma 4. The function d(8) satisfies the following properties:
i) lim d(6) =0, lim d(J§) = —o0.
() Jim, d(6) =0, Jim, d8) = —oc

(i) d(0) is increasing on 0 < & < 1, decreasing on § > 1, and takes its
mazimum d = d(1) at § = 1.

Lemma 5. Assume u € W'(2), 0 < J(u) < d, and 6, < 1 < 8y are the two
roots of the equation d(§) = J(u). Then the sign of Is(u) does not change for
(51 <d< (52.

Lemma 6. Assume that u(z,t) is a weak solution to problem (1.1) with 0 <
J(up) < d and T is the mazimal existence time. Let 61 < 1 < d be the two
roots of the equation d(0) = J(ug).

(i) If I(up) > 0, then u(x,t) € W5 for 61 <6 <d2 and 0 <t <T.
(i1) If I(up) < 0, then u(x,t) € Vs for d1 <0 <y and 0 <t < T.

Lemma 7. Let 2p < ¢+ 1 < p*. Then

(1) 0 is away from both N and N_, i.e. dist(0,N') > 0, dist(0,N_) > 0.
(i) For any s > 0, the set J* NNy is bounded in Wy (£2).

Proof. (i) For any u € N/, by the definition of d we have

a b 1
d<d(w) = CIVullf+ g IVl — g (el Vuly + 0Vl
a(g+1—p) b(g+1—2p) 2
= ——||Vu|p + ——||Vul;P.
SV v AL

Noticing that ¢ + 1 > 2p, the above inequality implies that there exists a
constant ¢y > 0 such that dist(0,N') = injf\’[ (IVull, > co.
ue

For any u € N_, we have ||Vu||, # 0, which implies that
1
al| Vullf < al|Vullh + bl Va2 < [ulliy < ST Va|it,

or equivalently
< a \1/(g+1-p)
[Vall, > (W) -

Here S > 0 is given in Lemma 1. Therefore, dist(0,N_) = i% [[Vul|, > 0.
ueN_—
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(ii) For any u € J* NN, we have J(u) < s and I(u) > 0. Therefore,

520w = I v+ M g i)
> D,
which yields
Vull < LD

The proof is complete. O

Lemma 8. Let 2p < g+ 1 < p*. Then for any s > d, As and Ay defined in
(2.2) satisfy
0< A < Ay < 400. (2.5)

Proof. The following Gagliardo-Nirenberg’s inequality for u € VVO1 P(0) is
needed when showing the positivity of As (see [1] page 241),

« l—o 1 5
[ulli] < CJIVul|e@ D )l § Y v w e wyP(), (2.6)

where « is determined by (3 + + — %)a =1- ? and C'is a positive constant
depending only on n, p and ¢. Since p > 2n/(n+2) and 2 < 2p < ¢+ 1 < p*,
it is easy to check that a € (0,1). Therefore, for any s > d and v € N, it

follows from (2.6) that

1 1— +1
a|| Vullf < [[ull25] < C|[Vul|g@D fuf§ @,

which then guarantees that
al| Vull= D < Clfully =Y, (2.7)

By Lemma 7 (i) and (2.1) we see that the left-hand side of (2.7) is bounded
away from 0 no matter what the sign of p—a(g+1) is. This proves A; > 0. The
fact that A; < oo just follows from (2.1) and the Sobolev embedding inequality
llullz < Ci||Vullp since p > 2n/(n + 2) is equivalent to 2 < p*. The proof is
complete. 0O

In the last part of this section, we investigate some basic properties of the
nonlocal p-Laplacian —(a + b[|Vu[[P)Apu in (1.1), which will be used to prove

the uniqueness of bounded weak solutions and are also of independent interest.
Consider the following functional:

a b 1
E(u) = 7+—/ Vu|Pdx / Vul|Pdz, ue€ W,P(02).
(= (3 4y, [ IVuldz) [ [vu 27(92)

It is casy to see that E € C*(W,P(£2),R), and the nonlocal operator is the
Fréchet derivative operator of F in the weak sense.

Math. Model. Anal., 24(2):195-217, 2019.
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Denote L = E' : Wy P(2) — W~14(£2), then ¥ u, v € W, *(£2) we have
(L(w),v) = (a+ b]|[Vu|b) /Q |VulP~2Vu - Vude
= M(|Vul?) /Q Va2V - Voda.
Here ¢ is the Holder’s conjugate of p and (,) denotes the pairing between

W=14(02) and Wy P(£2).

