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Abstract

This work is devoted to study a doubly non linear elliptic-parabolic problem with quadratic
gradient term by Rothe’s method. We investigate the long time behavior of the solution to the
discrete problem and prove the existence of compact global attractor. Our method relays on

semi-discretization with respect to the time variable.
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1 Introduction

The aim of this paper is to study a doubly non linear elliptic-parabolic equations by means of time
discretization, based on the Euler forward scheme. We will approximate the parabolic problem by
a sequence of elliptic problems. We prove the existence of compact global attractor. We will get
our results by a semi discretization process. To this end, we investigate first existence, uniqueness
and stability results for the semidiscretized problem.

We recall that the Euler forward scheme has been used by several authors while studying time
discretization of nonlinear parabolic problems and we refer for example to the works [1, 2, 3, 4, 5,
6, 7, 8,9, 10, 11] and the references cited therein for some details. This scheme is usually used to
prove existence of solutions as well as to compute the numerical approximations.

The problem that we consider has a quasilinear diffusion operator and a lower order term which
grows quadratically in the gradient. The problems under consideration take the form

B%(t”) — div(A(z)Vu) + h(., t,u, Vu) =0 in Qr,
u=0 onIr, (1.1)
b(u(.,0)) = b(uo) in

and .
b(u) — 7 div(A(z)Vu) + 7 h(.,u, Vu) = 0 in Q,

u=0 on ON. (1.2)

Q) Herefrom denotes an open bounded subset of R?, d > 2, with smooth boundary 8. For
T > 0, we use the following notations

Qr Qx]0, T,
Ir = 09x]0,T].

u(z,t) : Qr — R is the unknown function that is sought, b is an increasing locally Lipschitz
function from R to R, and A(z) = (ai,;(x)) is a matrix of L*°(Q2) functions a; ;(x) satisfying uniform
ellipticity and boundedness conditions.

By a weak solution of problem (1.1) we mean a function u such that 8;b(u) € L?(0,T; H™* (Q))
and satisfying

A(z)VuVe +/ h(z,t,u, Vu)p =0, (1.3)

T
/ <8tb(u),<p >H—1(Q)XH6(Q) +/
0 Qr

Qr

for all ¢ € L?(0,T; Hg (2)) N L™ (Q1) .

Despite recent efforts, problems (1.1) and (1.2) are in general still very poorly investigated. Let
us note that the conservation law
Ou+divf(u) =0 (1.4)
is a limit case of (1.1). An L*° entropy solution theory for the Cauchy problem for scalar conservation
laws was developed by Kruzkov [12] and Volpert [13]. More detailed exposition of Kruzkovs theory
can be found in, e.g., [14]. We also refer to [14, 15, 16] for a corresponding theory for the Dirichlet
boundary value problem.

We point out that the existence of a global attractor is investigated for the following problem

81:3(:) — div(A(z,u, Vu)) + h(z,t,u) =0 in Qr,
u=0 onTr, (1.5)
b(u(.,0)) =b(uo) in

(1.6)
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by many authors in [1, 6, 10, 11], in those works the growth is without quadratic gradient term.
When the growth is quadratic with respect to the gradient an existence result for elliptic problem
was proved in [8]. The main point in this work is to explicitly include a lower order term which
grows quadratically in the gradient. This does not seem to have been studied in the literature.

Many other partial differential equations are also special cases of (1.6). Let us mention the

heat equation
Owu = Au, (1.7)

and more generally elliptic-parabolic equations of the type
Ob(u) = div (a(z)Vu), (1.8)

where b : R — R is a continuous nondecreasing function and A(z) = (a; ;(x)) is a matrix of L*°(Q)
functions a; ;(z) satisfying uniform ellipticity and boundedness conditions

ale < A(x)e < BlE)® VEER?, ae zeEQ (1.9)

We refer to ([17], —,[30]) and the references cited therein for more information on elliptic-
parabolic equations.
In this work we suppose that h: R? x R? x R? — R is such that:

h(z,t,s,6) = flz,t) +bo(s)|E]* VEER, ae. ze€Q, (1.10)

where, bg is an increasing locally Lipschitz function, and we can assume without loss of generality
bo (0) = 0, and
f€L*Qr), uo€ LT(Q). (1.11)

By using implicit Euler discretization, we discretize the problem (1.1) as follows
b(u™) — 7 div(A(z)Vu™) + Th(z, v, Vu™) = b(u" ") in Q,
u" =0 on 99, (1.12)
b(u”) = b(uo) in Q.

A convergence proof is given for relaxation approximations and the existence of an absorbing
set is obtained. We show also that all solutions are drawn, sooner or later, into a bounded set.

