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Qualitative results for parabolic equations
involving the p—Laplacian under dynamical
boundary conditions

Joachim von Below Mabel Cuesta Gaélle Pincet Mailly

Abstract

We discuss comparison principles, the asymptotic behaviour, and the occurrence
of blow up phenomena for nonlinear parabolic problems involving the p—Laplacian
operator of the form

Ow = Apu+ f(t,z,u) inQ for t >0,
o0 + |VuP~20,u =0 on 9Q for t > 0,
u(0,-) = ug in Q,

where ) is a bounded domain of RY with Lipschitz boundary, and where
Apu = div (|[Vul[f*Vu)

is the p—Laplacian operator for p > 1. As for the dynamical time lateral boundary

condition o0;u + ]Vu\p*2al,u = 0 the coefficient ¢ is assumed to be a nonnega-

tive constant. In particular, the asymptotic behaviour in the large for the parameter

dependent nonlinearity f(-,-,u) = A|lu|?"2u will be investigated by means of the

evolution of associated norms.

Keywords: nonlinear degenerate parabolic problems, p—Laplacian, dynamical bound-
ary conditions, blow up, comparison principles.

1 Introduction

This paper deals with the behaviour of solutions of nonlinear parabolic problems of the
form

(P, ;) Ou=Ayu+ f(t,z,u) inQ for t >0,
’ oOwu+ |VuP~20,u =0 on 9 for t > 0,

LMPA Joseph Liouville ULCO, FR CNRS Math. 2956, Universités Lille Nord de France, 50, rue
F. Buisson, CS 80699, F-62228 Calais, France; e-mail: below @univ-littoral.fr; cuesta@univ-littoral.fr;
mailly @univ-littoral .fr

Mathematics Subject Classification (2010): Primary 35K92,35B40,35K10; Secondary 35B44, 35K57,
35K65, 35R45.



2 Joachim von Below, Mabel Cuesta, Gaélle Pincet Mailly

where () is a bounded domain of RY, N > 1, with Lipschitz boundary, and where
Apu = div (|Vul[P~*Vu)

is the well known p-Laplacian operator defined in W'?()) in a weak setting in the usual
way for any real number p > 1. Another distinctive feature in the present context is the
dynamical boundary condition imposed on the time lateral boundary relating the outer
normal derivative to the time derivative. For the sake of simplicity, the dynamical coeffi-
cient ¢ is assumed to be a nonnegative constant.

Of particular interest will be the Cauchy problem

Ou = Apu+ Nu|?u  inQ for ¢ >0,
(Lo, fr qiu0) oo+ |VulP~20,u =0 on 9dQ for ¢t > 0,
u(0, ) = ug in 0,

where A is a real parameter and ¢ > 1.

The classical heat equation, i.e. p = 2, and reaction—diffusion equations under dy-
namical boundary conditions have been intensively studied on L9%-spaces or spaces of
continuous functions, see e.g. [BBR, BD, BP, H, P, VV] and the references therein. We
refer also to [E], where Escher proves that the heat equation generates a strongly continu-
ous analytic semigroup on L4(Q) x W1=1/¢4(9Q)) for ¢ > N for more general quasilinear
equations.

Some special cases of (P, ¢) for p > 1 have been considered recently by Gal [G], Gal
and Warma [GW] and Showalter [Sw], where the generation of the corresponding C°-
semigroups is shown. In fact, generation of C°-semigroups in L?((2) of the p-Laplacian
heat equation under Dirichlet, Neumann and Robin boundary conditions was already stud-
ied by J.L.Lions [Ls]. Boundedness and higher Holder-regularity have been extensively
treated by DiBenedetto [Di] in the homogeneous case, i.e. f = 0. Recently, Cipriani and
Grillo [CG] have shown generation of C°—semigroups for the p—Laplacian under Dirichlet
boundary conditions on L?—spaces and have obtained some ultracontractivity properties
of the associated semigroups.

Beyond the approaches to local existence and higher regularity of weak solutions, the
existence or exclusion of global solutions, as well as the occurrence of blow up phenom-
ena for problem (F, ;) are of particular interest. In the works [BBR, BP, P] the authors
dealt with the linear principal part, i.e. p = 2, and with different nonlinearities f. A main
aim in the present paper is to generalize some of the results from these references to the
p-Laplacian heat equation under dynamical boundary conditions. We also prove some
ultra conductivity bounds of the solutions for problem (P, () that seem not to be available
in the literature yet. Moreover, the absence of general boundedness result for weak solu-
tions of (P, ) is one of the major difficulties in establishing the qualitative properties that
we present in this work. Unfortunately, the existing results as e.g. the aforementioned
ones [E, G, GW] do not apply to the equations considered here. More recent existence
results by Li and You, see [LY] and the references therein, can be applied to some of the
problems (P, ;). However, as it stands, the aim of the present paper is not to deal with
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existence results, but to detail qualitative properties of solutions.

The present paper is organized as follows. In Section 2 the notion of weak solutions
and of upper and lower weak solutions is made precise. Moreover, weak comparison
principles are shown under a generalized one—sided Lipschitz condition imposed to f
given in Definition 2.4 and involving a Lipschitz constant that can depend on the solutions.
In particular, it will be shown in Theorem 2.9 that a weak lower solution u; of (P, f,U%,)
and a weak upper solution u; of (P, fvu%) whose initial data satisfy u} < uZ a.e. in Q and
on 0f), maintain the same inequality for ¢ > (. We also compare solutions under different
boundary conditions, namely homogeneous Dirichlet boundary conditions vs. dynamical
ones, see e.g. Theorem 2.12.

Sections 3 and 4 are devoted to the evolution of associated norms and energy function-
als. For time independent nonlinearities f under a specific Lipschitz condition (3.3), the
energy of weak solutions u of (Py.f.u,), Er(u) = [|Vullh — [y [i" f(,2) dz dz will be
shown to fulfill an identity of the form

—%EF(U(@ ) = 10wt I3 + ollOng (£ 115,00 (3.4)
For the special case f = fy, = Au|? ?u with A < 0, the evolution of the L?-norms in {2
and on 0f2, can be completely controlled leading to lim; . ||u(¢, -)||x2 = 0. In particular,
for p < 2, the solutions vanish to 0 in finite time, see Theorem 4.1.

In Section 5 the behaviour in the large of weak solutions u of (P, . u,) With A < 0
is investigated. For A < 0 and p > 2, it turns out that an analogue to Berryman and
Holland’s asymptotic result for the porous media equation [BH] holds, i.e. there is a
sequence of time steps (%,,),, . tending to oo such that

lim [|(1+ (p — 2)tn)7 2ulty, ) — w|x2 = 0, (Theorem 5.1)
n—oo
where w € W'P(Q) is the solution of the elliptic equation —A,w — Mw[P7w = w
under the Robin—Steklov boundary condition stemming from the dynamical one. Another
distinctive asymptotic result in this section deals with the solutions for the homogeneous
problem (£, ,,) and says that

) fQuo dx—f—afaﬂuo dp
tliglo u(t,-) = QT 0]09)] (Theorem 5.2)
in W1P(Q). Note that this asymptotic formula is exactly the same as for the classical
Laplacian [BBR], i.e. p = 2, established via Fourier expansion of the initial data, that,
however, does not apply for p # 2. For initial data belonging to WP(Q) this holds
also with respect to the L*°—norm, see Theorem 5.3, and will be very useful in order to
guarantee strict positivity a.e. in finite time, e.g. when showing the exclusion of global
existence, see Theorem 6.1 without using a strong parabolic minimum principle. It turns
out that A = 0 plays the same role under dynamical boundary conditions as the first
eigenvalue \; does for homogeneous Dirichlet boundary conditions as it has been shown
in [LX]. For short, for A\ < 0 the weak solutions are bounded for each ¢ > 0, while for
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A > 0 blow up occurs for ¢ = p > 2 and for ¢ > max {2, p}. Closing this section,
we deduce global existence close to an equilibrium fulfilling f'(B) < 0 in the general
autonomous case dyu = Ayu + f(u), see Theorem 5.5.

Section 6 deals with the occurrence of blow up phenomena with respect to the L>°—
norm. First, we generalize the result on the non existence of global solutions from [BBR]
to the p—Laplacian with nonlinearities f(t,z,u) = m(t, z)g(u) under the same assump-
tions as in [BBR], see Theorem 6.1. As for Problem (P j,  .,) With A > 0 and ¢ > 2,
it remains to determine the behaviour in the large. In fact, for p = ¢ and for initial
energy % Jo(IVugP = |ug|P) dz < 0 it will be shown that solutions blow up in finite
time, see Theorem 6.4. For ¢ > max{2,p} we first adopt a technique developed in
[Ba, BP] in order to establish an upper bound for the blow up time under homogeneous
Dirichlet boundary conditions for initial data 0 # uy € Wy"(Q) N L®(Q) with en-
ergy % Jo IV uol? dz — 2 Jo, luol?dz < 0, see Theorem 6.5. Then the comparison tech-
niques from Section 2 apply in order to establish the occurrence of blow up under dy-
namical boundary conditions too, see Theorems 6.6 and Corollary 6.7 for nonlinearities
satisfying f(-,-,2) > M|z|7?z. In the latter one it will be shown that for initial data
ug € WyP(Q) N L>(€; [0, 00)) with nonpositive energy the L?*~norm of the weak solu-
tion of (P, f..,) blows up at the latest at time 7" with

2—q

q e ) =
Tax(v) <T < Q2 / U dw) , (Corollary 6.7)
() A(61—2)(61—19)| | <Q|O| Y

where T},.x (1) is the maximal existence time with respect to the L>°~norm. Finally, we
present an optimal upper bound for the blow up time under the Neumann boundary con-
dition based on the evolution of the L'-norm.