Lemma 9. The nonlocal p-Laplacian L has the following properties:
(i) L:WyP(02) = W=b4(Q) is a continuous, bounded and satisfies for
any u,v € Wy () that
(L(u) = L(v),u —v) > [M(|Vul[5)[Vul5~
- MUV Vel (1Val, - (Vo). (28)

(ii) L is a mapping of type Sy, i.e. if u, — u weakly in W&’p(ﬁ) and
im (L(up), uy — u) <0, then u, — u strongly in W, *(£2).

n—oo

Proof. (i) Tt is obvious that L is continuous and bounded. For any u,v €
WO1 "P(£2), by using Holder’s inequality we have

(L) - L(e)u =)= [ Tal)[TuP>Vu = M(To|)VoP 7o)
Q
X (Vu — Vv)dz = M(||Vu||£)||Vu||§ — M(HVUHZ) / |Vu|p*2Vqudm
Q

+ M|Vl Volly = M([[Voll) /Q V0[P VoVudz

> M([[Vullp) IVl = MIVulD)IVulp= Vol
+M([VoIDIVolly — M (Vo) Vol I Vull,
> MVl D)IVullp™ = MVl IVl (IVull, = [Voll,)-
Therefore, (2.8) is true.
(i) If u, — u weakly in Wy (2) and Tim (L(uy),un — u) < 0, then we

n— oo
have

lim (L(u,) — L(u), up — u) <0. (2.9)

n—oo
Noticing that M (s) is strictly monotone with respect to s, we obtain from (2.8)
and (2.9) that [|Vu,l|l, — [|Vull, as n — oo, which, together with the weak
convergence u, — u in Wol’p(Q), implies that u,, — w strongly in Wol’p(Q).
Hence L is an Sy operator. The proof is complete. O

3 J(LI()) <d

In this section we consider the behaviors of the solution to problem (1.1) under
the condition J(up) < d and give the threshold result for the solutions to exist
globally or to blow up in finite time.
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Theorem 1. (Global existence for J(ug) < d.) Assume that a,b > 0, p >
2
max{ni_:;,l}, 2p—1<qg<p*—1anduy € Wol’p(ﬁ). If J(uw) < d and

I(ug) > 0, then problem (1.1) admits a global solution u € L>(0,00; Wy (£2))

with u; € L?(0,00; L2(2)) and u(t) € W for 0 < t < oo. Moreover, |lul|3 <
—-1/(p—1)

[HuOHg_zp +C*(p— 1)4 , where C* > 0 will be given in the proof. In

addition, the weak solution is unique when it is bounded.

Proof. We will divide the proof into three steps for the convenience of the
readers.
Step 1. Global existence. Global existence of weak solutions will be

proved by combining Galerkin’s approximation with a priori estimates. Let
{¢;(x)} be a system of basis of WP (£2) which is orthogonal in L2(£2) and
construct the approximate solutions v (z,t) to problem (1.1)

um(a,t) =Y a(D)e(x), m=1,2, -,
j=1

satisfying for j =1,2,--- ;m

(uf", &5) + M(|[Vu™[[P)(|Vu™P2Vu™, V) = ([u™" 'u™, ¢5),  (3.1)
u™(@,0) = > _bei(x) = ug(x) in WP (). (3.2)
j=1

Multiplying (3.1) by %a}”(t), summing for j from 1 to m, and integrating with
respect to t from 0 to ¢, we obtain

t
/ [ |2dr + J(@™) = J(@™(2,0)), 0 <t < oo,
0

Recalling the convergence of u™(x,0) — ug(x) in Wy (£2), we have
J(u™(x,0)) = J(up(x)) <d and I(u™(x,0)) — I(ug(z)) > 0.

Thus, for sufficiently large m and for any 0 < ¢ < oo, we obtain
t
/ llu™3dT + J(u™(x,t)) = J(u™(z,0)) < d and I(u™(z,0))>0. (3.3)
0

We first claim that for sufficiently large m that u™(x,t) € W for 0 < ¢ < oc.
Otherwise, there exists a ¢y € (0,7) such that u™(x,t9) € OW. Noticing that
0 is an interior point of W, we thus have

(@) I(u™(z,t0)) =0, ||Vu"(x,t0)|lp #0, or (ii) Ju™(z,t)) = d.

From (3.3) it follows that J(u™(z,t9)) < d. Therefore, case (ii) is impossible.
On the other hand, if I(u™(z,t)) = 0 and ||Vu™(z,%0)||, # 0, then by the
definition of d we obtain J(u™(x,ty)) > d, again contradictive with (3.3).

