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1. Introduction

The paper is devoted to the study of the qualitative properties of energy solutions of
the Dirichlet problem for the doubly nonlinear anisotropic parabolic equation with variable

nonlinearity
d n
pr (Jo|™*) sign v) = ZD,- (a,-(z)\D,-v[pi(z)_2Div> +b(2)[0]"® 20 +¢ inQr,
=1 (1.1)
v=0onIr,

v(x,0) = vo(x) in €,

where Qp = Q% (0,7), 2 C R" is a bounded domain with Lipschitz-continuous boundary 052,
I'p =00 x (0,T) is the lateral boundary of the cylinder Q7. The exponents of nonlinearity
m(z), pi(z) and o(z) are given functions of the argument z = (z,t) € Q7.

The total derivative with respect to ¢ is calculated according to the rule

Lo, m) = o0, m) 1+ o (0, m)

which allows one to rewrite equation (1.1) in the formally equivalent form

n
mv|™ oy = ZDi (a;| Div|Pi~2Dyw) + blv|7 v — [v|™ ' v In |v| m¢ + g.
i=1
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This equation can degenerate or become singular at the points where |D;v| and/or v vanish
or become infinite. Moreover, the behavior of the solution may depend crucially on the sign
of my(z,t) in the logarithmic nonlinear term on the right-hand side.

The study of problem (1.1) was initiated in [1, 7]. It was shown that under certain
conditions on the data problem (1.1) admits a bounded solution understood in the sense of
Definition 2.1 below. In dependence on the properties of the coefficients and the variable
exponents of nonlinearity, the existence result proved in [1, 7] is local or global in time (see
Theorem 2.1 below). The maximal interval of existence is defined as the time interval where
the solution remains bounded.

In the present paper we derive the conditions on the data that ensure the presence of
the following effects.

e Finite time blow-up: there exists a finite moment ¢* such that

X(t) = / o@D o 5 00 as t— t¥,
Q
(which implies that ||v(-,%)|lec,0 becomes infinite at the same moment).

e Extinction in a finite time: there is a finite ¢, > 0 such that X(¢) = 0 for all ¢ > t,.
In particular, this effect may take place even in the case when the equation eventually
becomes linear. This happens if m — 1, ¢ — 2 and p; — 2 as t — oo and the rates of
convergence satisfy some additional conditions.

e In case that the solution exists for all times but doesn’t vanish in a finite time, we
estimate the rate of growth or decay of ¥(t) as t — oc.

Examples of conditions on the data which provide the above-described effects can be
furnished by the model equation

4
dt

with the constant coefficient b and the independent of x nonlinearity exponents m(t) > 0,
p(t) > 1 and o(t) > 1. In this simple case

(o107 ) = (Ju "0 20,) + b7 e, (@,6) € (0,1) x (0,7, (1:2)

e if b>0, o(t) > max{m(t) + 1, p(t)}, m'(t) € [, 0] with some constant p > 0, and if

1
Loorwo) L o)
- o d
A QMN%’ V") <0

then every solution blows-up for the sufficiently small p;

m(t)p(t)
m(t) + 1
provided that p is sufficiently small;

e if b =0, m'(t) € [0,u] and < 1, then the solution vanishes in a finite time,



1
e if b< 0, m(t) €0,u] and — + m(t) > 1, then the solution vanishes in a finite time

o(t)  p(t)

if p is sufficiently small;

The properties of finite time vanishing and blow-up are well-studied by now for the
solutions of nonlinear parabolic equation of the type (1.1) with constant exponent of non-
linearity. A thorough discussion of these issues and an extensive bibliography can be found
in the monographs and surveys [15, 12, 2, 11, 17]. For equations with variable nonlinearity,
which degenerate or become singular either with respect to the solution (the case p; = 2), or
with respect to the gradient (the case m = 1), these effects were studied in papers [3, 4, 5, 6].
The decay rates for solutions of equations of the type (1.1) with constant exponents of non-
linearity can be found in [13], the case of equation (1.1) with m = 1 and variable p; and o
was partially studied in [6].

The absence of exact solutions (or sub/supersolutions) of equation (1.1) with the ani-
sotropic diffusion part or with the time-dependent nonlinearity exponents prevents one from
using the methods based on comparison. The results below are obtained by means of the
study of the differential inequalities for suitable energy functions associated with the solution.
In the case that the exponents of nonlinearity are constant or time-independent we recover
some of the results available in the literature for doubly nonlinear equations (see, e.g., [8]).

Organization of the paper. In the next auxiliary section we introduce the spaces of
Lebesgue and Sobolev with variable exponents and recall the basic properties of the functions
from these spaces. We introduce the notion of strong solution of problem (1.1) and cite the
existence theorem proved in [7]. We also recall the energy identity for such solutions, which
happens to be the main tool in the study of the localization and blow-up properties.

In Section 3 we study equation (1.1) in the case b(z) > 0. We derive the ordinary
differential inequality for the energy function 3(t) and prove that under certain conditions
on the data every function satisfying this inequality blows-up in a finite time.

Section 4 is devoted to derivation of the embedding inequalities in anisotropic Sobolev
spaces with variable exponents. Using these inequalities we derive the differential inequality
for the energy function X(¢) in the case b(z) < 0. The study of the differential inequality is
given in Section 6: it is shown that under suitable conditions on the initial data every function
satisfying this inequality vanishes in a finite time. The concluding Section 7 is devoted to
the study of the decay or growth rates of the solutions as t — oo.