We close this introduction with some notations and the abstract formulation of the evo-
lution problem. We shall denote by dp the restriction to 02 of the (N — 1)-dimensional
Hausdorff measure, which coincides with the usual Lebesgue hypersurface measure, since
052 is supposed to be Lipschitz. Moreover, we shall denote by v = v(z) its outer normal
vector field at x € 0f) defined p-a.e. in OS).

The Lebesgue norm of L%(§2) will be denoted by || - ||,, and the Lebesgue norm of
L1(0%, p) by || - |l4.00, for ¢ € [1,00]. The scalar product of L?(£2) will be denoted by
(-,-) and the scalar product of L*(952, p) will be denoted by (-, )¢ :

(u,v) :/uvda:, (u,v)ozf uv dp.
Q )

The conjugate of any r € [1, oo] will be denoted by 7. The critical Sobolev exponent
for the embedding W'?(Q) — L9(Q) will be denoted by p* := A’;—]fp ifl <p< N, and
by p* = oo otherwise. It is worth noting that

2N
N+2
The trace uj,, of any function v € W'?(Q) is well defined since OS2 is regular enough.
We recall that, if -y denotes the trace operator, then (WP (Q)) = WI=1/rr(90), p).

WP (Q) = L*(Q) <= p > po =
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Moreover, the trace operator W1P(Q2) — LI(052, p) is continuous if and only if 1 < ¢ <

poif p # Nandfor1 < q < coif p = N. Recall that p, := 2= if 1 < p < N,

and that p, = oo if p > N. Note that for ¢ = 2, the trace operator is well-defined and
continuous under the following condition:

2N
WhP(Q) — L*(09Q,p) <= p>pi= —.
Finally, for a reflexive Banach space (V.|| - ||y) and r € [1,00), the classical Bochner

space L"((0,7); V') will be endowed with the norm

T
ooy = ( A dt)
0

2 Weak solutions, comparison principles and uniqueness
results

1/r

Throughout this paper, unless otherwise stated, we shall assume that p > p; and p # 2.
The case 1 < p < p; is a bit more involved, as one has to work with functions belonging to
WP (Q)NLA(Q) having L?(09, p)-trace instead of WP (Q). The case p = p; should also
be treated separately, as the Sobolev embedding W17 (Q)) — LP+(09, p) is not compact
bearing in mind that here p, = 2.

Set X9 = LI(2) x L1099, p), for 1 < ¢ < oo, and

v
U=(up) € X% |[Ullxa:= (Julld+ollollfon) "
and forg =2and U = (u, ),V = (v,7) € X?

<U> V>X2 = <u7 ’U> + o-<90a ¢>O

Identifying each element u € W'?(£2) with the vector U = (u, uj,,, ), the space W'?(()
can be regarded as a subspace of X for any 1 < s < p,. Moreover, X* and L* (ﬁ, dr)
can be identified in a natural way for s > 1, where the measure dr = dx|, ® dp,,, is
defined for any measurable set A C Q by 7(A) = |A| + p(A N IN2). We will agree that A
is measurable if AN () is Lebesgue measurable and A N 0S2 is measurable with respect to
the (N — 1)-Hausdorff measure p.

For any 7" > 0, let us denote Qr = (0,7") x 2. Let us recall the definition of a local
weak solution of the evolution problem (P, ;). Let f : O x R — R be a Carathéodory
function.

Definition 2.1. A function u : Qr — R is called a weak solution of problem (P, ) if
(i) u € LP((0,T); Whr(Q)) N C([0, TT; X2),

(ii) O € L2((0,T); LA(Q)); dyuy,, € L2((0,T); L2, p)),
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(iii) f~ = f(7 K U(‘, )) € LQ((()?T)a LQ(Q>)’
(iv) for any o € WP(Q) and for almost all t € [0,T)] it holds

<atu7 QO> + (|Vu|p‘2Vu, V(,0> - <f(t, x, u), 90> + O-<6tu|am @)0 =0.

Clearly, in (ii) the notation d,u (resp. dyu,,) stands for the weak temporal derivative of
u(resp. of uj,,).

By writing v € X9 we mean that v : Q@ — R is such that u;, € L(£2) and also
u),, € L0, p).

Definition 2.2. For given uy € X? a function v : Qp — R is called a weak solution of
the Cauchy problem (P, f.,)

Ou=Aju+ f(t,z,u) inQ for t >0,
(Po fug) oo+ |VulP20,u =0 ondQ for t >0,
u(0,-) = ug in ),

if u is a weak solution of (P, y) in the sense of Definition 2.1 and if, in addition,
u(0,) =ug T-a.e. in Q.

Let us also recall the definition of upper and lower solution for our evolution problem.
Writing (u, ¢) < (v,) for functions belonging to X'* means that u < v a.e. in € and
that o <1 p-a.e. on Of).

Definition 2.3. For given uy € X2 a function v : Qp — R satisfying (i)-(iii) from
Definition 2.1 is called a weak lower solution of (P, ;.,) if for all ¢ € WhHP(Q) with
v >0, and for almost all t € [0, T

(Ou, @) + (IVul"™*Vu, Vo) — (f(t, 2, 1), @) + 0{0u, ©)o <0,
u(0,-) <uy T-a.e inQ,

in its interval of existence. Similarly, a weak upper solution is defined by reversing the
last two inequalities.

In order to compare two different solutions of the evolution equations, it is necessary to
require some Lipschitz condition on f with respect to the variable u and with respect to
the pair (u1,up) € L*(Qr)?. This is the motivation of the following definition.

Definition 2.4. A function f is said to satisfy the following one-sided Lipschitz condition
for the pair (uy,us) € L*(Qr)? if
3l € L' ((0,T);[0,00)) such that for a.a. (t,x) € Qr,

[f(t,z,ur(t,x)) — f(t, 2 ua(t, x)) — 1(E) (ur(t, x) — ua(t, x))] (ul(t,m)—m(t,ac))Jr <0.
2.1
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Observe that no ordered between u; and uy is assumed here and that (2.1) is in fact a
condition for the set of (¢,z) € Qg for which u,(t,x) > wus(t,z). At the end of this
section, we shall give some special cases where (2.1) is satisfied, c.f. Remark 2.15. Let
us prove the following comparison result.

Theorem 2.5. Let u}, u2 € X? be given, let uy be a weak lower solution of (P, b 1) and
let us be a weak upper solution of (P, fu 2). Assume that the pair (uy, us) satzsﬁes (2.1)
and let us denote v := u; — ug, vy := up — ui. Then

(i) 0" (8, )32 < " Ollogf 13 for all t € 0,7, with L(t) == [5 (s
(ii) Moreover, there exists a constant C' = C(p, N, T, ||l||1) > 0 such that

Cllvg [ ifp > 2,
||VU+||L1> Qr) =

1-2 .
Ol 1% (Ve || o) + Vsl oan) ™2 ifp < 2.
(2.2)

Proof. (i) Fixing t € [0, 7] and taking ¢ = v*(t,-) as a test function in the differential
inequalities satisfied by u; and wy, subtracting them and integrating over (2 yield

(Orv,v™) + o (0w, v")o <
—(|Vu1[P2Vuy — |Vua|P Vg, V(uy — uz) ™) + (f(t, 2, u1) — f(t, 2,u2),vF). (2.3)

Here Conditions (i)-(iv) from Definition 2.1 assure that all the above integrals are finite.
By convexity of the function z — |z|P in RY the first term of the r.h.s. is negative, while
the second term is bounded from above by [(¢)(v(t, -), v" (¢, -)) using (2.1). Moreover, we

deduce for almost all ¢ that 14

2dt

1d
(0,00 = 52 10 B o

(O, vT) =

It 13,

These identities and the existence of the derivatives on the r.h.s. are justified, see e.g. [Sw,
Chapter III, Proposition 1.2]. It follows that

d d
0TI +o— 07500 < 20715,

and therefore, by the Bellman—Gronwall Inequality [Bel]

||U+(t7 ')||X2 < ) HUO ||X2

forall ¢t € [0,T].
(ii) We apply the following inequality from [Si] : 3C = C'(p, N) > 0Vz;, 2, € RV :

(|21[P7221 — |22|P 7222, 21 — za)my > Cl21 — 22|, ifp>2,

(|21[P7221 — |22|P 222, 21 — 20)mn > C(|21|ry + |22]rn )P72|21 — 22|§N, ifl<p<2
(2.4)
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In order to bound from above the first term of the r.h.s. of (2.3) by C[|Vo™ (¢, -)|[? if p > 2
or by C [(|Vuy(t, x)| + [Vua(t, z)|)P~2| Vot (¢, 2)|* da if p < 2. Therefore we deduce
for almost all ¢ that

1d

— o ()3 + Calt) < UOIvH(E, ),
2dt
where we abbreviate
Vo (¢, )15, ifp> 2,

a(t) =
Jo(IVuy(t, )] + | Vug(t, ) )P 2| Vot (t, )P de, ifl<p<2

Integrating over [0, 7] and using the estimate (i) we obtain

1 T
U (T ) e = 1070, ) 1I2) + 0/ a(t)dt < [[1e* vy |3
0

T 1
[ et < & (100 4 3 ) i e
0

If p > 2, then the statement (i1) is clear. Consider p < 2. First, Holder’s inequality leads
to

i.e.