Math. Model. Anal., 24(2):195-217, 2019.
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Since u™(x,t) € W for sufficiently large m and 0 < ¢ < oo, we have
I(u™(x,t)) > 0 for all t > 0. Then it follows from the following equality

ML= 20y gumize 4 1)

m 7a(q4>17p) mi|p
T = Vel o+ S

plg+1)

and (3.3) that

m||2 (q+1 ) mp (Q+1 ) m||2p
[ igar + LB gy ML) g < g

for sufficiently large m and for any 0 <t < oo, which then implies

dp(q+1)
m||P < Z_ < .
||U || IP(Q) (q+1_p)’ O_t<OO, (34)
/ |um™||2dr <d, 0<t< oo, (3.5)
Hu™ 9 ™ | g1y /g = ™14 < Sqlluml\évol,p(m
d 1 q/p
gSQ(M) . 0<t< oo (3.6)
a(g+1—p)

By (3.4) we also see that there exists a constant C' > 0, independent of m and
t such that

I ([Vu™ [V P2V |1y
= [l(a + b V™ [5) [ Vu™ [P2Vu™ [ -1y < C. (3.7)

Therefore, by (3.4)—(3.7), the standard diagonal method and Aubin-Lions’ com-
pactness embedding theorem [14](since p > 2n/(n + 2)), we get a subsequence
of {u™} (still denoted by {u™}) such that for each T > 0, as m — oo,

u™ — uy, weakly in L*(0,T; L?(2)),

u™ — u, weakly* in L>®(0,T; Wy (£2)),

u™ — u, strongly in L2(2 x (0,T)) and a.e. in 2 x (0,T), (3.8)
|u™ |1~ ™ — |u|9 Y, weakly in L@tD/9(02 x (0,T)),

M| Vu™|[2)[Vum P2V — €, weakly* in L>(0,T; L@ (£2)).

We will show that w is a weak solution to problem (1.1) for any 7 > 0. For
this, fix T' > 0 and denote Qr = 2 x (0,T). First, since p > 2n/(n+2), we see
from (3.4) that [, [u"(x,T)[*dz < C. Therefore, there exists a subsequence
of {u™(z,T)} (which we still denote by {u™(x,T)}) and a function v € L?(£2)
such that u™(z,T) — v weakly in L?(£2). Then for any p(z) € C§°(§2) and
n(t) € C0,T], it holds that

//T u"pndedt = /Q {um(l‘,T)n(T) - um(x,O)n(O)]wdx - //T u oy dzdt.
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By letting m — oo in the above inequality, we obtain
[ =t )nT)ede =~ [ (wofe) = uta.0)n(0)pdz = .

Setting n(T) =1, n(0) =0 or n(T) = 0, n(0) = 1, and by the density of C§°({2)
in L2(£2), we have v = u(z,T) and u(z,0) = ug(x) for almost every = € 2. By
the weakly lower semi-continuity of the L?(§2) norm we get

/ (2, T)dx < hmmf/ |u™ (x, T)|*d. (3.9)
2

m—o0

Next we will show that

lim // |um|q+1dxdt:// |u| T dadt. (3.10)
m— 00 T QT

Recalling (3.4) and the fact that ¢+ 1 < p*, we have for any measurable subset
E C Qp that

// ‘um|q+1d$dt§ (/ |Um *
E E
< (// um - t)(qul)/p |E|(p*’q’1)/”*
T

T */ (¢+1)/p" . . « «
<sit[ [ ([ 1vampas)” e i <oppor o,
0 2

which shows that {|u™|?1}%°_, is equi-integrable in L!'(Qr). Here S; > 0
is the embedding constant from Wy?(£2) to LP" (£2) and |E| is the Lebesgue’s
measure of E. Since u™(x,t) — u(z,t) a.e. in Qr, the Vitali’s Theorem implies
that (3.10) is true.

Set Vi, = span{¢1,d2, - ,¢r}. Then for any w € C(0,T;Vy)(k < m), it
follows from (3.1) that

t) (g+1)/p" |E|(p**q*1)/p*

// [u;"erM(HVum||§)|Vum|p*2Vume}dmdt:// |u™ |7 MM wddt.

(3.11)
In particular, we have

// [t + M (V™ |7) Ve ] dedt = //Q e dgdt. (3.12)
T

T

Letting m — oo in (3.11) and noticing (3.8) we obtain

// Upw —|—§Vw dzdt // |u| 9 fuwdadt. (3.13)

Choosing w = u™ in (3.13), letting m — oo and making use of (3.8) again we
arrive at

. /!2 (W?(2,T) — ud(2))dz + / / EVudrdr = / / ufdrdr (314
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Our next goal is to show that £ = M (||Vul|2)|Vu[P~?Vu. For this, set
T = // M([|Vu™ P (|Vu™ P2 V™ — [VulP~2Vu)(Vu"™ — Vu)dzdt.
Qr