The specific form of the main energy identity (2.14) allows for an easy extension of the
results concerning the finite-time extinction and the large-time behavior to the equations
with the lower-order terms of critical growth:

% (lvlm(z)_lv) =>_Di <ai|Div|’”(z)_2Div) + c(2) o™ + b(2)[v] 7D 20 + g,
1=1

where b(z) < 0 and ¢(z) < v(t) with a bounded function ~(t).



2. Function spaces, existence theorem and energy estimates

2.1. Function spaces

We begin with recalling some known facts from the theory of the Sobolev spaces with
variable exponent. The reader is referred to the monograph [9] for the detailed exposition of
this theory.

Let LPO)(Q) be the set of measurable functions f(z) on Q such that

() = [1F@P do < oc.
Q

The set Lf”(')(Q) equipped with the Luxemburg norm

”pr(-),Q = ”f”Lp(-)(Q) = inf {)‘ >0 Ay (f/A) < 1}

becomes a Banach space. The Banach space Wol’p(')(Q) with p(z) € [p7,pT] C (1,00) is
defined by

WoP(@) = {u e 120(Q) : [T ul®) € LX@), u=0on 90}, (2.1)

Let us indicate the basic properties of the spaces LP()(Q) and VVO1 P (')(Q) used in the rest
of this paper.
e It follows directly from the definition of the norm that

min (10, IF1E0)) < Ay (F) < max (£, 5 1711 ) - (22)

e Holder’s inequality. For all f € LPO)(Q), g € LP'0)(Q) with

pa e (ool P =BTy —igtate). ) =gty a),
the following inequality holds:
1 1
|fgldx < pel - 1 ey Nl ey < 20 ey gl - (2.3)
Q
Let m(z) > 0 and p;(2) > 1, i = 1,...,n, be given functions continuous in Q. For

every fixed ¢t € [0,7] we introduce the Banach space

V,(Q) = {u(:z:) e LML Q) N WIN(Q) ¢ |Dyu(a)Pi @) € Ll(Q)},
”uHVt(Q) = HU”m(~,t)+1,Q + Z HDiqui('7t),Q-

By W(Qr) we denote the Banach space



W(Qr) = {!u\m(z)ﬂ e LYQr) : |DaulPi®) € LYQ7), u(-,t) € Vi(Q) for ae. t e (O,T)},

lullwiqr) = ZHDUHm y.0r + [l )4 1,00

2.2. Ezistence of strong solutions
The solution of problem (1.1) is understood as follows:

Definition 2.1. A function v(z) is called Strong Solution of problem (1.1) if

1. v € L®(Qr) NW(Q7), [v]™®)~2? € LY(Qr) and |Dw|Pi?) € L>(0,T; LY()),
2. for every test-function ¢ € W (Qr)

d m— 1 i —2
/ [ d—(\v\ —i—ZaZ\D vPT D - thb]

=1 (2.4)

/ blv|" 20 $dz +/ godz,

Qr
3. for every (x) € C§°(2
/ (@) (Jo]™2) 1y — Jug|™ ug) do — 0 ast— 0, mo=m(z,0). (2.5)
Q

Let ¢(z,t) € C°(Qr). Throughout the rest of the text we use the notations

¢ (1) = sup §(x,1), ¢~ (t) = nf oz, 1),
¢+ = Sup ¢($, t)7 ¢~ =inf ¢($, t)'
T Qr
Let us assume that the coefficients of equation (1.1) and the exponents of nonlinearity
are subject to the following conditions:

there exist positive constants a*, b* p*, m*, o such that
0<a <ai(z)<a®, b <b(z) <bT, (2.6)
1<p <pi(z) <pt, 1<o <o(z) <o, 0<m™ <m(z) <mT,

m(z), o(z) € C%Qr), pi(z) satisfy the log-continuity condition

_ _ 1 (2.7)
V21,220 € Qp  |pi(z1) — pi(22)| S w(|z1 — 22]), lim;o1w(T) ln; =(C < oo,
my € L(Qr), Jpu=const>0: |my| <p ae. in Qr, (2.8)
0< —pit(2) <Cp, 0< b(2)oy(2) < Cy, (2.9)
0< —ai(z) < Cay 0<bi(2) <G, '

with nonnegative constants Cy, Cy, Cy, C).



Theorem 2.1 (Th. 3.1, [7]). Let the exponents m(z), o(z), pi(z) satisfy conditions (2.6),
(2.7), (2.9) and let my > 0 a.e. in Q7. Let us assume that there exists a constant o > 0 such
that if p~(t) < n for some t € [0,T], then

~(t) 1 1< 1
mt(t)+1+a< %, where —— =—% —. (2.10)
n—p-(t) p=(t) n ; p; ()
Assume that m(z) satisfies the oscillation condition
mt —1 , _ 1 ~ - 1
5 <minqm”, 1—— ) (m +1) if m >1andZ—_>1. (2.11)
p i=1 Pi

Then for every vg € L>®(2) N V() and every g € L>®(Qr) with \gt(z)\H% € LYQr)
problem (1.1) has at least one strong solution in a cylinder Qr~,

T* =sup{f: [[v(t)|con < o0 Vte (0,60)}.