-
IvolE < a? ( [19ul+ |Vu2|>de)
Q

< 2D/ (V[ + [ Vua )

’!:’

since 1 < p < 2. Then, we use Holder’s inequality with respect to the dependence on ¢
and obtain
2

T p/ 1—
IVt 12,y < 20°00-8) ( / a(t)dt) (I 0y + IVl )

2

T p/
_r 1-2
< 20900 ([Caat) (IVuslon + [ Vualion) .
0

[
Immediate consequences of the previous theorem are given by the following corollaries.

[MIS]

Corollary 2.6. Let f1, f2 : Qr — R be two measurable functions such that f; < f5 a.a.
(t,x) € Qp. Let uj, uy € X? be given, let uy be a weak lower solution of (P, ;, ut) and

let uy be a weak upper solution of (P, o 2). Then the conclusions (i) and (ii) hold with
l=0.

Corollary 2.7. Let uy € X? be given. Let u; and uy be two weak solutions of (Po, fug)-
Assume that the pair (uy, uy) satisfies the Lipschitz condition:

31 € LY(0,T), 1 >0, such that for a.a. (t,x) € Qr,

[f(t,x,ui(t,x)) — f(t, z,us(t, z)) — 1(t)(ur(t, x) — ua(t, z))] (ul(t, x)—us(t, x)) < 0.
(2.5)

Then forallt € [0,T), uy(t,-) = us(t,-) a.e. in .
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Note that (2.5) implies (2.1) for both (u; — uy)™ and (u; — ug)~, which means that
uniqueness is plain. For the Lipschitz case we can state the following

Corollary 2.8. Assume that f satisfies the following Lipschitz condition (2.6) with respect
to the variable u:

31 € LY0,T), 1 >0, such that for a.a. (t,x) € Qr, forall (uy,uy) € R?,
[f(t,x,uy) — f(t,x,uz) — U(E)(ug — ug)] (u1 — Ug) <0. (2.6)

Let ug € X?. Let (u)),,cy be a sequence in X* such that lim,,_,o ||ud —ug||x2 = 0. Let u,,
be a weak solution of (P, ;.0 ) and u a weak solution of (P ;.,). Then u,(t,-) — u(t,-)
in X* and u,, — win LP((0,T); W'2(Q)).

Proof. The convergence in X2 follows readily from (i) of Theorem 2.5. From (ii), if
p > 2, we have directly that there exists a constant C' = C(p, N, T ||l||;) > 0 such that

IVun = Vullf, g,y < Clluy — uollz-
If p < 2 we have
(1-%)
IV = Vullfs i,y < Cllup = ol (IVunllzor) + 1 Vull o)™

Since ||[u® — wugl|x2 — 0, the latter inequality yields that the sequence ||Vuy,||rr;) is
bounded and therefore ||Vu, — Vull}, )y = 0. O

Another consequence of Theorem 2.5 is the following standard comparison principle.

Theorem 2.9 (Weak comparison principle with dynamical boundary condition). Let u}, u3
€ X? satisfy ul < ul T-a.e. in Q. Let uy be a weak lower solution of (P, 1, uo) and let us
be a weak upper solution of (P, ;. ul 2). Assume that the pair (uy, us) satisfies (2.1). Then

ui(t,-) < wug(t,-) T—a.e. in .
Proof. By hypothesis

1(ur (0, ) = ua(0, ) [l = [[(ug — ug) [l =0

and

1(u1(0, ) = u2(0,)) " 13 00 = ll(ug — u5)*[|2.00 = 0.
Hence, from Theorem 2.5 (i) it follows that (uy(t,-) — ua(¢,-))* = 0 a.e. in €2, which
permits to conclude. U

In Section 5 we need to compare a weak solution of a parabolic problem with dy-
namical boundary condition with a solution of the analogous parabolic problem under
homogeneous Dirichlet boundary condition for the forcing term

f(t,.l?,lt) = f)\,q(u) = >‘|u|q_2u
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with A > 0 and ¢ > max{2, p}. Let us consider here a more general parabolic problem
for the p-Laplacian under Dirichlet boundary condition

o =Apv+ f(t,z,v) inQ for t >0,
v=20 on 0f) for t > 0, 2.7)
v(0,-) = v in Q,

for an initial value vy € L*(Q). A function v : [0, 7] X  — R is called a weak solution
of (2.7)if v € LP((0,T); W, *(Q)) N C([0, T]; L*(Q)), dyv € L*(r), v(0,-) = vy ae. in
(2 and for any test function ¢ € VVO1 P(€)) we have

(O, ) + (VU *Vu, Vo) = (f(t,2,0),0) =0

for a.a. ¢t € (0,7). Correspondingly, we define upper and lower solutions for Problem
(2.7). For the sake of completeness let us state the following Weak Comparison Principle
for Problem (2.7), though the result is partially known, namely for the special case f = 0,
c.f. [Di].

Theorem 2.10 (Weak Comparison Principle with Dirichlet boundary condition). Let v,
be a lower weak solution of (2.7) with initial data v} € L*() and let vy be an upper
weak solution of (2.7) with initial data v € L*(2), satisfying v} < v3 a.e. in Q. As-
sume further that the pair (vi,vs) satisfies the one-sided Lipschitz condition (2.1). Then
vi(t, ) < wqlt,-) a.e in ), forallt € [0,T).

Proof. Fix t € [0, T). The choice of ¢ = (v1(t,-) — va(t,-))" leads to

(O (v1 — va), (V1 —wa)T) = — /(|V01]”_2V2}1 — |[V0a|P72V0y) - V(v1 — v2) T da
0
s [ ) = 1) 0 = ) d
0
Thus, by convexity of the function z € RY s |z|P and by Condition (2.1),

(D(v1 = va), (v1 = v2) ") <) (1 — v2) T l5.

As in the proof of the Theorem 2.9 we can conclude

2 [0l ) = eat ) Bt = [ L6, = vale, )" [t =
(0n5,7) = s, )3 — 100, ) = n(0,) 3

By the Bellman—Gronwall Inequality and that (v; (0, -) — v2(0, )" = (v§ —v3)T = 0 ae.
in €, it follows that ||(vy (s, ) — va(s, ) V|2 < 25 ||(v1(0, -) — v(0,-))*||2 = 0 for all

s € [0, T, which permits to conclude. O]

As a consequence of the previous theorem we have
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Proposition 2.11 (Weak Maximum Principle with Dirichlet boundary condition). Let v
be a weak upper solution of (2.7) with initial data vy € L?*(2) satisfying vy > 0 a.e. in Q.
Assume further that f(-,-,0) > 0 and that the pair (0,v) satisfies the one-sided Lipschitz
condition (2.1). Then v satisfies v(t,-) > 0 a.e. in ), forall t € [0, T].

Finally, we compare solutions of parabolic problems under dynamical boundary condi-
tions and nonnegative solutions of parabolic problems under Dirichlet boundary condi-
tions. For that purpose, the solution v of (2.7) is required to fulfill v(t,-) € C*(Q), since
we shall need some estimates of the gradient of the solution v(t,-) on 9. See also the
Remark 2.13 below about the regularity of weak solutions of Problem (2.7).

Theorem 2.12. Assume that OX) is of class C*. Let u be a weak lower solution of Problem
(Py. f.uy) with initial data uy € X?. Let v be the weak solution of Problem (2.7) with initial
data vy € L*(Q), satisfying vy > 0 a.e. in ). Assume that

(i) f(-,-,0) =0,

(ii) the pair (0,v) satisfies the one-sided Lipschitz condition (2.1),
(iii) the pair (v,u) satisfies the one-sided Lipschitz condition (2.1),
(iv) forallt € (0,T), v(t,-) € C*(Q).

If, in addition,
ug > vy > 0ae inQ, wug>0 p-a.e. indf, (2.8)

then u(t,-) > v(t,-) a.e. in, forall t € [0,T).

