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On the Solution of Evolution p (.) —Bilaplace Equation with Variable Exponent

Abderrazak Chaoui and Manal Djaghout

ABSTRACT: A high-order parabolic p (.) —Bilaplace equation with variable exponent is studied. The well-
posedness at each time step of the problem in suitable Lebesgue Sobolev spaces with variable exponent with
the help of nonlinear monotone operators theory is investigated. The solvability of the proposed problem as
well as some regulrarity results are shown using Roth-Galerkin method.
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1. Introduction

We consider a bounded open domain § of R™, with a Lipschitz-continuous boundary 0 and I = [0, 7],
T € R. Our aim is to prove the existence and uniqueness of weak solution u and some a priori error
estimates to the following hight order evolution problem

u P@)-2 p,,) = -
5 +A (|Au| Au) =f in IxQ (1.1)
u=0, Vu=0 on ¥ =1x 0Q (1.2)
u (0, ) = up, on £ (1.3)

where f is contiuous function satisfies

If (v.2)| < g (@) +cly !

for some bounded positive function g : @ — R and 7 = 1. wg is given functions in W2P(®) (Q). Here

p(.) : & — R denotes the variable exponent which is assumed to be in L3 (2) such that 1 < p~ <

p(x) < pT < oo where p~ = infp(z) and p™ = supp(x) a. e. in Q. During the last decades, the
e zeQ

high-order PDEs with variable exponent has undergone rapid development. From a mathematical point

of view, equation (1.1) can be seen as a natural generalization of parabolic bi p-Laplace equation
0 _
8—1; +A (div (|Au|p 2 Vu)) =f

which falls within the framework of nonlinear PDEs where the exponent p is constant. One of our
motivation for studying (1.1) comes from applications in area of elasticity, more precisely, it can be used
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in modelling of travelling waves in suspension bridges (see [12]-[13]. Other interesting applications are
related to improve the visual quality of damaged and noisy images if 1 < p~ < p* < 2 (see [14] and
refereces cited therein) and the mathematical modeling of non-Newtonian fluid motions (see [15]). Note
that in the stationary case and for p(x) = 2 problem (1.1) — (1.3) becames A?u = f which models
the deformations of a thin homogeneous plate embedded along its beam and subjected to a distribution
f of load normal to the plate (we refer to [7]). Among the most recent work concerning the p-Laplace
equation, we can review Lazer et al. [13], where the authors tried to demonstrate the existence of periodic
solutions for models of nonlinear supported bending beams and periodic flexing in floating beam. In [6]
the authors used discontinuous Galekin method to approximate a biharmonic problem. They also gave
an a priori analysis of the error in norm L?. In [7] the author has studied a problem p-biharmonic using
discontinuous Galerkin finite element Hessian. An imagery problem caused by p(.)-Lplace operator with
1 < p(.) < 2 (only) has been considered in [14]. To solve the problem, the authors regularized the
proposed PDE to be able to use a fixed point iterative method. Other related parabolic problems can be
found in the references [15] -[17].

The paper is structured as follows: We present in section 2 some basic notations and material needed
for our work. Section 3 is devoted to the time discretization and the existence of a weak solution u’ to
the problem under investigation at each time step ¢; in suitable Lebesgue Sobolev spaces with variable
exponent using nonlinear monotone operators theory. Finally, in section 4, we show our main result
with the help of Galerkin-Finit element method and some a priori estimates from which we can extract
subsequences that converge to the weak solution.

2. Preliminaries

We define the variable exponent Lebesgue space LP() () as follows
PO (Q) = {u : @ — R, u measurable and / u ()P da < oo} (2.1)
Q

Note that LP() (Q) equipped with the Luxembourg norm

. u(xr
|u||Lp<.)(m=mf{wo, /Q u(@)

v
is a Banach space. Note that all definitions and properties of Lebesgue and Sobelv spaces with variable

exponent below are taken from references [1] - [5].

p(x)
der <1 (2.2)

Definition 2.1. Let u: Q) — R be a measurable function then, the expression

pot (0 = [ )P da (23)
is called modular of u.