Moreover, for small T the solution satisfies the estimate

lo®lls.e < (1 + ollscn) e, te[0,7], (2.12)

with a constant A independent of v. If either supg, (0(z) — m(z)) < 1, or bt < 0, then
estimate (2.12) remains true for all T > 0, the constructed solution exists globally in time
and T* = T. In the case m~ > 1 the solution satisfies the inclusion |v|™*)~ v, € L*(Qr,).

A byproduct of the proof of Theorem 2.1 are the energy relations for the constructed
strong solution. Let us introduce the energy functional

n

E(t,v) :/Q <Z L L |7;|U> da. (2.13)

i=1 P

Theorem 2.2 (Theorems 7.1, 7.2, [7]). Let the conditions of Theorem 2.1 be fulfilled. Then
problem (1.1) has a strong solution which satisfies the equality: Va.e. t € (0,T%)

d m 41 . / . /
— — |p|mTd i|D; Pid blv|?d
p (/Qm—i-lm a:) +ZE:1 Qa\ vlPidz + ; |v|? dx

(2.14)
= / gudz +/ _om _ [1— (m+1)Inv] [vo|™" da.
Q o (m+1)?
Moreover, if b(z) > b~ >0, g(z) =0 and 0 < 0y(z) < Cy in the cylinder Qr«, then
E(t,v) < E(0,v9) + C*t + M(u) for a.e. t € (0,77), (2.15)

where M(s) = 0 as s = 0 and

o=l (4 5) )

[\



The derivation of the energy estimates (2.14), (2.15) in [7] was tightly related to the
method of regularization of the degenerate equation (1.1). The sequence of solutions of the
regularized problems converges to a strong solution of problem (1.1) understood in the sense
of Definition 2.1, and the energy relations (2.14), (2.15) are obtained as the limits of the
corresponding relations for the solutions of the regularized problems. It is not clear, however,
whether the conditions on the data imposed in Theorem 2.1 are indeed essential for the
validity of the energy estimates. Since the study of the localization and blow-up properties
of solutions to problem (1.1) relies solely on the analysis of the energy relations (2.14), (2.15)
and is practically independent of the existence theorem, it is convenient to introduce the
concept of Energy Solution of problem (1.1): a function

v e C%0,T; L™(Q) NW(Qr)

is called Energy Solution of problem (1.1) if it satisfies (2.4), (2.5) and the energy relations
(2.14), (2.15).

All the further considerations are confined to the class of Energy Solutions of problem
(1.1), which is surely nonempty by virtue of Theorem 2.1.

3. Sufficient conditions of the finite time blow-up

Given an energy solution v(z) of problem (1.1), we define the blow-up moment t* as
follows:

X(t) = / L|v|m+l dr — o0 ast—t", m=mx,t). (3.1)
om +1
We begin with proving several technical lemmas.

Lemma 3.1. Let u* and p~ be positive constants, 1 < pu~ < pu* < oco. If a nonnegative
function f(t) satisfies the inequality

Af'(t) > C min { ), (t)} for a.e. t >0, 52
f(0) = fo >0, A = const > 0, '
then there exists a finite moment t* such that f(t) — oo ast — t*.
t
Proof. Let us denote t* = sup{t > 0 : f(t) < oo}. Introduce the function w(t) := %,
0
which satisfies the conditions
Aw'(t) > D min {wh (¢), w” (£)} for a.e. t € (0,t%),
(1) {wr @), w1} .

w(0) =1, D:Cmin{ (’)ﬁ_l, 6(_1}.

By virtue of (3.3) w(t) is monotone increasing, whence w(t) > 1 for all t € (0,¢*). Then (3.3)
reads

Dw" (t) < Aw'(t) for ae. t e (0,t), w(0) =1,



and can be directly integrated:

It follows that

w(t) — oo as t — A = Ao = 0"(fo) < o0, (3.4)

D= =1 ¢(u —1)min {f€+a féf}

which means that t* < 6*. O

Lemma 3.2. Let u™ be positive constants, 1 < u~ < ut < oo. If a continuous function f(t)
satisfy the conditions

{ (@t =C)+ 2SO = Cin {70, (O} foraetz0. o

f(0) = fo >0,

with positive constants Cy and Cy, then there exists f, > 0 such that for every initial value
fo > f« there is a finite t* such that f(t) — oo ast — t* < C1/C.

Proof. Let 0*(s) be the monotone decreasing function defined in (3.4) and let f. be the
solution of the equation C1(1 + 6*(fy)) = Coa:

< /\Cl >u+1 T /\01 <1
CCo(p==1)/) | CCy(p~—1) 7

(A—Cl> S otherwise
CCy(p —1) '

Under this choice of f, we have that C1t—Cy < 0 on the interval (0, 6*(fy)) for every fo > fi.
It follows that instead of (3.5) f(t) satisfies inequality (3.2) and, by virtue of Lemma 3.1,

A fo
Clu = 1)ymin { f§", 5

ft) 500 ast—

<O (fas ).
J

O

Theorem 3.1. Let v(z) be an energy solution of problem (1.1) in a cylinder Qr, T < cc.
Assume that g = 0 and there exist constants b~ > 0 and 6 > 1 such that b(z) > b~ in Qr

o~ (t) > § max {m+(t) +1, max pj(t)} Y (z,t) € Q. (3.6)

i=1,...,n

Let C* and E(t,v) denote the constant and the energy functional from Theorem 2.2.