Proof. By Theorem 2.10 and hypotheses (i) and (ii), the solution v is nonnegative in
[0,7] x Q. Since v(t,-) € WP (Q) N C(Q), and since N is of class C*, the solution
v has to vanish on 0S for all ¢t € (0,7). Thus, d,v(t,-) < 0on 09 forall t € (0,7),
and multiplying the differential equation of Problem (2.7) by any nonnegative function
© € WHP(Q) and integrating over {2 yield

(O, ) = (| VuP=*Vo, Vo) + ([VolP 20,0, )0 + (f(t, 2,0), )
< —(|VoP2 Vo, V) + (f(t,z,0),0) . (29)
Although the test function ¢ used in the weak formulation of Problem (2.7) must belong
to W, 7(Q), the above integration by parts is justified e.g. by Lemma A.1 from [CT].

Hence, 0,v(t,-) = 0 on 012, (2.9), and the weak formulation of Problem (P, ., ) with the
test function w(t,-) = (v(t,) — u(t,-))™ yield that

/ ((Oyw, w) + o (Oyw, w)) dt < / (|Vo|P2Vv — |VulP~2Vu, Vw) dt

+ /S<f(t,x,v) — f(t,z,u),w)dt.
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forany 0 < € < s < T By convexity of the function z — |z|P in R”, the first integral on
the r.h.s. is seen to be positive, which implies in turn that

1 [*d °
3 el dt < [ () = s,

and

(s, e = ute e <2 [ [ 17t - fttmwlwds) d
§2/E 1) ||w(t,)||3dt. (2.10)

Asw(e,-) = u (e, ) p-ae. in 012,
lim [|w(e, )32 = [[w(0, )] + ollug [15,00 = 0

by (2.8). Thus (2.10) reduces to

(s, )3 < 2 / 1), )2t

As the function [(t) is integrable and nonnegative, the Bellman—Gronwall Inequality
yields
Vs € [OvT] : HU)(S, )Hg = 0.

Thus, we can conclude that v(s,-) < u(s,-) a.e. in 2 for all s € [0, 7T]. O

Remark 2.13. Standard regularity results (cf. [Li, Theorem 01]) imply that a weak
solution v of Problem (2.7) satisfies v € C'((0, T x Q) provided that v € L>((e,T) x 2)
forall e € (0,T) and that OX) is of class C1* for some 0 < o < 1.

Remark 2.14. In order to assure the global boundedness in the large of any weak solution
v of Problem (2.7), that is, v € L*((e,T) X 2), one should impose to f a growth condition
with respect to the u-variable, say e.g.

If(t,z,v)| < A|T" fora.a.(t,z) € (e,T) x Q,Vv € R,
with q < pN+2 (c.f [Di, Theorem 3.2 Chapter V]).
Remark 2.15. In the special case f(t,x,u) = fx,(u), withq > 1

(i) Conditions (2.1) and (2.5) are trivially satisfied for any pair of functions (uy, us) if
A<0.

(ii) If A > 0 and q > 2, the one-sided Lipschitz condition (2.1) is satisfied for any pair
and (uy,uz) € LY((0,T); L>=(2))? because

[ Fra(ua(t, ) = faglua(t, )] < 1@)|ua(t, ) — ualt, )|
with I(t) := (q — DA max{[[us (£, )l|oo, lJuz(t, )l }*72.
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(iii) Clearly, for q < 2 Condition (2.1) does not hold, and Theorem 2.9 does not apply.
In general, the solutions of (P, f/\,q7u0> are even not unique. Take e.g. 0 = 0 and

. . . : 1
q = %, then the continuum of nonnegative solutions of 2 = \z2 under z(0) = 0
furnishes also non unique solutions of (P, Ina 0)-

3 An energy identity

In this section we show an energy estimate for solutions of Problem (£, ,,) for time
independent nonlinearities:

V(t,z,u) € Qpr xR @ f(t,z,u) = f(z,u). (3.1)
For any weak solution « of Problem (P, ;,,) we introduce the energy Er by

EF = —1 Vu P Flz,u x)) dx 3.2
(u(t>')) p” (tv')Hp /Q ( ) (t, )) ( . )
with

Fla,s) = /0 (@, 2)d.

The following energy identity for weak solutions of (P, ., ) will be shown as in the case
f = 0, where the classical theory of maximal monotone operators [Br, Theorem 3.2] has
been applied.

Theorem 3.1. Let u : Qp — R be a weak solution of Problem (P, ;.,,) with ug € X
Assume that f satisfies (3.1) and that there exists a constant | > 0 such that

[f(z,u(t,x)) — f(z,u(s, ) — l(u(t,z) —u(s,x))] (u(t,z) —u(s,z)) <0  (3.3)

fora.a. t,s € (0,T] and for a.a. © € . Then for a.a. t € (0,T), the time derivative of
Er(u(t,-)) exists and satisfies the identity

d
— 2 Bp(u(t, )) = 0ut, ) + 01100t ¢, )3 s (3.4)

For simplicity we shall abbreviate
(Ovult, ), o)az = (Opult, ), ) + 0 (Orujy (L, ), o,
for any p € WHP(Q), and
10ulZ2 == [10ut, )13 + ollOrw)pq (t, )13 00-

Note that we do not state here that 0,u/,, (¢, -) is the trace of d,u(t, -), since this function
is assumed only to belong to L?((2)!
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Proof. Recall the following basic convexity inequality, valid for any p > 1 and any x,y €
RY:
ez (y — @) < 7 — [al”. (3.5)

Fixt € (0,7) and h > 0 small and choose ¢ = u(t+h,-)—u(t, -) in the weak formulation
of (P, f.,) at time ¢. Then, using (3.5)

(Opul(t,-),u(t + h,-) —u(t,-))x2
= —(|Vu(t, ) [P2Vul(t,-), Vu(t + h, ) — Vau(t,-)) + (f(,u(t, ), ut + h,-) —u(t,-))

1
z = (IVult+ 2, )l = [Vult, )[5) + (0wt ) ult + by o) —ult ). 3.6)
Now take the test function ¢ again in the weak formulation of (P, ,,) att + h and get

(Ot + h, ), u(t+ h, ) —u(t,-))x2
= —(|Vu(t + h, ) [P 2Vu(t + h,-), Vu(t + h,-) — Vu(t, "))
+ (f( ult+ b)), u(t + by —ult, )

1
For s > 0, let us denote for the sake of simplicity
g(S) = <atu(tv ')7 u(t + s, ) - u(t7 ')>X2’

e(s) = (| Vu(t + s, i = IVult, I5),

k(s) = (f(,ult, ), ult +s,-) = ult, ),
d(s) = (Oyu(t + 5,-) — Bpult, ), ult +5,-) — u(t, ) x>
—(fCult+s,7) = fult, ) ult+s,-) —ult,-)).
Combining (3.6) and (3.7) yields
—g(h) + k(h) < e(h) < —g(h) + k(h) — d(h). (3.8)
The assertion of the proposition will follow from dividing (3.8) by h and passing to the

limit as & — 0. Let us study the existence of those limits. Inequality (3.8) implies in
particular that d(h) < 0, which in turn in combination with (3.3) leads to

% (lult + b, o) = ult, )IZ2) — Hlult + b, ) —ult, )|z < d(h) <0,

N | —

and, after integrating over any interval [sq, so] C (0,77,

e Ju(sy + by ) —ulsy, )& — e lulsy + b, ) —uls, )32 <0.
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Dividing by h? and letting i — 0 we have then
2% |Byusz, 3 — 2 Dyulsy, )3 < 0. (3.9)
Thus, we can conclude that there exists a constant // > 0 depending on v and ¢ such that
B = (10t + b, ) |32 < M,

where (h,,),, oy is any sequence of real numbers tending to 0. Since (f3,,),,cy is bounded,
there exists some (£, &) € X2 such that, up to a subsequence, (Gyu(t + A, ), Oy, (t +
By ) = (&1,&) in X2. Hence, by (3.8) and by u € C([0,T); X?), g(s) and the r.h.s. of
(3.8) are bounded, as well as (u(t + Ay, ), oy in WP(Q). Therefore there exists some
z € WLP(Q) such that, up to a subsequence, u(t + h,, ) — z in W1?(Q), strongly in X*
and simply a.e. in Q. By continuity of ¢ — w(Z, -) in X we must have z = u(t, -).

Finally, we conclude that (&1, &2) = (Quu(t, -), Ouy,, (¢, -)) by the following argument.
In the weak formulation of (P, ., ) at time ¢ + h,, we find, passing to the limit

<§17 SD>+O-<§27 90>0 = _<|Vu(t7 ')|p_2vu(tv ')7 V90>+<f('7 u(tv ))7 90> = <atu(t7 ')7 @)XQ

for any p € WP(Q). The special choice of ¢ € Wol’p(Q) implies that & = du(t, ) and
consequently & = glh) _ k() _

Ju,, (L, ). Hence, limy o 52 = [|0pu(t, -)||3- and lim,_o 52 =
(f(-,u(t,+)), Ou(t,-)). This completes the proof. O

Remark 3.2. One can readily see that the same arguments apply for the evolution equa-
tion under Dirichlet boundary conditions, i.e. for Problem (2.7) with f satisfying (3.3),
obtaining similarly for a.a. t € (0,T]

d
— = Br(u(t, ) = llow(t, )5 (3.10)

Now, let us consider the particular case f = f) ,, i.e.