Definition 2.2. For some p € LY () and m € N*, we introduce the exponent variable Sobolev space
wmrt) (Q) = {u e "0 (Q) ; D% € LPV) (Q), Yo € N* and |a| < m} (2.4)
equipped with the following norm

el oy = D 1Dl 2o o (2.5)

o] <m

Remark 2.3. 1) Let p,q and r € L (Q), u € LPU) (Q), v € LIO (Q) such that
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Then
1 1
HUUHLr<.)(Q) < (BT + (QT HUHLP(-)(Q) ||U||Lq<.>(Q) (2.6)
2) Suppose that p(x) < q(z) a. e. in Q. Then
L1V (Q) — LPO) (Q) (2.7)
3)
u
lll ey = k<= oy () =1 (2.8)
4)
(lan = ll iy = 0) = (pu() (=) —> 0) (2.9)

5) Let p,q € LY (Q) and m € N* with p(x) < q(x) a. e. in Q. Then
wmal) (Q) < Wmrl) () (2.10)
6)
min {ullfc, 0y 1ulnr oy} < Pucy < max {lull a6l 0 ) (211)

Definition 2.4. (see Definition 4.1.1 page 98 in [5]) A function ( : Q — R is locally log-Hélder
continuous on 0 if 3C >~ 0 such that

B@) - B < — < VayeQ. (2.12)
10g (6 + m)
If .
1B () = Bool < M7

for some B, > 1, C > 0 and all x € Q, then we say B satisfies the log-Holder decay condition (at
infinity). We denote by P'°% (Q) the class of variable exponents which are log-Hélder continuous, i.e.
which satisfy the local log-Hélder continuity condition and the log-Hdélder decay condition.

Definition 2.5. (See [5] Definition 11. 2. 1 ) Let p € P'°% (Q). We define also

e ——— WP ()
WoP(Q) = C5F (@)

Remark 2.6. i) Note That if p~ > 1,then spaces W2P1) (Q) and WOQ’p(') (Q) are separable and reflexive
Banach spaces.
ii) (Poincaré inequality) Let p € L (Q) with p~— > 1,3C (2, p(.)) such that

) < C IVl . Yue Wy () (2.13)

[ON
Definition 2.7. A function u is a weak solution of problem (1.1) — (1.3) if it satisfies :
i)
we L7 ((0,7), W™ (@) n W2 ((0,7), L* (%))

T oo T , T
/ / —vdwdt—i—/ / (|Au|p(m)7 Au) Avdxdt = / / fodzdt,
0 Jo Ot 0o Jo o Ja

Yo € L™ ((o, T), w2t (Q)) (2.14)

i)
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3. Semi discretized problem

Let us divide the interval I = [0,7] to n subintervals where 7 = L, ¢; = ir, v’ (z) = u(t;,2) and

. [ i—1
dut (x) = M Then reccurent approximation scheme for i = 1,...,n is

(v —u' o)+ 71 ((|Aui|pu)72 Aui) ,Av) =7(f"v), Wwe WOQ’p(') (Q) (3.1)

Let us show that problem(3.1) admits a weak solution at each time step ¢;.

Theorem 3.1. Let f* € L9 (Q), then for i = 1,...,n problem (3.1) admits a unique weak solution u’
in WP (Q)
0

Proof. Let us introduce the operator A : We*) (Q) — (W(?’p“ (Q)) defined by

Au' = + 1AL u’ where A2 yu = A (|Au|p(w)72 Au)

We apply monotone operators theory, we should prove that A is hemicontinuous, coercive and monotone
operator. Let us define the functional E on VVO2 »() (Q) as follows

B (uf) = /Q (% (W) + |Aui}p($)> dz

we have

(B (u'),0) = % {J(u' +tv)},_, = % {%/ﬂ [(ui—ktv)f "’T/Q]ﬁ IND. +tv)|p<$) dx}
{/Q (ui—|—tv) vdx—!—r/ LA’U.p (x) |A (ui+tv)|p(z)—1 dx}

ap(z)

— / uvdz —|—T/ (‘Aui|p(gﬂ)72 Aui) Avdz
Q Q

/ wodx + 7'/ A (‘Aui|p(w)72 Aui) vdx
Q Q

= (o) +7 (Ag(z)ui,v) = (A(u'),v), Yo e W()Q’p(z) Q) (3.2)

t=0

t=0

this implies that E (.) is differentiable in Gateau sens and E’ = A. Therefore A is hemicontinuous.
On the other hand, from the inequality (see [8])

b — a|P($)

p(z) p(z) p(z)—2 _
P = (0™ + plaP ™ a (b - a) + oot —

for p(z) > 2 and a,b € R"”
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we get
(A (ul) —A (vi) Jut — vi) = (ul — vt — vi) + 7 (Az(m)ui — Ai(r)v,ui — v)
=l = e (At~ Ay ut —v)
2 T (Azu)ul — Az(aj)v, U;i — Ui)
= 7'/ |Aui‘p(r)_2 Au’ (Aui — Avi) dx
Q