(7)) If C* =0, my =0 and E(0,vg) < 0, the solution blows-up in a finite time t* with

. 1 (o \*
e b=(0~ —p*) (1 —~ %) min {$#°(0), £ (0)} = (m(z) + 1) '

(13) If C* >0, my =0 and E(0,v9) < 0, there exists ¥, (0) such that for every X(0) > 3,(0)
the solution blows-up in finite time.
(tit) If = <my <0, C* >0 and E(0,v9) <0,

+ 1 m++1
E(0,vg) + 19| <1 + m_ i 1> em—+1 < 0,

there exist p* > 0 and X,(0) such that for 0 < p < p* and 3(0) > £,(0) the solution
blows-up in a finite time.

Proof. (i)-(ii) The assumption m = m(z) allows us to drop in (2.14), (2.15) the terms de-
pending on m; and to write these relations in the form

Va.e.t € (0,7) Y(t) = /Q (— ;ai]Div P* +b ]v\a> dx, (3.7)
E(t,v) < E(0,v) + C*t. (3.8)

Let us multiply (3.7) by a constant A > 0 and add to (3.8). Dropping the nonnegative term
on the left-hand side, we obtain the inequality

E(t,v)—l—)\/

Q

(- f:aiu)w P b |v|0> dz < AZ'(8) + (E(0,v0) + C*t),  (3.9)

1=1

whence

i

Assumption (3.6) allows one to choose A in such a way that

’l

nl <— - A) ai| Dyv [P* +b (A - %) !v!") de < XY/(t) + (E(0,v0) + C*t)  (3.10)

7

-
—

ca< <L

~() TPt T op(z)

we obtain the inequality

<

—~

Q

z
0

—_

o
Plugging this inequality to (3.

~—

(ST A I P

in which the first term on the left-hand side is nonnegative and can be omitted:



b <— - —> / o] dz < AS(t) + (E(0, vo) + C*¢). (3.11)

According to (3.6) 1+m* < ¢~ in Q7. Using the Holder inequality (2.3) and (2.1), we have
that for a.e. t € (0,7)

T(t)+1 +1
/|v|m+1d$<max{|| e St ol S

mt(#)+1 m”(t)+1

o~ (t ot
< max </ v dx) v , </ v (%) da:) " )
Q Q

whence
o (t)
min{zm“t)“() ym” (t)ﬂ } /|U
Set
+ —
+__0 -—_ % o= 1t 3.12
a m-+1 F mt 41’ <p+ o= )’ (3:12)

Combining the last inequality with (3.11), we arrive at the differential inequality for 3(t):

C' min {E (1), (t)} < AY(t) + (E(0,v9) + C*t) for ae. t € (0,7),

mo (3.13)

¥(0) = |vo| ™0+ da.

qmo+1
The assertions (i) and (ii) follow now from Lemmas 3.1 and 3.2.

(iii) It is assumed that —p < my; < 0 a.e. in Qp. Let us denote

J(t) = /Q (matme [1—(m+1)nv] Jo|™™ d.

Noting that the integrand of J is nonnegative on the set where In |v| >
it as follows: V¢ € (0,T)

T we estimate

9)
2/ 1= (m+Dnfof] o] da
Qn{In|v|< +1} m+ 1)
+ et
2/ Om <1—|—m +1> eM*ﬁ dx
on{in v|<15 (m + 1) m~ +1
+ mt
2 < m +1> em*ii /Vati’rn’dxz_lu‘[/
9] (m + 1)2

10



) mT+1\ mfa .
with the constant L = [Q] | 1 + — 1 em~+1 > 1. The energy relations (2.14), (2.15)
m

take the form

Va.e.t c (O,T) / <_ZGZ|D2U |Pi +b|U|0> dZE S E/(t) +,UL,
Q

i=1
E(t,v) < E(0,v9) + C*t + M(p), M(p) —0as p— 0.

Gathering them and following the derivation of (3.13) we arrive at the inequality

C min {zu* (t), o1 (t)} <AY(t) + (A L+ M(u) + E(0,v0)) + C*t in (0,T),

mo 1
¥(0) = vol™ 1 dx > 0.
) = | g lvol

Since E(0,v9) < 0 and ApL + M(pu) — 0 as u — 0, assertion (iii) follows from Lemma
3.2. U

Corollary 3.1. Theorem 3.1 states that given any negative initial energy E(0,vq) every
energy solution blows-up in a finite time, provided that m; is nonpositive and appropriately
small, and that (0) is sufficiently big. On the other hand, it is easy to infer from the proof of
Lemmas 3.1, 3.2 that for every fized p and X(0) one may indicate the threshold value E, < 0
such that the every energy solution blows-up if E(0,vg) < Fi.

4. Embedding inequalities in anisotropic spaces

Let us introduce the functions

o) = [ %rv@)rm@“ dr,

At =3 /Q D)@ da,
=1

o(t) :/Q (Z | Div(2)[P) + !U(ZW(Z)) o

i=1

and denote

1 1~ 1
DR e “y)

We will rely on the following known result.