O = Apu+ NulP~?u  inQ for t >0,
00w+ |[VulP~20,u =0 on 9 for t > 0, (3.11)
u(0, ) = ug in Q.

Throughout we shall denote

Ex(u) = 1/(yvu|z> — Aul?) da (3.12)
PJa

We can use the energy identity to prove the following result on the Rayleigh quotient

Jo(IVutt, )P = Alu(t,-)|?) dz

[l

Ex[ul(t) == (3.13)

Here, we followed [SV] where a similar result was proved under Dirichlet boundary con-
ditions.
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Lemma 3.3. Let A € R and u # 0 be a solution of (Py, , u,) with ug € X*. In the case
A > 0 assume further that w € L>°(Qdr). Then

(i) the function E\[u)(t) defined in (3.13) is non increasing with respect to t € (0, T,
(ii) and the mapping t — ||u(t, -) ||i;2p is concave if p > 2 and convex if p < 2.

Remark 3.4. Since &,[u|(t) is only defined a.e. in (0,T'), one should understand the result
of (i) as follows: “there is an integrable function g with g = 0 a.e. such that E\[u] + g is
non increasing with respect tot”.

Proof. (i) We apply the energy identity 3.4 to f. Note that Condition (3.3) is always
satisfied for any function w if A < 0, whereas for A > 0 it holds for u € L>(Qr).

On the one hand, multiplying the differential equation of (P,  .,) by u and integrat-
ing over () yield

1d
pE(u(t,-)) = — / udyu dr — Uj{ ubetjoq dp = —5 - [lult, )% (3.14)
Q 09
and using Holder’s inequality in (3.14),
P*Ex(u(t,)* < l|0u(t, )32 llult, )l[%-- (3.15)
On the other hand, by Theorem 3.1
d 2
EE’\(U(t’ ) = —||0u(t,)||52 <0 (3.16)
a.e. in (0,7"). Combining (3.15) et (3.16) we have
d Ex(u(t,-))* _p dilludt )3
—Ex(u(t,") < —p*~— == = SEA(u(t, ) T
dt lult, )Z2 2 Ju(t, )%

Hence, if £ (u) > 0,

(B u(t, )~ In Ju(t, ) [5) < 0

and ¢t — In Ey(u(t,-)) — In|lu(t,-)|%- is a non increasing function of ¢ > 0 and the
conclusion follows. If E)(u) < 0, t + In|Ey(u(t,-))| — In |lu(t, -)|[% is a non decreas-
ing function, which leads to the same conclusion. If F)(u(t,-)) = 0, then, by (3.16),
Ex\(u(s,-)) <0 for s > t and therefore, &, [u(s) < 0 = Ey[u](t).

(ii) Note that by (3.14), E\[u] = —%dij_%, where we have set H(t) = |Ju(t,-)||3- for
simplicity. It readily follows that

dg A [’LL]
dt

) <t o (1——) )
dt plae TR T ) T =

which shows (ii). ]

<dH>2 2 d®H p\ d2H'"%
<0e < .
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4 Estimates of the X2—norm

In this section we present some estimates of the X?—norm of the solutions of Problem
(Ps.fy.u0) for various cases of ¢ and .

Proposition 4.1. Assume \ < 0 and let u be a weak solution of Problem (P g,  .,) with
initial data vy, € X2

(i) Assume p > 2. Then there exists a positive constant K depending only on p, ), \,
and o such that for all t > 0,

lu(t, Yaz < (Juoll % + K (p — 2)£) 7. @.1)

In particular, limy_, . ||u(t,-)||x2 = 0.

wol|2 5P
(ii) In the case p < 2, the estimate (4.1) holds for 0 < t < T* := HO# and
K(2-p)
llu(t, )||x2 = 0 forallt > T".

Proof. Consider any ¢ > 0 in the maximal interval of existence containing 0. Multiplying
the differential equation by u yields

By Sobolev’s classical embedding theorem there exists a constant X > 0 depending only
on p,Q, \, and o such that for any u € W1P(Q),

Bx(u) > K|ulfya.

Combining these two results leads to

d
i lult, M2 < —Klu(t, )|
and therefore, .
55 et M3 = lwoll3e”) < —Kct. 42)

For p > 2 it follows that the solution exists for all £ > 0 and
lut, ) I%" > =K (2 = p)t + [Juoll 32"
and )
Jut, )z < (K(p — 2)t + [Juol|3") 77 (4.3)

In the case p < 2, the inequalities (4.2) and (4.3) hold only for 0 < ¢ < T™. But, as the
r.h.s. in (4.3) vanishes at 7™, we conclude that ||u(t,-)||x2 = 0 for t = T, and, thereby,
lu(t, )||x2 = 0 forallt > T™. O
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Remark 4.2. For Problem (2.7) with f» , = 0, DiBenedetto [Di, Chapter VII, Proposition
2.1] proved that positive solutions extinct in finite time, i.e. there exists I, > 0 such that
u(t,") = 0fort > T, for 1 < p < 2. Here we proved that the same result holds for the
solutions of Problem (Py g,  .,) if A <0andp; <p <2.

Next, we give a point-wise one—sided estimate of the solution w(, -) in the case of a
bounded initial data with definite sign:

Proposition 4.3. Suppose A < 0 and ug € X NW?1P(Q). Then the unique solution u of
(Ps.fypu0) is globally bounded. Moreover, if p > 2 and supg ug < 0, then

1

u(t,z) < n(t) = — <(— S%p ug)* P + (2 — p))\t) o :

Correspondingly, if p > 2 and infgug > 0, then

1

2—p
ult.) 2 (0 = (w47 + 2 )
Q
forallt > 0 and a.e. in ).

Proof. The boundedness follows straightforwardly from Remark 2.15 and Theorem 2.9
applied to u and the constant =+ ||ug||%. Now suppose that uy < 07— a.e. in 2. As A <0
and 2 < p, n(t) < 0 fort > 0, and 7 clearly satisfies the ODE

n' = An|"~*n.

Moreover, observe that ug(z) < 1(0) 7-a.e. in Q, and o7/(t) > 0 on 05, since o > 0.
Then, again, Theorem 2.9 permits to conclude that u(¢,-) < n(t) a.e. in §2. Thus, we are
led to

—Juoll¥ = irﬁlqu <u(t,z) < n(t)
forall £ > 0 and a.e. in 2. The case uy > 0 is shown similarly. ]

For 1 < ¢ < 2and A > 0 the X?-norm of a solution remains bounded on bounded
time intervals. This is part of the following result bearing in mind that for the present
case, the solutions of (P, , «,) are not unique in general, see Remark 2.15 (iii).

Proposition 4.4. Suppose 1 < q < 2and \ > 0. Let ug € X? be given. Then for any
weak solution of Problem (P j, . ), the following estimate holds for all t € [0, T:

lut, e < ol e =2 (4.4)
u(t, - < N .
7 (ol + 2= @A) for1<g<2.
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Proof. Set H(t) = |lu(t,-)||3-. Multiplying the differential equation by u yields

H
it —2/ |Vu|pdm—|—2)\/ |u|? dz.

In the case ¢ = 2, it follows readily that % < 2)\H. Inthecase 1 < ¢ < 2, the inequality

q

dH —q 2 —q q
— <N (/ u? dt) N E
dt o

leads to the desired estimate. L]

5 Behaviour at infinity

In this section we investigate the behaviour and growth order estimates at infinity of solu-
tions of (P f, , u,) in the case A < 0. The uniqueness of solutions of Problem (P,  .,)
stems from Theorem 2.9 and Remark 2.15. Our aim is to prove first some behaviour at
infinity in the spaces X2 and W'?(Q)), c.f. Proposition 5.2. Secondly we shall give a
more precise rate of convergence at oo of the X*° norms, c.f. Proposition 5.3. Finally, we
give more precise informations about the behaviour of the solution of Problem (3.11) as
t — oo.

Theorem 5.1. Let A < 0 and p > 2 and let u be a solution of Problem (P,  .,) With
initial data vy € X*. Then there exists a sequence (t,), . in R tending to 0o and a
solution w € W'P(Q) of the elliptic problem with Robin—Steklov boundary condition

{ —Apjw = NwP2w=w in{,

|Vw|P~20,w = ow on 09, SR

such that ,
lim [|(L+ (p — 2)t)72u(ty, -) — w]l2 = 0.

n—oo

Proof. We can follow the proof of [BH]. Set z(t,z) = (1 + (p — 2)t)p%2u(t,x) for
t > 0,z € Q. A simple calculation shows that z solves

1+ (p—2))0z = 2+ Apz + A|2|P722  inQ for ¢ > 0,
o(l+ (p—2)t)0z = —|Vz[P720,z + 0z on 9N for t >0, (5.2)
Z<07 ) = Ug n ﬁ,

Consider the energy functional J associated to (5.2)

1 1
J(v) = —/(|Vv|p — MolP)dx — = (/ Els dx—l—a?{ |v|2d,0)
D Jo 2 \Ja oQ

By Proposition 4.1, ||z(¢, -)|| x2 is uniformly bounded for ¢ > 0 and thereby, using Lemma
3.3, ||z(t,-)||wre is uniformly bounded for ¢ > t, > 0 for any ¢, as well. A similar
reasoning as in the proof of Lemma 3.3, shows that

d

(1) = —(1+ (0 = 202t Il <0
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fora.a. t > 0. Thus, t — J(z(t,-)) is bounded from below and decreasing, and therefore
there exists a sequence (t,,),,. With ¢, — oo such that

d
Set wy, = z(t,,-). By Lemma 3.3 the sequence (||wy,||w1»),y is bounded as well, thus
there exists a subsequence still denoted by (w,),,oy, and a function w € WP(Q) such
that w,, — w weakly in W?(Q), strongly in X2 and simply 7— a.e. in €. Then the Lh.s.
of the equations in (5.2) tend weakly to 0 in X2 as n — oo, while the r.h.s. tend weakly
in WhP(Q) to Apyw + AMw[P~?w + w in Q and to —|Vw|P~29,w + ow on 9. O

In the case A = 0 an asymptotic result holds that is analogous to Proposition 4.1 and
Theorem 5.1. Note that the asymptotic constant ¢, defined in (5.3) is exactly the same
one as for the classical Laplacian, i.e. p = 2, see [BBR].