Then T, > 0. We aim to show that T, — 0 as m — oo, which in turn
implies that Vu™ — Vu strongly in (LP(Qr))™. Indeed, it is easily seen by the
definition of T, that

a// (|Vu™P~2Vu™ — |Vul|P2Vu)(Vu™ — Vu)dzdt < T,.
If p > 2, then

/ / (|Vu™ —VulPdzdt<C / / (|Vu™ P2V u™ = |VulP~2Vu) (Vu™ —Vu)dzdt.
Qr Qr

If 2n/(n+2) < p < 2, then

// (|Vu™ — VulPdzdt < C||[(|Vu™P~2Vu™ — |VulP~?Vu)
x (V™ = V)| oo l(IVU™ P + [Vul?) 2772 2y (-

Here the positive constant C' depends only on p. Noticing that ||(|Vu™P +
\Vu|p)(2*p)/2||L2/<27p>(QT) is uniformly bounded in m, we obtain the strong
convergence Vu™ — Vu in (LP(Qr))" from T,, — 0 for both p > 2 and
2n/(n+2) <p<2.

By (3.12) we can rewrite T}, as follows

1
T, = // ‘Um|q+ldxdt—5/(|um(x,T)|2—|um(x,0)|2)dx
T 19}
[ e vur vuasa
Qr
[ v )TV aeun - udoat
Qr

It can be concluded from (3.4) that {M([|Vu™|b)}oe—; in equi-integrable and
uniformly bounded in L'(0, 7). Thus, there exists a subsequence of {u™} (still
denoted by {u™}) and a measurable function m(t) such that M ([|Vu™|P) —
m(t) for almost a.e. t € (0,T"). Since

M (| V™ [2)|VulP 2 VulP/ "D < OVl € LNQr),
it can be deduced by Lebesgue’s dominated convergence theorem that

M (V™ [B)|VulP~2Vu — m(t)|VulP~2Vu strongly in (L @D (Qr))".
(3.15)
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Therefore, by (3.9), (3.10), (3.14) and (3.15) we have

0 < limsupT,,

m—r o0

// (Ju|?™t — ¢Vu)dadt + 1/ ud(z)dr — 1/ u?(z, T)dx = 0,
Qr 2Ja 2 Ja

which implies that lim T, = 0.

m— oo

To complete the proof of Step 1, it remains to show m(t) = M(||Vulb)
and £ = M(||Vul]8)|Vu[P~2Vu. The strong convergence of Vu™ — Vu in
(LP/P=1(Qr))™ implies

IN

/ |[Vu™ — VulPdx — 0, / |[Vu™|Pdx %/ |VulPdz a.e. in (0,7), (3.16)
2 o) fe)

Vu™ = Vu a.e. in Qr. (3.17)
The fact that m(t) = M(||Vul[y) follows from (3.16). By (3.17) we have

M([|Vu™ ||| Vu™ P=2Vu™ — M (|| Vul[2)|VulP?Vu  ae. in Qr,

which, together with (3.8) implies that £ = M (||Vu|2)|Vu[P~>Vu.
By (3.13) we obtain, for all w € C*(0,T;C§°(£2)) that

// [utw—i—M(||Vu||§)|Vu|p_2Vqu}dxdt: // |u|T ™ uwdadt.
QT T

By the arbitrariness of w € C*(0,T;Cg°(£2)) and the density of C§°(£2) in
WP (£2), we see that

(w,0)+ ((ab [ [VuPda) Va9, 99) = (ul"w,),  ae. t€(0.7),

for any ¢ € Wy (£2).

To prove (2.4) we first assume that u(z,t) is smooth enough such that
up € L2(0,T; Wol’p(ﬂ)). Choosing ¢ = u; as a test function and integrating
(2.3) over [0, 1] one sees that (2.4) is true. By the density of L2(0,T; W, *(£2))
in L?(£2 x (0,T)) it is known that (2.4) also holds for weak solutions of (1.1).
Therefore u is a global weak solution of problem (1.1).

Step 2. Decay rate. Taking ¢ = u in (2.1), we get

1d
2dt
From Lemma 6 it follows that u(z,t) € Ws for §; < § < d2 and 0 < t < o0

under the condition J(ug) < d and I(ug) > 0. Thus we have Ij, (u) > 0 for
0 < t < co. Therefore,

1d

1
lull3 = (ue,u) = —allVulll = bl Vull? + lul gy = —1(w).

YLz = 1) = (6~ DIVl + b5y~ D|VulZ ~ Iy, (0
b(d: — 1)
< Moo b) e
52
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where Sy > 0 is the best embedding constant from W, (£2) to L?(£2). Inte-
grating the above inequality over [0,t] we see that

2-2
lull < {luolls™™ +C*(p = 1)t

)

}—1/(1)—1)

where C* = 2b(1 — 61)/537 > 0.