2 Assumptions and Main Results

In this section we introduce some notations and assumptions which will be used in the sequel. We
denote by ¢ positive constant which may vary from line to line. We define for ¢t € R the function

¥(t) by )
w(t) = / b(r)dr. (2.1)
0
Then the Legendre transform ™ of v is defined by

P (r) = sup{rs — ¥(s)}. (2.2)

sER
The two main problems are the following
Ob(u) — div(A(x)Vu) + h(.,t,u, Vu) = 0 in Qx]0,T7,
u=0 on d0x]0,T], (2.3)
b(u(.,0)) = b(uo) in €,
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and -
b(u) — rdiv(A(z)Vu) + Th(.,u,Vu) =0 in Q, (2.4)
u =0 on 01, ’
with
ug € L (Q), (2.5)
A(z) = (aij (x)) is a matrix of L*(Q) functions a; ;(z) satisfying uniform ellipticity and
boundedness conditions
e < Ax)E€ < BlE)?  VEERY, ae zeq. (2.6)

In order that the semidiscretized problem has unique solution we need some supplementary
quadratic growth conditions, on one hand

ah(x7 t7 57 5)

e | = Collshllel + bi(z)) ae.zeQ, t,seR,EER, (2.7)

and
h(z,t,s,0) < C1(|s|)b2(x) a.e.x€Q, t,s ER, (2.8)

where Cp and C; are continuous functions of |s|, b € L%(Q) and by € L%(Q).
On an other hand, we suppose

| ah(m7 t7 87 5)
0s
Let us note that in [5] the same assumptions where considered in order to prove the maximum
principle for solutions in Hg(Q) N L°°(). This implies in particular the uniqueness of the solution
of the semidiscretized problem in Hg(Q) N L™ (Q).
Let us recall this version of discrete uniform Gronwall’s Lemma [30]

| > ao ae xz€Q, t,seR,&eR? and ap > 0. (2.9)

Lemma 2.1. Let (y"),~, and (h"™),~, be to sequences of real numbers, not necessarily positive,
satisfying a a
yn S ynfl + Thn

and there exists a positive integer no such that for all n1 > ng and N >0

n1+N n1+N
rZhngll ande:ynglg7
n=nj n=nj

for some positive real numbers l1 and l2 that do not depend on n1, then for all n1 > no

l
n1+N< 2 1
y — 7N th.

To study existence and regularity by semi discretization in time, we consider the following
problems ~
b(u™) — 7 div(A(z)Vu™) + Th(z,u”™, Vu™) = b(u" ") in Q,
u" =0 on 09, (2.10)
u’ =wuo in Q,
wheren=1,... N, TN =T,0< 7 < 1,

h(z,u", Vu") = h(z,n7,u", Vu"). (2.11)
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By a weak solution of problems (2.10) we mean a sequence of functions (u")o<n<n, such that
b(u®) = b(uo) and u™ defined by induction as a weak solution of the following problem

b(u) — 7 div(A(z)Vu) + Th(z, u, Vu) = b(u" ') in Q,
u =0 on 0%, (2.12)
u® =g in Q.

First, we state the following stability estimation results.

Theorem 2.2. There exists a constant c(f,uo) independent on N , such that for anyn =1,....N

on has
[16(w")[|oo < e(f;u0), (2.13)

2 lIbu’) = bl < eff, o), (2.14)

/Q 6 Bmde + 130 (]2 < ol f, uo)- (2.15)

=1

O

Next, we prove the following main result.

Theorem 2.3. There exist a compact attractor A that attracts all the solutions u™ of the discrete

problem in the sense that
lim dist(A,u"™) =0,

n——+oo

where,
dist(x, M) = ylélj{{d(m, Y).

3 Semidiscretized Problem

We shall study the following elliptic problem
b(u") — Tdiv(A(z)Vu™) + 7h(.,u", Vu™) = b(u" ") in Q,

u" =0 on 0, (3.1)
b (u®) = b(uo) in §,
wheren=1,.... N, TN =T,0< 7 < 1 and
L
fn ()= 7/ f(s,.)ds, t" =nr. (3.2)
T Jin—1

For n = 1, we consider the problem

b(ut) — rdiv(A(x)Vu') + Th(., ut, Vul) = b(u) in Q,
u' =0 on 09, (3.3)

u® = wo,

such that the function iL(7 ., .) satisfying the following hypothesis

|}~z(.,u17 Vu1)| < f- Tb(ul)\Vu1\2 + k.

f = fi+blu).
L

Let us note that f = f1 + b(uo) € L?(Q). We point out that existence results of bounded
solutions have been obtained in [2, 19, 20]. In general, it is well known that one can expect an L
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solution if f € W~149(Q), ¢ > d. Bounded Solutions are also obtained in [8]. Then problem 3.3
has one bounded solution, by induction, we deduce that for any n = 2, ..., N problem 3.1 has one
solution.