Theorem 5.2. Assume \ = 0 and let ug € X? be given. Let u be the weak solution of the
Cauchy problem (P, ..,) with initial data uy. Then
lim u(t,-) =co in W'P(Q)
t—o00
with
o fQuo dx—i—ag%ﬂuo dp
0 Q] +ol0Q]

Moreover, for p < 2 there exists t, > 0 such that u(t,x) = cq for all (t,x) € [t.,00[xQ.
Furthermore

(5.3)

p— luo — eoll 3"
K(2-p)

with some constant K > 0 depending only on N, p, o and ().

>0 (5.4)

Proof. Integrating the differential equation leads to

0= / owu dv — % |VulP~20,u dp = / oy dx + GJQ{ Oy dp;
Q a0 Q Py

thatis & ( [, udz + o §,, udp) = 0 forany ¢ > 0. Writing o := || 4 5|09, we have
/udaz—l—a?{ udp:/uo d:z:—l—aj{ ug dp = cov.
Q 09 Q o0
Again, integrating the differential equation multiplied by « leads to
1 d
Eu(t,)) = ———||u(t. )% 5.5
(u(t,) =~ lutt. e 55)
where E(u) := Ey(u) = %fﬂ |VulPdx. Set v = u — ¢o and vy = uy — ¢y and observe

that [, vodz + o §,, vo dp = 0 and that v is a weak solution of Problem (P, ,) for the



Qualitative results for parabolic p—Laplacian equations 21

initial data vg. Since v — ||Vv||, defines an equivalent norm to the usual WP (Q2)-norm
on the subspace H defined by

Hoz{vewl’p(Q)‘/vdm—i—aj{ vdp:O}, (5.6)
Q a0

we infer from Sobolev’s embedding WP () — X2 that
E(v) > K|v|l%-

with some constant 0 < K = K(p, N, 0,(2). Then we proceed as in the proof of Propo-
sition 4.1 in order to get the bound (4.1) for the function v. Thus, |[v]|x2 = 0 for all

_ oll52
t >t Ko p)

implies that the Rayleigh quotient & |[v](t) :=
to ¢t for t > 0, that is

if 2 < p. If p > 2, then lim;_,, ||v(¢,)||x2 = 0. Finally, Lemma 3.3

v . . .
fﬂ(l|ll+(t)‘ is non increasing with respect

Vu(to, -
[Vu(to, )HpH( [ a2 fort >ty > 0.

[o(to, -)|x2

Then if p # 2, limy_,o | Vo(Z, )|, = 0 and limy_, ||v(Z, ) |lwir@) = 0 since v € Hy,
which permits to conclude that u(t,-) — co in WH?(2) as t — oco. O

Vo, ), <

Next, we want to establish the L>°—convergence for the previous limit result ¢y =
limy_, u(t, ). The problem of the global boundedness of positive weak solutions for
the parabolic equation in (.,  .,) with Dirichlet or Neumann boundary conditions and
bounded initial data has been completely treated e.g. in [Di, Chapter V]. Later F. Cipri-
ani and G. Grillo [CG] gave the so called “ultraconductivity bounds” of the solutions of
the parabolic equation of (P, f,  .,) in the case 2 < p < N under Dirichlet boundary
conditions and initial data ug € L9(2) with ¢ sufficiently large. In the case A = 0 under
dynamical boundary conditions such results seem to be unavailable yet in the literature.
Therefore we present the following one here.

Theorem 5.3. Let us assume \ = 0 and ug € W'P(Q). Let u be a solution of (Py.u,)
with initial data ug and let cy be defined as in (5.3). Then the following estimates hold.

(i) If p < N and ug € XP+, then there exists 0 < d = d(p«, ), 0) such that, for all
t>0,

[T (5.7)

1
llu(t, ) — collae < dt™ 72 ||lug — co
(ii) If p > N and uy € XY then for some q > max{p,2}, there exists 0 < d =
d(q,Q, o) such that, for all t > 0,
|u(t, ) — collxee < dt™ =2 |lug — col| %4> (5.8)

In particular

T [u(t, ) — ol = 0.



22 Joachim von Below, Mabel Cuesta, Gaélle Pincet Mailly

Proof. We shall give only the proof in the case (i), as the proof of case (ii) is the same
provided p* is replaced by ¢. Let us assume first that uy € X N W1P(Q), we shall get
rid of this assumption at the end of the proof. As in the proof of Proposition 5.2, we shall
use v = u —cp and vy = ug — ¢y. Since vy € X*°, Theorem 2.9 gives readily the estimates

[Ullcor+x0 < [Volloos  [|V]loor+ %00 < ||Vo]]s0,00,

in particular for all ¢ > 0, v(¢,-) € X*°. We can consider for any m > 2 the test function
© = |[v|™ 20, yielding

ot = —mm = 1) (L) [ 5 dr 59
v ) [Fm = —m(m pa— g v(t, x. )

Note that for any m > 2, v|%v € H, where H is defined in Lemma 5.4 below. Hence,
by combining (5.4) and trace embeddings we infer the existence of a constant C' depend-
ing only on p,, {2, and o such that

m—2+p
I
Q

Then it follows from (5.9) that

m—2+p ||P

" dr > CH|v(t,-)| ;

X Px '

d m p b p+m—2
E”U(tf)HXm < —-Cm(m—1) Dt —2 ||v(t,~)||X%*(p+m_2).

Setrg = %, mgy = p, and for k € N*

« — 2 -2
mg = ro(p+ my—1 — 2) = il _nolp )

o — 1 o — 1
Now the previous inequality for m = m;, reads
d ME41
E“U(u)HnXl’%ﬂk < _CQkHU(ta')”X:'?HU (5-10)

p
where 0y, := my(my — 1) (ankﬂ) . Denote for simplicity Y; = ||v||}%, and fix t > 0

and k € N*. Define, for 0 < j < k,

Rk
0 r(()l’—l)(k—ﬂ)

k—j

So = t, Sj — Sj+1 =

for some 1 > 0 to be chosen later. By integrating (5.10) between s; and sy we have, using
that t — Yj(t) is a positive decreasing function,

Yk(So) — Yk(Sl) S —Ctgk(S(] — 81)kal(t)
and
Y1 (t) < [Cprg @VF770Y, (s1)7. (5.11)
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Iterating £ + 1 times leads to

k+1
Vi (t) < ak/Bk%(Sk—f—l)TO+

with _ ) »
g = (uC) " Zi=om" = (po)rrt 7o),
gyt (DI %(ré—l)l
Br = H Ty ° =1, 0 "o )
=0
Thus,
1 1 1 T(1§+1
Yk?—ﬁ“ (t) < 0‘1:%“ 51:%“ Yo(Skq1) ™oL (5.12)

Now choose p in such a way that limg_, s = 0, i.e. u = Note that

t
j(1-p)g—1°*
Yizomo 05

. . . . . _ 2—p)j
the series in the denominator converges, since 6; scales with (m;)2~? and > ", More-
1

. . . . AL (pg—1) . a1 I

over, a 31mp11e calculation gives limy_, o, m0k+1 = (p*(lQ)m , limy o0 = (uC) -2,
p—1

limy o0 B ¥ = 15" "0V Now, the estimate (5.7) follows by passing to the limit in

(5.12). Note that the convergence of Yy(sr11) = |[v(sk1,-)||b: to Yo(0) = [|vg|[P: follows
from the fact that v € C([0, T]; L*(2)) by Definition 2.1 and by the boundedness of v.
Finally assume that ug € X? and take a sequence (u}), .y in X N WP(Q) con-
verging to ug in XP*. In particular ¢? := ¢y (u2) — co. Let u,, be the unique solution of
(Py.fy o) for A = 0 and initial data «). Thus, (5.7) holds for each u,,. By Corollary 2.8,
forany t € R, u,(t,+) — u(t,-) in X? and therefore, for a.a. x € Q, u,(t,z) — u(t, ),
which permits to conclude. [