Step 3. Uniqueness of bounded solution. To prove the uniqueness
of bounded weak solution, we assume that both v and v are bounded weak
solutions of problem (1.1). Then, for any ¢ € W, ?(£2), we have

(s, ) + M([|VulD)([VulP >V, Vi) = (ful" u, 9),
(vt ) + M([Vol[P)([Vo[P =2V, V) = (Jo]7 v, ).
Subtracting the above two equalities, taking o = u—v € Wol’p(!?), integrating

over (0,t) for any ¢ > 0 and recalling (2.8), we obtain

J[ e+ [ [araigivats - e v
t 0
X (HVUHP - HVva)dT < //Qt(|uq_1u — [v|* ) (u — v)dadr.  (3.18)

Since (u — v)(z,0) = 0 and the second part of the left hand side of (3.18) is
nonnegative, we obtain, with the help of the boundedness of u and v, that

/Q(u —v)%(z,t)dz < C’// t(u — v)%(z, t)dadt,

where C' > 0 is a constant depending only on ¢ and the bound of u,v. It then
follows from Gronwall’s inequality that

/ (u —v)*(x,t)dx = 0.

[?)

Thus v = v a.e. in 2 x (0,00) and the whole proof is complete. O
Theorem 2. (Blow-up for J(ug) < d.) Assume a,b > 0, p > max{2n/(n +
0,1}, 2p—1 < q¢ < p* — 1 and ug € WyP(2). Let u be a weak solution of

problem (1.1) with ug € Wy P(2). If J(ug) < d and I(ug) < 0, then there
ezists a finite time T such that u blows up at T in the sense that

¢
lim/ |ul|2dT = +oo.
t—=T Jo

Proof. Suppose that u is a global weak solution of problem (1.1) with J(ug) <
d, I(up) < 0 and define

t
M(t) = / Jul3dr,
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then
M (t) = ||ul3, (3.19)
M"(t) = 2(uy, u) = =2(a|| Vully + b Vull22 — [[u|41]) = —2I(u).  (3.20)

Notice that

J(u) = D) 29 T 1) Vul2P + qull(u). (3.21)
By (2.2), (3.20) and (3.21), we can get
wr) = 2L gy MO 22 gy o+ 1
- LDy ML= By
sg+) | e 2 — 2(g + 1) (o)
> ML g ot ) [ ful3ar - 20+ 1)00)

Applying the basic inequality s < s* + 1 for any s > 0 and « > 1, we further
have

M"(t) _ blg+1-2p)

t
(IFull? - 1)+ / Jur |37 — T (uo)

2(¢+1) — 2(¢+ L)p
B (E]q++11 7 lulls + /IIuTHQdT wo) + w}
AT b(g + 1 — 2p)
oot /||uf|\§dT_ st + 2120

On the other hand,

t 2
>24< / /Q ufudxdT) T 2 uolZM (1) — [l

Hence, by combining the above two inequalities and applying Cauchy-Schwartz
inequality we have

g+1

M"(t)M(t) — 5

t t
M2 > 2(q+1) / s |2dr / ul2dr
0 0

b(q+1—2p)) b(g+ 1 —2p)
p pS3

t 2
+1
g+ [ [ wrudsdr) e DllalBar o + 5 uol
0 2

b(g+1—2p) b(qg+1—2p)
pS3 p
— (g + Djug|3M (). (3.22)

~ (26a+ 1) (uo) + M(t) + M (t)M(t)

> M (H)M () = [2(q+ 1) (uo) +
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The rest of the proof will be divided into two cases.
(i) 0 < J(up) < d. By Lemma 5 we know that u(t) € Vs for ¢ > 0 and
01 < & < b2, where 07 < 1 < dy are the two roots of d(§) = J(ug). Hence
Is,(u) < 0 and ||Vu|, > r(d2) for t > 0. Then it follows from (3.20) that for
t>0
M"(t) = —2I(u) = 2a(dy — 1)[|Vul|p + 2b(52 — 1)||Vu||12,p — 215, (u)
2 2&(62 — l)rp(52),

which guarantees that
M'(t) > 2a(d9 — 1)rP(52)t,  M(t) > a(d2 — 1)rP(S2)t2.
Therefore, there exists a t* > 0 such that for ¢ > t*, we have

b(g+1—2p)

2pS32

blg+1—2p) b(g+1—2p)

—— - M'(t 2 1 _
o (0 > 2+ (o) + N

M(t) > (¢+ Dluol3,

Consequently, from (3.22), we obtain

g+l
2

(ii) J(up) < 0. We will first show that if J(ug) < 0 or J(ug) = 0 with
[IVuollp # 0, then every solution u(z,t) to problem (1.1) belongs to Vs for any
q+1