Let us now prove Theorem 2.2. Substituting ¢ by b(u’)|b(u)|? and n by i in (3.1) and using
Holder’s inequality, one has

[1b(u) 1752 < B[ Faal1b(u' ™) [ Lot + ellb(u’)] 55
It follows that ) ,
[16(u") | pava < [[b(w' ™) pate + eT.
By induction, we obtain
[o(u™)|[La+2 < [[b(uo)l|pa+2 + €T,
letting ¢ go to infinity we obtain

[o(u"™) |0y < e(f, w0, T). (3.4)
Next, we substitute ¢ by b(u’) and n by i in the weak formulation of (3.1). One has

/Q(b(ul) —b(u'"7))b(u") —&—7’o¢/Q [Vu'|” < TAfib(ul) + [ b(u"). (3.5)

Q
Using the fact that
2a(a — b) = a® = b* + (a — b)?,
we obtain
Tal[Va'[[3 + |[b(u)|[Z2 — [[b(u )72 + [[b(u’) = b(u'"")[[Z2 < [b(u))]|pre(r + 1)
Which yields that
Ta|[Vu'|[3 + [1b(u™)[[Z2 + Y [1b(u’) = b(u'")[[72 < [[b(u”)|[Z2 + T Y ||b(u’)|[ 1
i=1

i=1
This implies that

Z [1b(u") = b(w'™H)[[Z2 < e(f,u0, T), (3.6)

and .
IVu'|l3 < e(f, 0, T), (3.7)

Finally, we take ¢ = u; and we substitute n by ¢ in the weak formulation of (3.1). We obtain
/(b(ui) —b(u ) —i—Ta/ V' > < 7'/ fiu' +/ u’, (3.8)
Q Q Q Q
[ - [ wew ) [ veP < [ fats o
Q Q Q Q Q

/ v (b(u')) — / (b)) + rad[u|Bae < erllulp
Q Q

Then summing from ¢ = 1 to n, we obtain

/Q O + a7 S < er 3l + / " (b(uo)),

< c(f,uo,T).
Then
/Q @) + ot S B < of,uo, T). (3.9)
1=1
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4 Compact Attractor by Discrete Dynamical System

We consider the following Rothe function «~ defined by

b(uo),

) for any ¢t €t *,t"], n=1,..., N,

b(u™ (0))

b (1)) = b(u) + (b(u™) — b(u" 1)) 1)

—t"

and the piecewise constant function @" defined by

b(a" (0)) = b(uo),
b(a™ (t)) = b(u"), for any t €]t t"], n=1,...,N.

Since the problem (2.10) has a unique solution (u"),., ., then the functions b(u") and b(a") are
uniquely defined and by construction, we have for any t €]t"™*, t"] and n = 1,..., N, that

ob(uN () b(u™) —b(umt)

ot T ’

b(@" (8) — b(u™ (1) = (b(u") = b(u"""))

By using the stability results of Theorem 2.2, we deduce the following a priori estimates concerning
the function b(u™) and the function b(a").

Lemma 4.1. There exists a constant c(f,uo,T) independent of N such that for all N € N, we have

[1b(™) = b(@")|[2a000 < N c(f, w0, T), (42)
||b(uN)HL2(QT) <c(fu,T), (4.3)
160" 2 (0r) < (fyu0,T), (4.4)
16@™)I13 2 < e(f, w0, T). (4.5)
0b(u
||%||L2(O,T;H4> < e/ w0, 7). (46)
Proof. To prove (4.2) we notice that on has
N N in m—t\?
N - 2 n n—1y2 —
1) =0 Mo = 2 [ o) v i (F)
n=17t""
SN
= §Z|\b(u")—b(u"*1)\|§.
n=1
From 3.6 on has
_ 1
(™) = b aiam < elfruo,T). (47)

And, by the same way as (4.2) we prove (4.3), (4.4) and (4.5).
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To prove (4.6) we consider the set A = {¢ € H3(Q) : ||¢|| < 1}, then we have

ab(u™) ab(u™)

T
g1y = sup < , > dt
125 a0y = [ sup < 5o

N

=D sup <~ >
i=1 $E€A T

N
< sup T,B/ v Vo|+T1
> s [ 19Vl
/1 bl V' 2] + 7 / i)
<
<783 IVuills + 73 ()] + ez
=1 =1

From (3.7) on has

ob(u™
12 o mias) < el w0, T). (48)

O

From the estimates of the previous lemma, we deduce that there exists a function u € Hj(Qr)
such that

b(u™) = b(w) in L*(Qr), (4.9)

b(a") — b(u) in L*(Qr), (4.10)

abg;N) N aba(t“) weakly in L2(0,T; H-Y(Q)), (4.11)
Vi — Vu weakly in L*(Qr)". (4.12)
b(a™)|Va"™ | — b(u)|Vu|® weakly in L*(Qr). (4.13)

By definition of (uN)
b(uo).
Taking a test function ¢ € L*(0,T; H(Q)) N L (Qr) in the weak formulation we obtain

we have b(u™ (0)) = b(u®) = b(uo) for all N € N. Then b(u(0,.)) =

NeN?

