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Abstract This paper aims to study the existence and uniqueness of weak periodic solutions
for certain non-linear elliptic equations with measured data, and arbitrary growth with respect to
the solution. As the data are not regular and the growths are arbitrary, a new approach is needed
to analyse these types of equations. The main operator of our equation is strongly non-linear, thus
classical numerical methods such as finite elements, and finite differences cannot be used here.
Therefore, the lattice Boltzmann method (LBM) is proposed. This method is fully discretized
for our equation. Finally, several numerical examples are given showing the robustness of the
proposed algorithm.

1 Introduction

PDEs are widely used to simulate extremely complicated physical systems, structural dynamics
and fluid mechanics, as well as theories of gravitation, electromagnetism (Maxwell’s equations)
or finance. They are used extensively in science. In fact, they play a crucial role in areas such as
weather forecasting, image synthesis and aeronautical simulation.

Dirichlet and Neumann boundary conditions are two of the many boundary conditions fre-
quently encountered when solving partial differential equations [1]. Although, in certain cases,
these conditions are periodic, such as in the modelling of molecular mechanics and molecular
dynamics, they are not always the same.

Many techniques can be used to determine whether the existence of periodic solutions for
a specific problem is ensured. Notably, the fixed point theorem, the topological degree, the
bifurcation theory and the Lyapunov function method are one of the techniques used to study the
existence of such solutions. For more details, we refer the readers to see [5], [9], [11].

The aim of this paper is to study the existence of weak solutions for a class of nonlinear
elliptic equations subject to periodic boundary conditions. The model equation is given by the
following sense

u(0) = u(T), u'(0) =u/(T) (1.1)

{ ult) = (WP (0 + (b u®) = i (0.7)
where j is a measurable and continuous function with respect to u and periodic with respect to
time ¢ with a period T'. The periodicity of j enables its extension to a continuous periodic func-
tionon R, as j(¢t,r + kT") = j(t,r) forall » € (0,7) and k € Z. The function f is a nonnegative
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bounded Radon measure on the interval |0, T'[.

Before proceeding to the main objective of this work, a few well-known results are recalled,
in which the techniques used are relatively close to the one used here.

The semilinear case of equation (1.1) corresponds to the case when p = 2, which can be

written as:
uw(t) —u"(t)+ 7 (t,u(t))=f in (0,7)
{ w(0) =u(T), «(0)=1u/(T) (1.2)

Numerous researches have been already carried out on this specific topic. Thereafter, some
important results are presented, which help us to situate the main objective of this work:

» When p = 2, one distinguishes between the regular and non-regular case of f:

— case where f € L?(0,T) was treated in [15], where the authors proved the existence
of a periodic solution u € H?(0,T) via lower and upper solution technique.

— case where f € M5 (0,T) and p = 2 was considered in [2], where the existence of a

periodic solution u € W;;}(O, T') was proved.

» Case where p # 2 and j = 0 was treated in [13], in which the model problem was written

as u(t) _ (‘u/‘p—Zu/)/(t) _ f in (07 T)
{ u(0) = u(T), u'(0) =u/(T) (1.3)

The authors conducted an analysis of the given problem, and proved the existence and
uniqueness of a periodic solution when f belongs to L? (0, 7).

The most significant novelty of this paper is the fact that 1 < p < oo and f is irregular. The
aim of this work is to study the existence and uniqueness of weak periodic solutions when f is
only a radon measure, and the nonlinearity j has an arbitrary growth with respect to the solution
u.

Another important aspect we deal with in this work is the numerical simulation of the pro-

posed model. A number of numerical approximation techniques for ODEs and PDEs exist, in-
cluding finite difference, finite element or finite volume, ect.... However, the proposed problem
is unique as it deals only with Radon data measures and involves a strongly non-linear principal
operator, which makes conventional numerical methods unsuitable in this case. Therefore, the
Lattice Boltzmann Method (LBM) was chosen, which is a relatively new method compared to
conventional approaches. The LBM method is derived from the kinetic theory of gases devel-
oped by Boltzmann which was first proposed by [12].
The Lattice Boltzmann method is widely applied to fluid dynamics [7, 16], and constitutes of a
mesoscopic approach to simulate macroscopic phenomena governed by partial differential equa-
tion problems. Among its features are, the simplicity of the computational procedure, the effi-
ciency of the computer code implementation and its high accuracy.