11



Lemma 4.1 ([10, 14, 16]). Let @ C R™ be a bounded domain with Lipschitz-continuous
boundary. Denote Wol’ﬁ(Q) = {u € WOI’I(Q) : Dju € LPi(QQ), 1 = L—n}, pi > 1. Let
np .
r*_ n_p pr<n’ l—lii
= = -

any number from [1,00) ifp > n,

For r € [1,7*] the embedding Wol’ﬁ(Q) — L"(Q) is continuous and for every u € Wol’ﬁ(Q)

[

[ullr.o < C(Q2,n) (H [1Dsullp;.0 )

with an independent of u constant C. For r € [1,r*) the embedding is compact.

For any given positive constant L we denote

BL:{UGW(QT)'supE /A dt<L}

(0,T)

Lemma 4.2. Let the exponents m(z), p;i(z) satisfy conditions (2.6). If
np(t)

mt(t)+1<n—p(©) (o) <n
any number from [1,00) if p~(t) > n,

then for every v € By, the energy functions X(t), A(t) satisfy the inequality

. 1 m-(t)+1 1
Vaete (0,7) ¥ O@) <CAE) with = 4.2
with p* (t) defined in (4.1) and a constant C depending on the constants in (2.6), n, |Q| and
L, but independent of v.

Proof. Given u € By, let us introduce the function v = v u with a constant v € (0, 1]. Denote
by ¥,(t) and A,(t) be the energy functions associated with v. It is easy to calculate that

+/0TAv(t) dt < (*ym“ +mlax’y”i> <E(t)+/OTA(t) dt) <29L,

whence v € Bayr. If we choose vy from the equality 2y L (1 +m™) = m™, then

v € By, sup) HUHm(-,t)-i-l,Q <L (43)
t

)

Let us consider first the case when v satisfies conditions (4.3). According to (2.2)

m™T

m- +1

loC t)llmstn-  (44)

—+1
max { o(- )it a s [0 DT} < — i

Y(t) <
() < m~ +1

12



By Lemma 4.1 for every t € [0, T

[V Ollimt1,0 < ClloC Ol @410

<C<[HDU Ol >%<C<[HDU Ollpic-. Q)a

i=1

The right-hand side of this inequality can be estimated by means of (2.2): for every fixed

te0,T]
— -
[Div|lp; 0 < max { </ |D;v|P? dx) 7 (0 , </ D[P dx) P (t)}
Q Q

1 1
< max {Aw (1), APTO <t>} |

whence

S|=

n 1 1
Hv(.,t)HmH’Q <C (H max {Api(t) (1), Ari @ (t)})
nz:l 1 .

mom) 1
<1:[1A (t)) if A(t) <1, APF@ () AR <1
@y o O
<HA%M“O if A(t) > 1 ArO) HEAWD) > 1

i=1

<

Using (4.4) and (2.2) we obtain the inequality

[N 0)

T+m~ L+m= (1) . +
(FEsm)™ " < ool e = min {012 D0 ol o} < €A

which yields (4.2), provided that v(z) satisfies (4.3). In the general case (4.2) holds for the
function w = yv with v = m™/(2L(1 + m™)), which gives estimate (4.2) for v. O

Let us accept the notation

gr = {UGW(QT)OL"(QT) : supZ / O(t dt<L}

Lemma 4.3. Let the exponents m, p;, o satisfy conditions (2.6). If

oT+mT > 2
mt(t) ot (t) np~(t) o (4.5)
-1 ~n-p( if p~(t) <mn,

then for every u € Gr,

13



- 1 1 m~(t)
Vae.t e (0,T () < COrto(t = 4.6
weteOT) O SCOTUEN), ool ()
with p*(t) defined in (4.1) and a constant C depending on n, |Q|, the constants in (2.6) and
L, but independent of u.

Proof. The proof imitates the proof of the previous lemma. It is sufficient to prove the
assertion for the functions u € W(Q7) N L7(Qr) satisfying the inequality

sup |ullm(. 41,0 < 1. (4.7)
te(0,T)

Observe first that by virtue of Lebesgue’s differentiation theorem ©(t) is well-defined for
a.a. t € (0,7) and every u € Gy, . Following the proof of Lemma 4.2 we find that under
assumption (4.5) for a.e. t € (0,7

m~ (t)

m(- Art@ (t) ifA(f) <1
OOl s g < Ol D70, <0 420700 TAD
s om-1 Av=@ (1) ifA(t) > 1

Combining this inequality with Holder’s inequality (2.3) we obtain the estimate

/|U(!17775)|Wrl dz < [[[uC O oo ollulBllogn.0
9] o(-,t)—1"

1 1
ot (t o~
< C max { </ |u|7 ) dm) v , (/ u|7) d:E> " }
Q )

m— (t) m_ (t) V+(t) if 1
X max {A @ (8), AP~ ® (t)} <C L (t) if o)<
OFm (1) itO) > 1

Using assumption (4.7) we arrive at the inequality

(1;T yﬂt </htwmﬂm>ﬁ@
< min { ([t dx)m ([ d$>um} <o)

The general case reduces to the considered one by means of scaling v = yu with a constant
€ (0,1] such that

Ev(t)+/0T O,(t)dt < <7m+1 —I—max*yp; +70> (E(t)—i—/OT@(t) dt> <341L,

1 + +
L/WW“dxé ) <3 <,
Q m m—

14



5. Ordinary differential inequalities for the energy function

Let u € W(Qr) be an energy solution of problem (1.1). We assume that

g(z) € L>=(0,T; L*(Q)), b(z) <0and 0 < my < p ae. in Q.
Under these assumptions (2.14) takes on the form: Va.e.t € (0,7)