_7-/ ‘Avi‘p(z)_Q Av (Aui — Avi) dx
Q
2

> NN e
= p(l‘) (2p(r)_1 — 1) /Q‘ U v | X
2 i i|p(@)
2 m /Q |Au — Av ‘ dx
2 : i i|P- i T
> P DTy min ||Au — Av HLP(_) |Aut — Av ||Lp(_) (3.3)
Now, using Calderon-Zygmund and Poincaré inequalities we obtain that the norm ||.|,;2.»0) (o) 1S equiv-
0
alent to the semi norm [|[A ()| 1p0) () over the space WOQ’p(') Q).
This allows us to write
: o . - A
(4 = A =) 2 € ) min = gy o = sy} @)
from which we conclude the monotonicity of A.
Similarly
AN : QP ipt
(A(u),u')=C(p") mm{”“ HW(?”’(')(Q) [ ||W§”’(‘)(Q)} (3:5)
this proves the coercivity of A.
Finaly, by Holder inequality we have
(0l = | [ foda] < € ol
taking into account that L9 () — L1®) (Q) and Woz’p(') (Q) — L1®) (Q) we arrive at
‘(Jﬂ’”” <C ||f1HL'I+(Q) HU”WOQ"’(‘)(Q) (3.6)
Hence, f' € (Woz’p(') (Q)) .This achieves the proof. O

4. Galerkin-Finit element discretization and existence results

We consider a triangulation T, made of triangles T" whose edges are denoted by e. We assume that
the intersection of tow different elements is either empty, a vertex, or a whole edge e and we assume also
that this triangulation is regular in Ciarlet sens i. e.

h
o= 0,—L <o, VT €T,
Pr

where hr is the diameter of 7" and p; is the diameter of its largest inscribed bull. We define h =

Jnax hr. Let us define the broken Laplace operator
€Yh

(Ahv)\T =A (’U\T) , VT e Yy, (41)
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For h = 0, we introduce the following spaces
X = {¢ € CO(Q); VT € Thibyp € PH(T), droant, = 0 and Vo gonr, = o} (4.2)
Remark 4.1. We will reqularize the problem (3.1) to give the people who are interested in the numerical

approzimation a possibility of treating it by using the fized point iterative methods.

Let u) = Iz 2u’. For i = 1,...,n, the dsiscret formulation of the regularized problem is to seek solution
u}l € X" such that , ' ' ,
(5u}1,v) + ((/ﬂ6 (}Auﬂ) Au}l) ,Av) = (f,fb,v) , YoeXh (4.3)

where
p(z)—2

ke(r):(TQ—i—e) 2 for some € > 0

Let us define Rothe function by the piecewise linear interpolation with respect to the time ¢
up () = Ur p,e = u?jl +(t— ti_1)5u2, i=1,...n

together with step functions

and regularized energy functional

Now, we are able to announce our main result

p(x) qu
: x)ds | d 4.4
—|—/0 f(s,x) 8) x (4.4)

Theorem 4.2. Suppose that p~ > 2 and 1 < r < p~, then problem (1.1) — (1.3) admits a weak solution
u in the sens of the definition 2.5.

To show this theorem, we need the following lemmas
Lemma 4.3. Fori=1,...,n, the full discretized problem (4.3) admits a unique solution uz e X",

Proof. Let us define the functional J* : X* — R by

1 112 1 12 2y
A i—1 7
JM(v) = /Q<§}U_uh | +m“AU}L| —1—6]
1 )\er(lf)\)u;’L_l
—|——/ f(s,z)ds | dx (4.5)
AJo
where 0 < A < 1.
‘We have
//f(s,x)ds dr < // (c|s|” + g (x)) dsdx
alJo aJo
< f/|v|’“dx+||g|\m// dsdz
rJa QJo
< o[ Wrds+lgl [ loGso)ds
Q Q
< clollpr + gl vl e (4.6)

Now taking into account that for > 1, [|A ()|, is norm on W equivalent to l|.llyy2.~ and using
€ —Young
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inequality we arrive at

/Q /va(s,x)ds

’

T er T’l ]‘ T
do < cllolly+ S gl + —— lolls

’