M" (t)M(t) M'(t)?> >0, t>t" (3.23)

0<d<

and 0 < t < T, where T > 0 is the maximum existence time.
Indeed, from

Is(u) _
q+1

IIVulli{a(q +1-pd)  bla+1-2pd) J(u) < J(u)

Vu p}—f—
et 2 IVl

we see that if J(ug) < 0, then J(u(z,t)) < 0 < d(4) and I(u(z,t)) < 0 for all
0 <t < T, which implies that u(z,t) € V5. If J(up) = 0 and ||Vug||, # 0, then
J(u(z,t)) <0 for all 0 <t < T, which also implies that there exists a constant
¢ > 0 such that |Vu(-, )|, > c¢. From (3.23) we again see that I(u(z,t)) <0
and J(u(z,t)) <0 < d(9), i.e. u(z,t) € Vs. Therefore, with ds replaced by §,
we can proceed similarly to case (i) to show that (3.23) still holds for sufficiently
large t.

From (3.23) it follows by Levine’s concavity argument (see [12]) that M (¢)
can not remain finite for all ¢ > ¢*, and therefore reaches a contradiction. The
proof is complete. 0O

Remark 1. (Sharp condition for J(up) < d.) Let a,b > 0, p > max{2n/(n +
2,1}, 2p—1 < ¢ < p* —1 and ug € W, P(£2). Assume that J(ug) < d.
If I(uop) > 0, problem (1.1) admits a global weak solution; if I'(ug) < 0, all
solutions to problem (1.1) blow up in finite time.
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4 J(ll()) =d

The invariance of W under the semi-flow of problem (1.1) can not be proved
in general for the critical case J(ug) = d. However, by using the method of
approximation, we can still obtain the global existence of weak solutions.

Theorem 3. (Global existence for J(ug) = d.) Assume that a,b > 0, p >
max{2n/(n +2),1}, 2p — 1 < ¢ < p* — 1 and ug € Wy (). If J(uo) = d and
I(ug) > 0, then problem (1.1) admits a global solution u € L>(0,00; Wy'P(£2))
with uy € LQ(O o0; L2(2)) and u(t) € W = WUOW for 0 <t < oo. Moreover,

if I(u(z,t)) > 0 for all t > 0, then there exists a to > 0 such that ||ul|2 <
—1/(p—1)
{Hu(to)H L O p—1)(t — to)} 8 , where C* > 0 is the same constant

as that is Theorem 1. If not, then there exists a solution that vanishes in finite
time. In addition, the weak solution is unique if it is bounded.

Proof. Let \y =1— %, k=1,2,.... Consider the following initial boundary
value problem

U — M(f_(? |Vu|pda:) Apu = [u|? u, (z,t) € 2 x(0,7),
u=0, (z,t) € 902 x (0,7),
u(z,0) = Mpuo(z) = uf, x € £

Since I(ug) > 0, it can be deduced from Lemma 2 (iii) that there exists a
unique \* = (u ) > 1 such that I(A*ug) = 0. Noticing that A\ < 1 < A%,
we get I(uf) = I(M\gug) > 0 and J(uf) = J(Mruo) < J(ug) = d. In view
of Theorem 1, it follows that for each k problem (1.1) admits a global weak
solution u* € L (0, 00; Wy *(£2)) with uf € L2(0,00; L2(£2)) and u* € W for
0 <t < oo satisfying

>
A

t
/ b |2dr + J(u) = T(ul) < d.
0

Applying similar arguments to those in Theorem 1 we see that there exist a
subsequence of {u*} and a function u, such that u is a weak solution of problem
(1.1) with I'(u) > 0 and J(u) < d for 0 < t < oo. The proof of the uniqueness
is the same as that in Theorem 1.

Let us derive the decay rate of ||ul|3. First, suppose that I(u) > 0 for
0 <t < o0, then u(x,t) does not vanish in finite time. Taking ¢ = w in (2.1),
we have

1d

— 1
2l = /Qutudx (w) <0,

which implies that u; £ 0. Therefore, for tg > 0 suitably small we obtain by
(2.2) that

to
0 < J(ulto)) = d — / s |2dr = dy < d.
0
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Taking t = to as the initial time and by Lemma 6 (i), we see that u € W; for
01 < 6 < 69 and t > to, where §; < 1 < 02 are the two roots of d(§) = d.
Hence, Is, (u) > 0 for t > t¢ and

1d
2 dt

lull3 —I(u) = (61 = D[[Vullh + b(61 = D[ Vulp? = Is, (u)

b(d; — 1)
< ;7221)“71”3])

Integrating the above inequality over [tg, ] for any t > to yields

- . —1/(p—1)
lull3 < [luto)ll3™ + C* (0 = (¢t~ to)] .