Lemma 5.4. Let 0 < q < p, be fixed and set

i {uewr@|sse 0 [t s § pudp=ol.
Q onN

Then there exists a constant C' = C(q) > 0 such that for all u € H,

/ |VulP de > C/ |ul? dx.
Q Q

Proof. Assume by contradiction that there exists a sequence (u,),,cy in W'?(€2) and a
sequence (S, )nen in (0, g] such that

/ |un|sn—1un dx + 0% |un|sn—1un dp =0, (5.13)
Q i)

Jo lunl? dz =1 and [, |Vu,|P dz < 1. Choose a subsequence of (s,)nen denoted again
by (5 )nen, that is converging to some sy € [0, ¢]. As the sequence (u,,),, .y is bounded
in TW1P(Q), there exists a subsequence of (u,,),en, still denoted by (uy,),en, converging
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weakly to some vy € W1P(Q), strongly in LP(Q) N X*° and simply a.e. in Q. Then v
has to be constant, say c since

/ |Vuo|P do < lim / |Vu,|? dx = 0.
0 n—o0 QO

But vy = ¢ # 0 a.e. in 2 by the strong convergence in LP({2). On the other hand, by
letting n tend to oo in (5.13) and by the strong convergence in X'*°, we are led to the

contradiction
0= / e[ edx + Jj{ |c[* e dp.
Q G

]

Remark 5.1. The existence of a solution of (FPy.,  .,) in the case A < 0 in the sense
of distributions has been proved for instance in [Sw, p. 141] and in [Ls] in the case
A = 0, that is readily extended to the case A < 0. Note that our notion of a weak
solution in Definition 2.1 requires more regularity, since we impose d;u(t, -) € L*(€) and
O, (L, ) € L*(09, p) fora.a. ¢ € [0, 7). This higher regularity is not a restriction since
distributional solutions of (P,  u,) with initial data ug € W1P(Q) bear this property,
see e.g. [Sw, p.124] or [Br, Theorem 3.1]). Furthermore, following [Br, Theorem 3.2],
O € L>=(RT, X?).

Closing this section we present the occurrence of global solution existence in the pres-
ence of a hyperbolic equilibrium for a reaction term f € C'(R). Thus, the Cauchy prob-
lem in question reads

ou = Apu+ f(u) in Q for t > 0,
00w + |Vu|P20,u=0 ondQ for ¢t > 0, (5.14)

U(O, ) = Ug € C(Q)

We suppose that
(5.14) defines a local flow in X°° N WP(Q) (5.15)

and that there are real numbers —oco < A < B < C < oo such that

f(A) = f(B) = f(C) =0, f(B)<0, f>0in(AB), f<0in(B.C).
(5.16)
Introduce F(s) = [} f(n)dn, and recall that the energy functional Er : Wh*(Q) —
R is defined formally by Ep(u) = [, |Vul? dv — [, F(u) dz. Now we can state the
following.

Theorem 5.5. Under the conditions (5.15), (5.16), and uy € X N WH(Q), any weak
solution of Problem (5.14) with initial condition fulfilling A < uy < C T—a.e. in Q
exists globally in [0, 00) and satisfies A < u < C T-a.e. in Q forallt > 0. Moreover,
the equilibrium B is stable in the class of functions from W'P(Q)) taking their values in
[A, C] T—a.e. in QL.
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Proof. If uy takes its values in [A, B] or [B,C] T—a.e. in ), then Theorem 2.9 for the
given o permits to conclude that A < u(t,-) < Bor B < u(t,-) < C respectively 7—a.e.
in Q for all ¢ > 0. For an initial condition ug satisfying A < ug < C' 7-a.e. in Q) Theorem
2.9 again applies to the solutions u, u, and w with respective initial data

Uy = min {ug, B} < up < max {ug, B} =: U
and yields
VtE>0: A<u(t,)) <u(t,)) <u(t,-) <C 7-ae. inQ.

As for the last assertion, note that E'»(u) defines a generalized Lyapunov function for
the equilibrium B in the class of functions from W'?(Q)) taking their values in [A, C]
T—a.e. As above, the orbital derivative along solutions of (5.14) is nonpositive, since

GPe(u(t.) = = [ @t dr = § @t ) ds <o

Moreover, for functions belonging to the mentioned class the potential energy term is
bounded from below by —|Q|F(B). Thus, the equilibrium B is stable, see e.g. [A,
Section 18]. ]

We note in passing that by Lasalle’s Principle [A, Section 18], the trajectories of the
flow belonging to (5.14) have their w-limits in the set of functions satisfying %E r(u) =
0. This yields another global existence proof. Moreover, attractivity properties of the
equilibrium 5B might be obtained by using similar arguments as in [Be, Theorem 17.31].
We omit the details here and mention only the following result under the Neumann bound-
ary condition.

Corollary 5.6. Under the hypotheses of Theorem 5.5 in the case 0 = 0, any weak solution

of
Ou = Apu+ f(u) in Q) for t >0,
o,u =0 B on 0N) for t > 0, (5.17)
u(0,-) =up € C(Q\{4,C},

satisfies

lim [Ju(t,) — B[ = 0.

t—o00

Proof. Recall ¢y := Jouo dato foguodp g get by assumption that A < ¢y < C'. Using the

[Q[+0]09Q
notations of Theorem 5.5, by Theorems 5.3 and 2.9 there exists . > 0 such that
A C —
V>t ;CO <u(t,) S ult,) Sult,) STE) STt ) € P e in (D,

where v and U denote the solutions for f = 0 with initial conditions w, and %, respec-
tively. But the solutions z; and 2z of

{z‘l = f(z) for ¢ > t,, {z'g F(2) for ¢ > t,,

a(te) = 45 alte) = %42,

tend both uniformly to B, while z;(t) < u(t,-) < z(t) 7—a.e. in Q for all ¢ > ¢, by
Theorem 2.9. u
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6 Blow up phenomena

This section is devoted to the occurrence of blow up for the solutions of Problem (P, ., )-
We note in passing, that among others, the recent rather general blow up results by Vulkov
[Vul] complement nicely the ones presented here, but do not include the latter ones. First,
we consider a rather general case of nonnegative source terms f(t, z, u) of the form (6.1).
Then we shall study a source term with a sign change of the form f = f),, withqg > p
and \ > 0. For the first case, assume that f is of the form

ftx,u) = m(t, z)g(u), (6.1)
where g and m satisfy
g € CHR), g(s) >0 forall s>0, (6.2)
g(s) >0forall s€ R, ¢'(s) >0forall s>0 (6.3)
< d
/ S < oo for some sy > 0, (6.4)
s 9()
m € L (RT; LY()), m >0, (6.5)

and

/T(/m(t,x)dx) dt — 0o as T — 00 (6.6)
0 0

We follow a technique developed in [BBR] to exclude the existence of global weak solu-
tion of Problem (P, ;,, ) for positive sources in the case p = 2. Unlike in that reference, it
is impossible to establish an expansion formula for the solution of the homogeneous linear
problem corresponding to (P, s, ) for p # 2. However, as a consequence of the asymp-
totic result Theorem 5.3 obtained for the homogeneous Problem (P, ,,), v is bounded
from below after a certain finite time. A main result of this section is the following.

Theorem 6.1. Assume (6.1)-(6.6) and let ug € XP* if p < N or uy € X for some q > p
if p > N. Assume that uq fulfills

/uod:eraj{ ug dp > 0. (6.7)
Q o0

Then there is no weak solution u of (P, ;.,) existing for all times.

Proof. Suppose that u is a global weak solution of (P, f,,). First, we claim that there
exists ¢ > 0 such that u(,-) > 2 a.e. in Q2 and for ¢ > t,, with ¢y defined in (5.3). Let v
be the unique solution of the homogeneous problem (P, ¢ ,, ) with initial data u,. Theorem
5.3 implies that there exists a ¢, > 0 such that for all ¢ > ¢, @ < v(t,-) a.e. in 0. Asvis
a solution of (P, g, ) for t > ty, Corollary 2.6 applies to f, := 0 < m(t,z)g(u) =: fs by
(6.3) and yields u(t,-) > v(t,-) a.e. in ) for all ¢ > ¢,. Trivially, by (6.3), we also have
g(u(t,z)) > g(2)ae.in Qforall t > t,.
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Fix any ¢ > to and any M > < and consider the test function defined by

m ifu(t,z) < M,
() =
m if u(t,x) > M.

27

Then ), is admissible in the formulation of a weak solution of (P, f,,), i.e. @ €

Wh?(Q). Thus,

/ Oyupn(u) dx + o Oyupns(u) dp
Q 80

NAD
- |Vul de— | m(z,t)g(u)pr(u)de =0,
{z€Qlu(t,x)<M} Q

g(u)?

. J/
-~

>0

so that

/QﬁtugoM(u) dx—l—a}éﬂ@tugoM(u) dpz/Qm(ac,t)g(u)cpM(u) dxz/gm(x,t) dx.