Aollf € ol o € r
< ellaely+ S gl + = loll-
kA €T, T‘, c T
< clldoll, + S gl + = 1l (4.7)
N
where r’ = <. Now choosing ¢ = (%) " in (4.7) and we have
v ’
L1 7 ords|an < clol, + ol (1.9)
alJo
Since r < p~, one can write
v p+ p(;)
/ / f(s,x)ds|de < c+c/|Av|rdx§c+c/—(|Av|2) dx
QlJo Q ap(z)
plx)
1 2 3
< c¢cHef —— (|Av| —|—€) dx (4.9)
o 2p(2)
from which we can conclude the coercivity of .J*. Consequently, there exists a unique u}L e xXh
minimize J» . This achieves the proof. (]

Lemma 4.4. The solution UZ of (4.3) satisfies the following energy a priori estimate
, i 2
J. (ul) + TZ H(SquH < J. (uo) (4.10)
j=1

Proof. Testing with v = u}, in (4.3) and using convexitry properties we can arrive at the desired reult. OJ

Lemma 4.5. There exists C' = 0 such that
[[Ovu, (t)||L2((07T)7W—2,q+ () + [|uk (t)Hm((o,T),H—?(Q)) <C (4.11)

Proof. Note that the above notations allows us to rewrite (4.3) as

T T/
/ (8tuz,v)dt+/ ([‘Aum +€:|
0 0

It follows from theorem3 and theorem 4 in [18] that

p(x)—2

T
Auﬁ,Av) :/ (fr,v), Yve Xl (4.12)
0

(Opu}, Pr2v)

" _
||8tuhHW*2*‘1+(Q) o Su?pf V]l ypr2.-
veWs” Y
o1
< C|Bugl;,~ +cC

Estimate (4.10) concludes the proof. O
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Proof. (of the theorem 4.1) The precident a priori estimates allow us to conclude that u} (t) has a

subsequence still denoted by uj (t), and that there exists a function w for which we have when

e,hyand 7 =2 —0

wl! = win L% ((o,T) W@ (Q)) AWY2((0,7), L% ()
win W92 ((0,T), Hy ()
f(u,.) in L" ((0,T),9Q)

up,

[ (u, )
p(z)—2

[mgf+d T mg ~ gz ((0,1), 190 (@)

L

+

sup =  OQuin H' ((O,T),W*Lq (Q))OL2 ((0,7), Hg ()

relation (4.13),; comes from the fact that

)

According to Kolmogorov compactness creterion we get the desired result.

2
n n— n2
up () —up ™! (’5)’ dadt < 7 0l 72 0.1y x2)

(4.13)

Now, passing to the limit as €, h, and 7 = % — 0 in (4.12) taking into account (4.13) we obtain

T T T
/ (Opu,v) dt—i—/ (n, Av) dt :/ (f,v)dt, Yve X}
0 0 0

Let us prove that
n=|2uf™72 Au

choosing v = u} in (4.13) and v = u in (4.14) we find that

T T ) p@=2 T o
/ (u;;,atuz)dwr/ <[}Aug} +¢] Aug,Aug> :/ (fp, )
0 0 0
and

T T T
Ayl d JAu)dt = u)d
/OH ull t+/0 (n, Au) dt /O(fU)t

in view of the monotonicity of the operator Azu)u =A (|Au|p(gﬂ)72 Au) we can write

T p(@)=2
/ <[|Au2|2 + 6} : Auf — |Av|p($)_2 Av, Auj — Av) dt >0, Yv € C5° ((0,T) x Q)
0
by virtue of (4.14) — (4.16) we will arrive at
T
/ (n — AP Ap, Au — Av) dt >0, Yo € C° ((0,T) x Q)
0
Taking v = v — A for some A > 0 and § € C§° ((0,T) x Q) we obtain

T
/ (n A (u = NP2 A (e — N AG) dt >0
0

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)
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Let X tend towards 0, we arrive at

T
/ (n — AP D2 A, Aa) dt >0 (4.20)

0
by repeating the same procedure with v = u + \f, we conclude
T
/ (n AP A, Ae) dt =0, V0 € C° ((0,T) x Q) (4.21)
0

The desired result followes from the density of C§° ((0,7) x §2). This achieves the proof. O

Remark 4.6. Note that with additional assumptions on f and p, the results obtained in Theorem 4.1
can be extended to the case p = p (t,x) with a less reqular solution in an anisotropic space.

10.
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