The remainder of this paper is organised as follows. In the second section, the assumptions
and hypotheses related to the proposed problem are outlined, and the adapted notion of the weak
periodic solution for problem (1.1) is given. Afterwards, the main result on the existence and
uniqueness of a weak periodic solution is given. Section 3 is devoted to a result on the existence
and uniqueness of weakly periodic solutions when the data f is regular. In section 4, the proof
of the main result is presented. Section 5 focuses on the numerical simulation of our general
periodic problem, using the Lattice Boltzmann Method (LBM) as a micro-macro solver. In
section 6, we have the conclusion and some perspectives.

2 Statement of the theoretical main result

Throughout this paper, we assume the following:
Ay) f e ME(0,T) and T-periodic.

Az) 7:[0,T] x R — [0, 400 is a measurable function, and j(., r) is T-periodic.
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Az) Vt,r — j(t,r) is continuous and non-decreasing.

Ag) YVt e [0,T], max{j(t,r),|r| <R} <c(R])
where ¢ : [0, 400 [— [0,+00[ is non-decreasing.

Considers for 1 < p < oo the following space,
W,2(0,T) = {u € W"P(0,T), such that u(0) = u(T)}

which is equipped with the norm that is induced by W' (0, T')

lullp = llullp + [lu']l, -

When p = 2, this space is denoted by H,.,.(0,T).
Now, we define the concept of periodic Radon measure

Definition 2.1. We denote by M£(0,T) the set of nonnegative bounded Radon measure on
0, TT.

The function f € M5(0,T) is said to be T-periodic, if there exists f. € C([0,T])" such that,
fe(0) = f-(T) and

T
¥oeCO.1)), < fo>=lim | 1o
e—0 0
An example of a 1-periodic Radon measure is f = ¢ 1 Since the Lorentzian sequence

11
()= ———— 2.1
f=() e 4 (1P @D

is 1-periodic continuous (in the sense that f. is defined on [0, 1] by (2.1), and its extension outside
10, 1[is given by f.(t+k) = f.(t) with k € Z,and ¢ € (0, 1)), one can prove that f. is convergent
in the sense of measure to 5%.

Note that the 1-periodic Lorentzian sequence is used in physics and in engineering, particu-
larly in the study of resonant systems and signal processing. Furthermore, it is widely used in
statistics and probability theory as a model for heavy-tailed distributions.

At this stage, we clarify in which sense the notion of a weak periodic solution of problem
(1.1) is understood.

Definition 2.2. A function u is said to be a weak periodic solution (1.1), if

uer’pOT

pET

22
/uqur/ |u’|p2'q§+/ jtu)p=<f,¢> queW;ei(OT) 22)

Remark 2.3. i) For the remainder of this paper, we denote by C every generic and nonnega-
tive constant.

ii) Forall 1 <p < oo, WLP(0,T) < C([0,T]) with compact embedding.

per

iii) <, > denotes the duality product between M g(0,T") and L>(0,T).

iv) If u € WLe(0,7), then v € L>(0,T) and |/ |P~2u’ € LP (0, T), moreover since j satisfy

per

(Ay) then j(t,u(t)) € L'(0,T) consequently all the terms in (2.2) make sense.
Now, we state the following main result

Theorem 2.4. Assume that (A;) — (A4) holds, then for all f € ME(0,T), there exists a weak
periodic solution u of (1.1).
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3 An auxiliary existence and uniqueness result

In order to develop the mathematical analysis of the proposed model, we first present a result
on the existence and uniqueness of weak periodic solutions when the data f are regular. In this
section, we consider f € L?(0,T), T-periodic and we obtain the result given below

Theorem 3.1. Let f € L*(0,T), T-periodic and j satisfies (Ay)-(Ay4). Then there exists a unique
weak periodic solution of problem (1.1)

u € W;;’,’i (0,7)

T T T T
Hp—2,,/\ 4/ - — 1,p
/0 u¢+/0 (! [P~2u) +/0 it u)o /0 fo VéeWr(0.T)

In addition if f > 0, then u > 0.