Next, suppose that I(u) > 0 for 0 < ¢t < t, and I(u(z,t.)) = 0. Obviously,
ug #0 for 0 <t < t, and fot u,||3dT > 0. Applying (2.2) again, we have

t
J(u(ty)) = d — / |ur||3dT = d; < d.
0

By the variational formula of d, we know ||Vu(t.)||, = 0, which implies u(t.) =
0. Define u(z,t) = 0 for all ¢ > t,. Then it is seen that such a u(z,t) is a weak
solution of (1.1) that vanishes in finite time. The proof is complete. O

Theorem 4. (Blow-up for J(ug) = d.) Assume a,b > 0, p > max{2n/(n +
2,1}, 2p—1<g<p*—1anduy € Wol’p(Q). If J(ug) = d and I(ug) < 0,
then there exists a finite time T such that w blows up at T in the sense that
lim, 5 lul3dr = +oo.

Proof. Similarly to the proof of Theorem 2, we can get

M (t)M(t)

_ % M%)

b(g+ 1 —2p)
/ 2 >
M) 2 { 2pS3

. (Q(q +1)d+ W) }M(t)

b(g +1—2p) 2\ 17
s MO =+ Dl A ) (4.1)
Since J(ug) = d, I(ug) < 0, by the continuity of J(u) and I(u) with respect
to t, there exists a tY > 0 such that J(u(z,t)) > 0 and I(u(x,t)) < 0 for
0 <t <t From (u;,u) = —I(u), it is known that u, # 0 for 0 < ¢t < ¢.
Furthermore, we have

tO
J(u(t®) = d — / u |2dr = dy < d.
0

Taking t = ¢V as the initial time and by Lemma 6 (ii), we know that u(z,t) € V;
for 8§ < 6 < 62 and t > t°, where §; < 1 < 65 are the two roots of the equation
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d(d) = di1. Therefore, we have Is(u) < 0 and ||Vul|, > r(d) for 61 < 6 < 2 and
t > Y. Thus, Is,(u) <0 and ||Vul|, > r(d2) for ¢ > t°. Then for t > t° we get
the following estimates

M"(t) = —21(u) = 2a(8y = 1)|[Vull} + 2b(62 — 1)||Vull;? — 215, (u)

) =
> 2a(d2 — 1)rP(b2),
M'(t) > 2a(0y — 1)rP(82)(t — t°),  M(t) > a(da — 1)rP(62)(t — t°)2.

Consequently, for sufficiently large ¢, we get from (4.1) that

a+1

M) - L

M'(t)* > 0.
The rest of the proof is the same as that of Theorem 2 and hence is omitted.
O

Remark 2. (Sharp condition for J(ug) = d.) Let a,b > 0, p > max{2n/(n +
2,1}, 2p —1 < ¢ < p* — 1 and ug € Wy P(2). Assume that J(ug) = d.
If I(up) > 0, problem (1.1) admits a global weak solution; if I'(ug) < 0, all
solutions to problem (1.1) blow up in finite time.

5 J(ll()) >d

Inspired by some ideas from [7,10,24], we can give, in terms of Ay and Ag, an
abstract criterion for the existence of global solutions that vanish at infinity or
solutions that blow up in finite time, when the initial energy is lager than the
depth of the potential well, i.e. J(ug) > d. To do this, we denote by T'(ug) the
maximal existence time of the solutions to problem (1.1) with initial datum
ug. For fixed time ¢ € [0, (up)), we think of the function u(z,t) of the Sbace
variable z as an element of W, "*(£2), and briefly denote the element of W, *(£2)
that arises this way by u(t); therefore u(t) € Wy (£2). If now we vary the time
t in the interval [0, T'(up)), then we obtain a function ¢ — u(t). If the solution
is global, i.e. T(ug) = oo, we denote by
1,p

ﬂ {u(s) : s> t}W “

>0

the w-limit set of wug.

Theorem 5. Assume 2p < ¢+ 1 < p*. If J(ug) > d, then the following
statements hold

(i) If up € Ny and |Jugll2 < Xj(uy), then ug € Go;
(i) If ug € N_ and |Jugll2 > Aj(uy), then ug € B.