(1) + /Q < S IDiuz) P — b<z>ru<z>\0<z>) da
i=1

gl&w@mm+ligiﬁﬁa—on+nmhmmmﬂdg

(5.1)

Moreover, we will assume that the solution is bounded for all ¢t € (0,7") (cf. with Theorem

2.1): there exists a constant [ < oo such that
ess sup [[u(-,t)[loo.0 < 1.
(0,7)

This assumption yields boundedness of the energy function 3(t):

5(t) = / lu|™dr < Q| max {lm++1,lm7+1} =q.
0

Let us observe that

/Q(»mfnTtlp(l —(m+1)ln ’U‘)‘u]m‘i'l

:/ Llu\mﬂdx—/ il In |u|u|™ dx

myg me 1
< esssup <7> Y(t) — esssup <—> / |u|™ " In |u| da
o \(m+1)? o \m+1/) Jonqu<y

= Ky (H)5(t) + Ko(t) I(t).

Fix t € (0,T), some a € (0,m™ () + 1) and represent the integral I(¢) in the form

1(t) = / ™= ([ [ ful]) de-
Qn{|u|<1}

(5.2)

(5.3)

It is easy to see that the function s*|Ins| with a € (0,m™(t) 4+ 1), defined on the interval

(0,1), vanishes as s — 0, s — 1 and attains the maximum value at the point s = e a

1
%i?(8“|ln s) = -

Using this fact, applying Holder’s inequality (2.3) and then (2.2), we estimate

15



1 1
I(t) < — || d < —/ T dy
ae Jo

ae Jon{jul<1}
2

< 1| . mtl-ay
< s g™ p
2 1o oo
< |1l men max{z mFO (), D "f(tHl(t)}.

Recall that according to the definition of the Luxemburg norm

2 2 a o
%HlHM S e maX{|Q|m+(t)+1, |Q|m*(t)+1} =\
o b

Applying Lemmas 4.2, 4.3 to the left-hand side of (5.2), we continue it in the following way:

Vae.t € (0,7T)

() + 02 O() <1 /Q 9(2)| dz + K1 (H)2(t)

+ A K5 (t) max {El_m (t), 21_$ (t)} :

(5.4)

where v (t) is the variable exponent defined by formula (4.2) if b© = 0, and by formula (4.6)

if b < 0. Let

(¢
M = max {1, q}, Z(t)zﬁgl.
M
Dividing (5.4) by M we arrive at the inequality for Z(t)

21+ C MY O-1 270y < L / oz, t) da
M Jq

FRL(8) Z() + N Ka(t) M w0z mm 05 (1)

C = const is defined in (4.2) if b =0, or in (4.6) if b+ < 0.

Finally, multiplying (5.6) by the function e~ %) with
K(t) = /t Ki(r)dr = /tesssup <L> dr
0 0 o \(m+1)2) "
we obtain the differential inequality for S(t) = Z(t)e X®: Va.e.t € (0,T)

S'(t) + D(t) 8 D) < (1) + p(t) S m O (1)
with the right-hand side

oK (®)
e oL

and the coefficients

16
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D(t) = C (e M)~ KO =)

p(t) = N Ks(t) Mm@ exp <K(t) <(1 B ﬁ)) . (5.10)

The derivation of inequality (5.8) remains true if the exponent o depends on ¢. Let us choose

a=a(t) € (0,m™(t) + 1) in the special way:

vt(t)=1- % — alt) = (m~(t) + 1)(1 —vT(2).

Then the second term on the right-hand side right of (5.8) transforms into p(t) S ()(¢) and
(5.8) leads to the inequality

Vae.t € (0,T)  S'(t)+ (D) — p(t)) S* O (1) < ¢(2). (5.11)
The above arguments are summarized in the following lemma.

Lemma 5.1. Let u € W(Qr) be a bounded energy solution of problem (1.1). Assume that
the conditions of Lemma 4.2 or Lemma 4.3, and conditions (5.1)—(5.2) are fulfilled. Then the
function

—K(t)
S(t) = ¢ i /Q‘u’m(x,t)-i-l dr

satisfies the differential inequality (5.11) with K(t), D(t), p(t) and M defined in (5.7), (5.10)
and (5.5).

Lemma 5.2. Let the conditions of Lemma 5.1 be fulfilled. Assume that in condition (5.3)
q < 1. If the functions m(z), m(2) satisfy the inequality

my ()
at)e
with the constant C from (5.6), then the energy function S(t) satisfies the differential inequal-
ity

4 KO max {1, |Q}<C  Vte(0,T) (5.12)

Vae.te (0,T) S'(t)+ %D(t) SUTO) < (), D(t) = Ce KOAT®) (5.13)

with the right-hand side ¢(t) defined in (5.9).
Proof. It suffices to check that

1 _ _at) o at)
p) < 5D(t) = 2AE(t) <Ce UM KO = tmr o,

In the conditions of the lemma ¢ < 1 and M = 1, so that the required inequality follows from
the inequality

17



INK(t) < Ce KM,

Since
a(t) m~(t) +1 n ()
_ 1 — t QmTo+1 < 1,9
T S ) = R <max(Ljal),
the last inequality if fulfilled by virtue of (5.12). O

Remark 5.1. Assumption (5.3) is merely technical and can be relaxed. Nonetheless, we
prefer to keep it for the sake of simplicity of presentation.