3.1)

Proof. First, we define on L?(0, T') the following functional

e |p ’ . 1
- wle
J(u)=1qp /0 ] +/0 Tt ) if u € per(OvT)

+o0 else

Where J,(t,7) = / j(t, s)ds is the primitive of j with respect to r.
0

1T,
U= — |u|p’
D Jo

u /OTJp(u)

are convex, then J is convex as the sum of two convex functions.

a) Convexity of J:
Since

and

b) Lower-semicontinuity of J:
To prove that the functional J is L.s.c, it is enough to show that VC € R

A=[J<C]={uecWkP(0,T) such that J(u) < C}

per
is a closed set.

e Let us consider a sequence u,, € W2(0,T) such that

u, —u € WL2(0,T).

per
Since J(u,) < C, and u, is bounded in W'?(0, T"), one must shows that
J(u) <C.
e One can justify the existence of a sub-sequence u,, j, such that

Upp — win WP(0,T),

per

Therefore,
Uny — wae (0,7).

Following the continuity of J,,, we have
Jp(tnp(t)) = Jp(u(t)) a.e on (0,7).

Since J,, is nonnegative, then by using the Fatou’s lemma, one obtains

T T
/ Jo(u) < timinf [T (ung) < C.
0

n—+oo 0
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By following the L.s.c of the norm || - ||yy1,», one can deduce that J(u) < C.

Since J is convex and lower semi-continuous on L?(0, T), then its sub-differential 9.J is a
maximal monotone operator on L?(0,T') [4]. Further, we continue the proof by computing
aJ.

By definition, for u € L?(0,T'), one has the following:

dJ(u) = {w € L*(0,T), J(v) — J(u) >< w,v —u > VYo € L*(0,T)}

Therefore, it is necessary to find w € W/.2(0,T) such that, for J,(u) € L'(0,T) and

per

Vv € WLE(0,T), the following inequality holds

per

119/0T|Ux|”+/0TJp(v)—;/OTIU'I”+/OTJp(u)E/OTU,.(U_U)

By choosing v = u + z¢ for a z close to 0 and a ¢ € D(0,T), one gets:

1 /T T 1 /T T T
et [y [p [z [ wo
P Jo 0 P Jo 0 0

Dividing the inequality by z > 0 then z < 0, then, the limit when z approaches O gives :

4
dz|z=0

T
Jl(u+z¢)—i-i Jz(u—i—zqﬁ):/o wo

dz|z=0
Now, one has

I/Td |u’+z¢'|”+/Td J(u+z¢)—/Tw¢
pJo dz|==o o dzz=0"" Jo

which yields to the following result

/OT Iu’lj”zu’cb’Jr/OTj(U)cﬁ—/OTw<z5

= W;éQ(O,T)
Therefore,
{ < —(J']P72u) + §(u), ¢ >=<w,d > V¢ D,T)
= Wgé’;(O,T)
Thus,

0 (u) = (/' [P~2u’) + (. w)

Using the properties of maximal monotone operators, we obtain YA > 0 and Vf € L?(0,T)
the existence and uniqueness of a solution to the problem

Au(z) — J(u) = f(x)
Py 52

per

where for A = 1, the equation (3.2) is equivalent to our main problem and that concludes
the proof.
Now, if f > 0 a.e. in (0,T), we introduce the function sign™ defined in R by the following

sense
Lo -1 ifr<o0
sign” r = i
0 ifr>0

as sign” is an increasing function, one considers the convex function j. which is a twice
differentiable function, such that

Ji(r) —sign” r  whene — 0
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Let’s take j.(u) as a test function, then we get
T T T
|+ [+ [ i) =< £ >
Using the convexity of j., one can deduce that
T
/0 Ju' P75 (u) > 0

for the other terms, we have
T

im [ j(t,u)j (u) = lim j(t7u)j;(u)+/ ()i )_/ i(tu) >0,
=0 Jo =0 Ju>0] [u<0] [u<0]
which follows that . .
lim ujl(u) < lim Ji(u)f,
e—0 0 e—0 0

this implies that

/u</f<()
0,7].

This leads to conclude that u > 0 a.e. in |

4 Proof of the main result

Since f € ME(0,T), then there exists f, € L*(0,T) f, > 0 such that || £, < [If]l g,
and which converges to f in M};(0,T). According to the last theorem, there exists a weak
nonnegative periodic solution u,, of

up € WI2(0,T), u, >0

/ un¢f+/ P2+ / (t’U"W—/OTfnqb WO 4.1)

In this section, the main ingredient for the proof of Theorem 2.4 will be developed. First, we
derive some apriori estimates to finally prove that under appropriate additional assumptions, the
solution of the approximated problem (4.1) converges to a weakly periodic solution of (1.1).
For the remainder of this paper, we denote by C' any generic and nonnegative constant depending
only on 7'