Letting M tend to oo implies

@tu f 8tu /
dr+ o dp > [ m(x,t)dx.
Lot b s de [ mo

5 d
Setting h(s) = / N and integrating between ¢, and 7 lead to

s 9(1)

/Q (h(u(r, 2)) — h(ulty, 2))) dz + o ( i (h(u(r,r)) — h(u(to,r))) d,a(r))

Q

2/ /m(m,t)dxdt.
to JQ

By (6.6), the r.h.s. tends to infinity as 7 — oo, whereas the L.h.s. remains bounded by

Hypothesis (6.4). This contradiction permits to conclude.

]

Remark 6.2. The result in Theorem 6.1 applies especially to reaction terms of the form

f = Nu|*™ with X > 0 and q > 2 or of the form f(u) = €.

In the sequel, Ti,.x(u) will denote the maximal existence time of the weak solution of

(P,,r) with respect to the L>°({2)—norm, i.e.

Tinax(u) e inf {s >0 ‘ limsup |Ju(t,)|e = oo} )
t s

(6.8)

In the case m = 1 a lower bound for the maximal existence time can be obtained by

comparison with the solution of the ODE under an appropriate initial condition.
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Proposition 6.3. Let uy € X*°. Under (6.2) and (6.4), suppose that z is the solution of
the ordinary IVP

° d
zZ=g(2), f0r0<t<t0::/ el
lluo | xa g(n)

2(0) = [Juollx..,

Then any weak solution u of (P, 4.,) satisfies either Trax(u) = 0 or Tax(u) > to and
u(t, ) < z(t) forall t € [0, Tinax(w)), a.e. in Q.

Proof. Since g is of class C, g and the pair (u, 2) satisfy the one-sided Lipschitz condi-

tion (2.1) for 0 < t < Tyax(u), with ((t) = max{|¢'(s)| | s € [0, max{z(¢), ||u(t, )| }]}

(c.f. Remark 2.15). Thus, by Theorem 2.9, for all ¢ € [0, Tyax(u)), u(t,-) < z(t) a.e. in
d

). Note that by (6.4), the maximal existence time ¢, of z satisfies co > ¢y = foOHX (—Z),
since by separation of variables, t = (f g(éz((‘qs))) ds = fzz(g)) %. O]

Let us prove now three different blow up results for nonlinearities of the form f = f) 4,
always assuming that A > 0. We start with the particular case ¢ = p > 2, i.e. with
Problem (P, 1, , ;). We recall the definition of Ey(u) := o [(|Vul? — |u[’) dz. Note
that according to Proposition 4.4, blow up in finite time cannot occur for 1 < ¢ < 2.
Theorem 6.4. Suppose ug € WHP(Q2) N L>=(Q) satisfies Ex(uo) < 0. Let u be a weak

solution of Problem (P j, , u,) with A > 0, p > 2 and initial data ug. Then Tyax(u) < oc.

Proof. Assume by contradiction that 71, (u) = oo. Then, for any s > 0 there exist
M, 65 > 0 such that ||u(t, )|l < M forall t € [s — ds,s]. Put 69 = 0, My = ||uo]] co-
Hence, by a compactness argument, u € L>°(Q7) for any 7" > 0, and the condition (3.3)
of Theorem 3.1 will be satisfied in [0, 7']. Using the results and notations of Lemma 3.3,
and the fact that F\(up) < 0 and H(t) > 0, it follows that E,(u(t,-)) < 0 a.e. and
thereby, that H'~% is decreasing. The continuity of H and the concavity of H'~ 2 will
imply that H'~% vanishes in finite time, which leads to the desired contradiction. ]

Next, we shall prove that there is also blow up for solutions of Problem (., , u,) for
q > max{2, p} and for (sufficiently regular) positive initial data u,. We shall use in this
case the following parabolic equation under Dirichlet boundary conditions

= q-2 i
{ Ou = Apu~+ Aul?u inQ for ¢t > 0, 6.9)

u(t,") =0 on Jf2 for t > 0.

The corresponding energy functional £ defined in (3.2) related to Problem (6.9) and to
(Ps.fy.qu0) Will be denoted by E) :

1
Eyq(u) = —/ |Vu|pd:17—é/ |u|? dz.
b Ja 4 Jo

For any solution u of Problem (6.9) we will define T,.,(u) identically as in (6.8). We
have
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Theorem 6.5. Suppose that X > 0 and q > max {2, p}. Let ug € Wy (Q) N L>(Q) with
E\ ,(ug) < 0. Then any weak solution v of the Cauchy problem (6.9) with initial data uy
blows up in finite time with respect to || - || at the latest at time T* satisfying satisfying

* q =2 2 %q
Thax(v) < T < Q= / U dx) =:T5. (6.10)
) A(q—2)(q—p)| | (Q|O| ’

Proof. According to the results of [J, Theorem 2.1], there exists a local solution of (6.9)
which is bounded. Thus, T}, (v) > 0. Introduce

N(t) = [Jo(t, )2 = / o(t, )2 da.

Multiplying the differential equation by v leads to

/Uaﬂ)dl’— /|Vv|pdx+)\/\v]qu——pEAq —I—)\ /|v|qda:
Q

Since by hypothesis ¢ > 2, the function f) , satisfies the Lipschitz condition (3.3) in
t €10, 7], with any 7' < Tinax(v). Hence (3.10) implies that E, ,(v(t, -)) is decreasing in
time and, since E) ,(uo) < 0, we have E) ,(v(t,-)) < 0forall ¢ € [0,7]. Hence

N 2 —
sz/vatvdsz/qux
dt Q q Q

and by Holder’s inequality

2
t/ym?mpg\gﬁiz(/ﬁvwdm)q,
Q Q

AN(t) _ 2M(g —p)
=

Integration between 0 and ¢ > 0 leads to

we obtain

N

Q72 N ()% = aN(t)5.

N(t) > (N(O)qu - %2 t)”.

Since ¢ > 2, N(t) becomes infinite at t = T, with T, as defined in the assertion. As
L>(Q) C L*(Q), the inequality in (6.10) is plain. O

By comparing positive solutions of parabolic problem with Dirichlet boundary condi-
tions with those of parabolic problem with dynamical boundary boundary conditions we
have the following result:

Theorem 6.6. Assume that O5) is of class C?. Suppose that ¢ > max {2, p} and X > 0.
Let ug € WyP() N L=(Q), ug > 0 in Q and E 4(uo) < 0. Then any weak solution of
the Problem (P j, . u,) w blows up at the latest for t = T.
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Proof. Let us assume by contradiction that T},..(u) > T. Let v be the unique weak
solution of Problem (6.9) with initial data ug (c.f. [J, Theorem 2.1]). As ug > 0, v > 0
as well in [0, 7] with T' < Tppax(v) < Tp < Tiax(w). In particular, both solutions u and
v belong to L>(Q2r). Consequently, c.f. Remark 2.15, the hypotheses (ii) and (iii) of
the comparison result Theorem 2.12 are satisfied. Moreover, the regularity results already
cited in Remark 2.13 imply that v € C'*((0, T| x Q). Thus, the hypothesis (iv) is satisfied
too, and thereby, u(t,-) > v(t,-) a.e. in Q forall t € [0, 7] and T < Tipax(u) < Thnax(v).
This contradicts (6.10) and permits to conclude. L]

As for more general nonlinearities, we deduce the following result

Corollary 6.7. Under the hypothesis of Theorem 6.6, let u be a weak solution of (P f.,)
with f satisfying
fC,-2) > Mz|%2  forall z > 0.
Then u blows up at the latest at T):
Tmax(u) S TQ-

Proof. Let @ be a solution of Problem (P, . .,) with initial data ug. As % is a weak lower
solution of Problem (P, r,,) and u(t,-) is bounded for any ¢t € [0, Tinax(u)), then the
Lipschitz condition (2.1) applies to the pair (@, u) and Theorem 2.9 permits to conclude.

O

Finally, dealing with nonnegative solutions, we can derive another upper bound for
the blow up time under the Neumann boundary condition (¢ = 0) for arbitrary p > p;
and arbitrary ¢ > 2. Note that the upper bound 77 will be optimal, as readily follows by
choosing constant positive initial data.

Theorem 6.8. Suppose that ¢ > 2 and X\ > 0. Let ug € X? and ug > 0 a.e. in Q, uy Z 0.
Then a weak solution u of (Fo y, ,.u,) blows up in finite time with respect the L'-norm at
the latest at time T™* satisfying

(fQ |[uo dx)%q
Tax(u) < T <
(W) (- DAQP

Proof. Assume by contradiction that T},,.(u) = oo. First, note that by the aforemen-
tioned hypothesis on A and uy, Theorem 2.9 implies that ©w > 0 for all £ > 0 and a.e. in
). Integrating the partial differential equation and using Holder’s inequality yield

q—1
/ Oudr = )\/ ul™tdx > \QF (/ u dm) :
Q Q Q

Set N(t) = ||u(t,-)||1.q fort > 0, we are led to
dN(t) S

dt  —

and, integrating between 0 and ¢ > 0, we obtain

N(1)* < (N(0)*77 — (g — 2)AQ* ") ,

= Tl.

AQPIN (1) (6.11)

which implies that N becomes infinite at 77. [
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