Remark 5.2. 1. Condition (5.12) is easy to satisfy if m is independent of x. In this case

tom, B 1 1 1
K@:Auwuﬁm‘m@+fWWHﬂ<m@+l<l

and (5.12) becomes
4m/(t)
(m(t) + 1)(1 — v*())
If bT =0, the last inequality is equivalent to the inequality

e max{1l,|Q|} < C.

4m/(t)
O (@) 71
which relates the admissible growth of m(t) to the behavior of p(z,t).

e max{l,|Q|} <C, (5.14)

2. It is to be specially noted that inequality (5.13) remains true even when vt(t) — 1 as
t — 00, i.e., when a(t) — 0. In the case m = m(t), bT = 0 the admissible behavior of
the exponents m(t) and p(x,t) is defined by inequality (5.14).

6. Extinction in a finite time

6.1. The regular case

Inequality (5.13) provides the analytical background for the study of the localization
properties of solutions to problem (1.1). In the study of this inequality we follow the ideas
of the paper [6].

Theorem 6.1 (Vanishing in a finite time). Let v(z) be a bounded energy solution of problem
(1.1). Assume that v satisfies the energy estimate (2.14) and that either the conditions of
Lemma 4.2, or the conditions of Lemma 4.3 are fulfilled. Let v*(t) denotes the exponent
defined in (4.2) if b* =0, or by (4.6) if b+ < 0. If

(a) the conditions of Lemma 5.2 are fulfilled,

1 1
b) 1 >vt(t) and — >
(b) 1> w0 2 v7(t) an n+m+(t)+1_p_(t)

if n>p=(t),
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(¢) g=0 a.e. in Qp,
(d) in the case K(t) #Z 0, the initial value ¥(0) satisfies the inequality

»i=10(0) < %C(l — uo)/ e~ KOU—T() g7 (6.1)
0

with K (t) from (5.7), and the constant C from (5.6),

then there exists a finite t, such that ||v||ms1,0(t) =0 for all t > t,.

Proof. The assertion of the theorem will follow if we prove that S(t) = 0 for all ¢ from some
t, on. Under the conditions of the theorem the energy function

£ — oK) / m m+1
S(t)=e Q—m+1|u| dx
satisfies the differential inequality (5.13) with ¢ = 0. Let us define

ty=inf{t>0: V60el0,t.) SO >0}.

A straightforward integration of (5.13) over the interval (0,¢) with ¢ < t, yields the relation
(in the case K # 0)

t
0<S'(t) < () — %0 (1—wp) / KOO gr = R(1).
0

R(t) is a continuous function of ¢, R(0) > 0 by the definition and, due to (6.1), R(t) < 0
for the sufficiently big ¢. It follows from that there is a finite ¢, such that R(¢.) = 0 and,
respectively, 3(t,) = 0. Since X(t) is nonnegative and decreasing, it is necessary that X(¢) = 0
for all ¢ > t,. In the case K = 0 integration of (5.13) leads to the inequality

0 < utt) < B0 (0) — C(1 — wo)t,
and the conclusion follows in the same way with t, = %'70(0)/(C(1 — vp)). O

Theorem 6.2 (Vanishing at a prescribed moment). Let the conditions of Theorem 6.1 be
fulfilled and g(z) =0 for a.e. t > t,. Set

1 t
R0 =300 —w) [ D
t
If the integral

(1)
R0) dr

Nt =7 [

$(0) — R(0)(M — N(ty) <0,

is convergent and
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then

lo(,t)lm+1,0 =0 in Q for all t > t,.

Proof. The energy function S(t) = X(t)e”X®) satisfies the nonlinear differential inequality
(5.13) with the nonzero right-hand side ¢(t). The proof is based on comparison of S(t) with
the solution of the homogeneous differential equation

R(t) + %D(t)R”O ) =0, RO =Ry

with the initial value chosen according to the condition

1- 1 o
Ry =2-C(1 - VO)/ el M dr.
2 ¢
The details of the proof can be found in [6, Theorem 7.1]. O

6.2. The limit case

The differential inequality (5.13) remains true if v*(¢) — 1 as t — oo, but the proof
of Theorem 6.1 is no longer valid because v*(t) is not separated away from the critical
value. Nonetheless, under certain assumptions on v (¢) the solutions of problem (1.1) still
may display the property of vanishing in a finite time. We will need the following technical
lemma.

Lemma 6.1. Let a nonnegative function S(t) satisfy the conditions

S'(t) + 1Ce KO U= g (1) <0 for a.e. t >0
with vT(t) € (0,1) and C = const > 0, (6.2)
0<S(t) <5(0) <o

K(t) is a nonnegative function, K(0) = 0. If the exponent v (t) is monotone increasing,
then S(t) =0 for all t > t, with t, defined from the equality

Ly Su+(s oo dz
C/ (- V+(s ) ds = 2/0 A7 (2)°

Proof. The proof is an adaptation of the proof of [6, Lemma 9.1]. Let us consider the function
J(t) = S(t)/S(0) which satisfying the conditions

Vae.t>0 J(t)+Ce KOO ) g O-1) "0 <0 JO)y=1, J(t)<0.