T ab(UN) -N 7 N —-N
< o>+ A(z)Vu Ve + h(z,t,u",Vu o =0, (4.14)
0 ot Qr Qr
where ~
|h(z,t, @™, Va™" )| < fa(t,z) — b@™)| Ve |? + k
and

fn(t,x) = fu(x) for any t €]t" ", t"],n=1,...,N.

Tending N to infinity, by standard argument, we obtain the desired result.
Let us now define the map S- by
Su =" (4.15)

Then
Sru’ = ™. (4.16)

In order that the nonlinear map S satisfies the properties of the semi groups:

SrtP — G o 6P (4.17)
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we need (3.1) to be autonomous. For this purpose we further need to assume that the nonlinear
function h is independent of the time, that is h(¢,x, s, &) = h(z, s, ).

We are now in stage to prove that the discrete problem has a compact attractor that attracts
all the solutions in the sense that

lim dist(A, Stu’) = 0.

n——+oo

To this end, we prove that there exists an absorbing ball B in L*°(Q) N H} () independent on 7.
Let us consider

H, (u) = /u h(z,s,€) 4 c b(s)ds, (4.18)
and multiplying the discrete problem by u”o— u™ ! we obtain
/Q(b(u") bYWt — w4+ T/QA(;I:)VU"V(U" —urhy
7'/Q h(z,u™, Vu™) (u™ —u"" ') = 0.

From to the growth condition on A and b we have H,, (u) is convex then we obtain
Hy (u) (u —v) > Hy (u) — Hy (v).
It follows that

/(;L (z,u”™, Vu™) + cb(u™))(u" —u™ " ")dx > / Hy, (u™) — Hy (u"il) dx. (4.19)
Q Q

Then, we obtain from the equality
/ h(z,u™, Vu™) (u" —u""")dz = / (h (z,u™, Vu™) + cb(u™)) (u"™ —u" ")
Q Q

- C/Q b(u™)(u” —u" " )da,
that
/Qiz (z,u™, Vu") (u" —u" " ")dx > /QHb (u™) — Hy (u"") da — c/Q b(u™)(u” —u" " )de. (4.20)

By using the remark
/Qb(u Y(u" —u"" )dacz/ﬂ(b(u ) —bu" ) (u" —u" )—&—/Qb(u )Wt —u" 7 )de,

and hypothesis (2.6) on A(z), we obtain

/QHb (u™) dm+c|\un\|§%(m < c||u"71||i,é(m+/Q H, (u"il) d;c+c/gb(u”71)(u"7u"71)dx. (4.21)

Let us now consider

H(u) :/uﬁ(:r,s,f)ds.

/Qﬁb(u)dx:/Qf{(u)dﬂc+c/01,/1(u)dm.

Then

Using the fact that

[ o = w e < [ v - v
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we obtain
C/Q H (u") dz + ||u"|\§{é(m < c/Q H (u"fl) dz + Hu"71||§{é<9). (4.22)

We denote the left hand side by y™ hence the right one is y™~*. Using the stability results and the
discrete uniform Gronwall’s lemma, here h,, = 0, we get an integer m > 0 such that

c/Q H (u"™)dx + Hun||?{é<ﬂ) <c for all n > m. (4.23)

Using, the fact that b is invertible and by a repeated application of Theorem 2.2 we find an
integer m such that
u" € L=(Q) for all n > m
[[u™ [[Les @) < e(m).

Then, we find an increasing sequence (3(m))m,>1 such that

1 1 1
22 Gt 1) T B d
and
0™ sy < =) (a3 4 1).

BB BT

We stop the iteration on m once we have S(m —1) > . Indeed Late (Q) c w=t(Q) for r > d and
for all € > 0. Then m’ will be the first integer such that B(n(d) — 1) > 4. By induction, we obtain
u™ € L) .

Therefore, from (4.23) we get

||u"||Hé<Q) <e for all n > m'. (4.24)

We conclude now that the semidiscretized problem has an absorbing set B in L>(Q) N H (Q).
Setting
A=w(B) = 0 USHE)
and applying Theorem 1.1 of [30] we therefor get A is a compact subset that attracts all the solutions
in the sense that
dist(A, STu®) — 0.

n——+oo

5 Conclusion

Note that the above result is obtained for the case of bounded domains when the external forcing
term f is in L?(Qr) and uo in L°° (). This can be obtained with the appropriate a priori estimate,
using the time analyticity of the solutions, which gives a bound on |u:| (see, e.g., [16,17]). Thus,

the only novelty here is for the case of lower order term which grows quadratically in the gradient.
In this paper, we give a positive answer to this question.
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