Lemma 4.1. Let u,, be the sequence defined as above, then, there exists a constant C such that:

[unll, < C(T) |l

nllp

T T
ii) / | d + / it dt < (1] ne,
0 0

iii) |||, (£)[P~ 2, |p, < C(T) [ £l pay

Proof. Let’s take ¢ = 1 as a test function in (4.1) to get

/OTun+/0Tj<t7un>=/onn§ 1,

since u,, and j(¢, u,) > 0, then one obtains 7) and 7).
Finally, let 6,, be defined as 6,, = |u/,[P~2u/,. We deduce from (4.1) that
Gn(t)/ = Uy + j(tv un) - fn

Then 6,, is bounded in VB(0,T). Therefore u, is compact in L'(0,7"). Then there exists a
sub-sequence still denoted by u,, and v € L'(0,T) such that, u,, — u strongly in L' and a.e in
(0,T). Moreover, 6, is bounded in L*' (0, T'), then, 6,, — 6 weakly in L?' (0, T). i
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According to i) and ii), one can deduce that u,, is bounded in Wgeﬁ (0,T). consequently, there

exists a sub-sequence still denoted by u,, and u € W.2(0, T") such that

per

u, —u  weaklyin  W,.2(0,7T)
un, — u strongly in  C([0,T7])

Therefore, according to (H4) we get
Gt up) — j(t,u) in L'(0,T).

Moreover, the almost everywhere convergence result of the gradient of [3] applies in this case.
Hence, we deduce the existence a subsequence still denoted by w,, such that

u, —u  ae. in]0,T]
According to (iii), we have that |u/,(t)|?~2u/, is bounded in L*'. This implies that

lul, (8) P20, — |u/(t)|P~%u’  ae.in]0,T]
Jul (8)|P~2ul, — |u/(t)[P~2/  weakly in L?'(0,T),

which allows one to pass to the limit in (4.1) to obtain that u satisfies

uewhe

peT

/u¢+/ |u'|P2’¢+/ Jhu)dp=<f.6> VéeW.r(0,T)

5 Numerical simulation

5.1 The Lattice Boltzmann method

The Lattice Boltzmann method is derived from the kinetic theory of gases as well as cellular au-
tomata, and models the fluid as a set of microscopic particles [8]. It is based on microscopic and
mesoscopic kinetic equations, unlike traditional schemes based on macroscopic Navier-Stokes
equations. Moreover, this method has the advantage of being fast to implement and allows
simple boundary conditions to be expressed. The LBM method describes the evolution of the
discretized particle distribution functions f;(x,t) in space x and time t, along the direction with
a velocity ¢;.

In this paper, the D1Q3 model is used, where D1 represents the one-dimensional domain and Q3
represents the three velocities. The Lattice Boltzmann Method (LBM) can be divided into two
main steps: the collision step and the streaming step.

In the collision step, the LBM calculates the local equilibrium distribution function of the fluid
particles at each node of the lattice, based on the current values of macroscopic variables such
as density, velocity and temperature. In the streaming step, the LBM updates the distribution
functions through moving the fluid particles along the lattice’s discrete velocity vectors, based
on the result of the particle’s collision.

Most interestingly, the LBM method can solve both linear and non-linear partial differential
equations.

The discrete LBM equation is:

fila 4o AL+ AL = fi(n 1) + %[f?(x,t) o 5.1)

where f;(z,t) is the probability density of having a particle at position = and time ¢. T denotes
the equilibrium relaxation time, and f°? designates the equilibrium distribution function.
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5.2 Applications

In this section, we consider the equation (1.1) with 7" = 1. Let us first introduce the microscopic
time s, v = u(¢, s) and set
p—2

Au(t, s)

k(t,s) = 5t

and
F(ﬁa S) = f - J(ta u(ta 8)) - u(t’ S)
The equation (1.1) will then be written

0 Ju
oy (k(t7s>6t> = F(t,5) (5.2)

In this study, the model D1Q3 is used [6], [17]. To do this, the interval [0, 1] is descritized into

m step points, and we take dt = 0.01, the microscopic time step ds = 0.01, and the speed

dt
CcC = % = 1
(eq)

We initialize the solution in s = 0 by v = 1, and we define the distribution functions fée‘”, i
fz(cq) as follows

(eq) ) (wo — 1) u(t,s) for i=0
f (us)—{ wiut, ) for i 1.2 (5.3)