Proof. (i) Suppose that ug € N, satisfying [luoll2 < Ajeu,). We first claim
that u(t) € Ny for all ¢ € [0,T(ug)). If not, there would exist a to € (0,7 (uo))
such that u(t) € Ny for 0 < ¢ < ¢y and u(tp) € N. On the other hand, it
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follows from (2.4) that J(u(tg)) < J(ug), which means that u(tg) € J7/(%0).
Therefore, u(tg) € N7 (o) According to the definition of AJ(u)> We have

llu(to)ll2 = Auo)- (5.1)
Taking ¢ = u in (2.3), we get
1d 2 p 2p q+1
3 g llullz = (ue, w) = —al|Vullg = b Vulpf +lullgiy = —I(w). (5.2)

Since I(u(t)) > 0 for t € [0,tp), (5.2) ensures that

[uto)ll2 < lluollz < Asuo)s

which is contradictive with (5.1). So u(t) € N, as claimed.

Recalling Lemma 7 (ii), one can see that the orbit {u(¢)} is bounded in
WyP(£2) for t € [0,T(ug)) so that T'(ug) = oc. Let w be an arbitrary element
in w(ug), then by (2.4) and (5.2) we have

||w||2 < )‘J(uo)a J(w) < J(UQ)

The above inequality, together with the definition of A j(,,), implies w(uo) N =
(). Therefore, w(ug) = {0}, i.e. ug € Go.

(ii) Assume that ug € N_ with [Jugll2 > Aj(y,). By applying similar argu-
ment as above we see that u(t) € N_ for all t € [0, T (ug)). Now if T'(ug) = oo,
then for every w € w(ugp), it follows again from (2.4) and (5.2) that

w2 > Ague), (W) < J(uo). (5:3)

Combining (5.3) with the definition of A (), we see that w(ug) NN = 0.
Thus, it must hold that w(ug) = {0}, which is contradictive with Lemma 7 (i).
Therefore, T'(ug) < 0o and ug € B. The proof is complete. O

Theorem 5 (ii) implies that for any M > d, there exists a wug such that
J(up) > M and that the solutions to problem (1.1) with uo as initial datum
blow up in finite time. This is illustrated in the following two corollaries.

Corollary 1. Let 2p < g+ 1 < p* and ug € Wy (£2) such that J(ug) > d. If

2 1
%WH)/%@ < o3, then uo € N N B.

Proof. Tt follows from

2p(q +1)

_ 1
192147/ ug) < 5

and Holder’s inequality that

2p(q +1) |

n[a—1/2 < q+1 a+1|o|(a=1)/2 4
12" I (uo) < luolls™ < fluollg+11¢2] (5.4)

q+1
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The last inequality is strict because ug is not a constant in 2. By combining
the expression of J(ug), I(ug) with (5.4) we have

a b 2 +1
J(ug) = ];||Vu0||§+%||vuo||pp— q+1||U0||3+1,
a 1 1 a1
= *HVUO”ﬁ + (% - ?)H ollaiy + 2pI(U0)
q+ 1-— a1, 1
J —1T
2p(q+1) e uollgi1 + (UO) > J(uo) + 5 (o),

which shows that I(ug) < 0, i.e. ug € N_.
In order to show that ug € B, it remains to prove [jugll2 > A, by
Theorem 5 (ii). For this, ¥ u € N'/(“0) we have

lull3™ < (219D ullFE = 217D @] Vullf + 0] Vull3)
_ |Q|<q—1>/2M{(21p_q+11) IVull? + (ip—%) IV
< oo 2L (0 alVully + (5 - — bVl
|Q|<q—1>/zmj( 0) < fluo| 2.

Taking supremum over A//(%0) we obtain

2 1
Aq+1 < |Q|(q—1)/2 p(Q+ ) J(UO) < HuOHq-i-l
q+1—2p

ie. ||uoll2 > Aj(uy)- Therefore, ug € N_ N B. The proof is complete. O

Corollary 2. For any M > d, there exists a ups € N_ such that J(up) > M
and ups € B.

Proof. Similar treatments have been used in [7,9,24] to deal with semilinear
parabolic problem and pseudo-parabolic problem, respectively. We repeat the
proof here for the convenience of the readers. For any M > d, let {2; and (25 be
two arbitrary disjoint open subdomains of {2, and assume that v € WO1 P2)
is an arbitrary nontrivial function. Since ¢+ 1 > 2p, we can choose o > 0 large
enough such that J(av) < 0 and [av|4™ > |Q\(q_1)/2%M.

Fix such an o and then choose a function w € W, *(§2;) such that J(w) +
J(aw) = M. Extend v and w to be 0 in 2\ £2; and 2\ 2, respectively, and
set upr = av +w. Then J(up) = J(aw) + J(w) = M and

2p(q + 1
lua| T > [lav||4T > 2] /Z%J(W).

By Corollary 1 it is seen that uys € N_ N B. The proof is complete. O
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