Introducing the new independent variable
vH(0)-1
T=C / K<9 do,
the new exponent a(7) = v+ (t) and the new thought function I(7) = J(¢), we find that
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Va.e >0 I'(r)+ 17" <0,
I0)=1, I(r)>0, I'(r)<0.

(6.3)

By monotonicity of I(7) there is an interval [0,€) where I(7) > 0, otherwise I(7) = 0 for all
7> 0. Since I(7) < 1 and a(7) € (0,1), then I(7) < I*7) (), which leads to the inequality

I'(r)+1(r) < I'(r) + I"D(7) < 0.
This inequality yields I(7) < e™7, whence

7<—InI(r) and a(7)<a(—InI(7)).
Combining this inequality with (6.3) we have that

I'(7) 4+ 19 I0) (1) < o

The straightforward integration of this inequality over the interval (0, 7) gives:

1) gr
/1 ra(—Inr) ST

Introducing the new variable z = —Inr, we rewrite it in the form

—1InlI(7) dz
/0 m 27’ fOI'TzO.

According to the choice of ¢,

/—lnI(T*) dz > /OO dZ
o = Tk = ()
0 ez(1—a(z)) — 0 ez(1—a(z))

which is impossible unless I(7.) = S(t.)/S(0) = 0.

(6.4)

(6.5)

(6.6)

O

Theorem 6.3 (Extinction of solutions of eventually linear equations). Let v(z) be an energy
solution of problem (1.1) with ¥y = / oo™ @0 4y < 00 and g = 0. Assume that |v] < 1
Q

a.e. in Qr for some l = const. > 1, my > 0 a.e. in Qr, and that one of the following

conditions holds:
m™(t) p*(t)
1+m=(t)

(0 (t) +m*(t) — Dp*(t)
ot (t) +m*(t)

e b(2) <0, vh(@)=

o b(2) <bt <0, vh(t)=

tone increasing.
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If

0 vt(s)—-1 0 ds
K(s) o
/0 <Eoe > ds = oo, /0 =76 < 00

with K(t) defined in (5.7), then there exists t, € (0,00) such that v(z,t) = 0 in Q for all
t > ty, provided that © and ¥ are sufficiently small.

Proof. Since the energy function satisfies the differential inequality (5.13), the assertion im-
mediately follows from Lemma 6.1. O

6.3. Equations with critical growth
Let v(z) € C°(0,T; L™®Y+1(Q)) N W(Qr) be an energy solution of the problem

d n
— (™ =10) = > " D; (ai(2)| Div[""*) 2 Diw
i > o )

+e(2) o™ 4+ b(2)[v]7E 20 + g in Qr, (6.7)
v=_0on I'p,

v(z,0) = vo(x) in Q.

Assume that that the data of the problem satisfy the foregoing assumptions and that ¢(z) <
~(t) a.e. in Qp with a bounded function ~(t). Taking v for the test-function, we arrive at
inequality (5.4) with the coefficient K;(t) substituted by

Kl (t) = ’Y(t) + ess Sgp <m>
and the coefficient K (t) given by the formula

0= (0 ()

oK)

M

The differential inequality for the energy function S(t) = / lo|™@O+ 4y takes the
Q

form

Vaete 0.7) §(0+5D0F 00 <0, 50 =57 [ [l d

with the coefficient and the right-hand side

7 K@) (1—vt(t oy le KO
D(t) = Ce KOU=70) = 44y = g(z) dz.
M Jq
The conclusions about the possibility of the finite-time extinction of the solution follow from
the proofs of Theorems 6.1-6.2.
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7. Large time behavior

The results of Section 6 refer to the cases when either v (t) € (0,v9) with vy < 1, or
vT(t) is monotone increasing and tends to the critical value vy = 1 as t — oo. If neither of
these conditions is fulfilled, the analysis of the differential inequality for the energy function
leads to the following results.

Theorem 7.1. Let the conditions of Theorem 6.1 be fulfilled with g = 0 in Qpr and v be a
bounded energy solution of problem (1.1). Let vt (t) : [0,00) — (0,v7] be the function defined
in (4.2) if b* <0, and in (4.6) if bT = 0.

1. If v" =1, then

v(s)—1
/|v|mz+1daj<2( )exp( ——C’/ K(S e ds)

with the function K(t) from (5.7) and the constant C from (5.6).
2. If v™ > 1, then

S(t) < »(0) e ® 1

t vt(s)—1 o1 .
(1 +1lowt - 1)/ (20 eX®) *) ds> 1
0

3. If vT < 1, then

() < £(0) max {0, (1 . %0(1 — ) /t (2(0) eK<S>)"+(S)_1 ds> ﬁ} .
0

2(t) k)
M

ferential inequality (5.13). Since S € [0, 1], we may continue (5.13) as follows:

Proof. By Lemma 5.2 the energy function S(t) = satisfies the homogeneous dif-

Va.e. te (0,7) S+ %C’ e~ KMOA—vT(1) gt < .

The assertions follow now by the direct integration of the last inequality. O

Corollary 7.1. The large time behavior of energy solutions of problem (6.7) is also described
by the estimates of Theorem 7.1, but with the coefficient K (t) substituted by K(t) - see Sub-
section 6.3.
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