2 2
w; =1 wic; =0, W;iCiC; = Qc 5.4)
) ) > ’
j i=0 i=0

and the coefficients «, ¢, ¢; and c_; are equal to

1

a= 5,00 =0,¢i =c¢,c_;1 = —c.
Therefore, it can deduced that
2 2
Z Cifz(eq) =0, Z cicifi(eq) = ac’u, (5.5)
i=0 i=0
where the physical quantity « is given by (see [10])
2 - 1 2
u(t,s) = V(g 5) = i(t, s 5.6
(1:6) = =y A0 = = A 56

. . s t .
Let’s consider ¢ a rather small expansion parameter, s, = — and ¢; = — as before to derive the
€
equation (5.2), we use the Chapman-Enskog analysis [14] to get

fi= 1+ ef) + 217 + 0,
0s = 205, + O(%),,

Oy = &0y, + O(?),

F=F® +0(e%)

where Ot is the derivative with respect to ¢;.
Now in order to solve numerically the Lattice Boltzmann equation, we propose to use the LB
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algorithm which consists on the following two processes.
For the collision process, the three distribution functions are calculated at each node by the fol-
lowing formula

Fi(t+ cids, s + ds) = (1 %)fi(t, )+ %f;qu, $)+ dsi F (L, 5)

1
Where &y = 0,0; = 3 (i=1,2).
For the propagation process, the only functions that propagates are f; and f,. The function fi
propagates along the direction ¢, = ¢ while f, propagates along the direction c3 = —c.
By applying the Taylor expansion to the equation (5.2), one can derive the first and second-order
equations in €:
O(e): Difft = = £V

Tds

0(52) :aSZfieq—i_Difi( + dSszeq 7,]0 + w; (t 3)7

2

where D; = c; - 0; and D? = c? - Oy.
Substituting these two equations, the first one into the second to obtain

I
2T

2 2
By summing over i and using the fact that > fi(k) =0fork > 1,5 fi(EQ) = 0 and that
i=0 i=0

1
fi(l)} _ - f()+wz F(t,s)

2
Z , we obtain

Z c,-fi(l) = —7ds Z ciDifi(EQ)

%

By using (5.3), one gets
2
Z cl-Dlifi(eq) = aczatlu.

Therefore )

Z cifi(l) = —Tdsaczat]u
i=0
Substitute this into the previous equality

—0O%, (dsozc2 (7’ — ) O, ) =F®

then we multiply by £ to get
—0% (dsacz(T — ;)8tu> =F
Hence, the function k and the relaxation parameter are related by:
k = dsac® (T — ;) (5.7)

Calcul 9;u and 7 (¢, s):
Based on the Chapman-Enskog analysis, one can estimate fi(l)by fi — £{1. Thus, we obtain:

=2 i=2
doe(fi—£Y)  Def
=0

i=0
- _ = 5.8
Oru Tdsoc? Tdsac? (5:8)
Using (5.7) and the fact that k(t, s) = [Qu(t, 5)|p*2 to deduce the expression of T
1 1 -
7(t,5) = 5 + — [Gu(t,s)[" 7 (5.9)

2 dsac
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5.3 Numerical simulation

Numerical simulations were also performed using Matlab software. The LBM method was used
to solve the equation (1.1). Then, an LBM algorithm was created to solve the proposed quasi-
linear periodic equation. The proposed algorithm reads as follows:

Algorithm 1 The LBM algorithm for the proposed quasilinear periodic equation

e 1 211 11
Initi:;ization: tolerance &g, and uo, fi(()), fi( q), a = 3 w = [g, 6 6] ,w =0, X 5], ds, dt,
c= FO = —ug — (., u0) + f, uV) = ug
S
Repeat until ||u* 1 ““)Hp < €9

Calculate 9;,u(*) using the formulate (5.8)

Calculate 7, using the formulate (5.9)

Calculate F'*) = —u(%) — (¢t u®) 4 f

Calculate f; using the formulate (5.5)
1

Collision: f*) = f® _ — (s® _ fi(eq)(k)) + dsw; F¥)
Tk

Streaming: f}kﬂ) f(k)

Calculate: u®+1) = 3(f{**! 4 1)
end until: when the convergent rule is met.

In order to strengthen this method, the numerical solution obtained in the following two
examples was calculated:

- Example 1:

u(t) — (Ju/ ()P >/ (1)) + u(t)* = 1+ sin(xt) for 0<t<1
u(0) = u(1) (5.10)
/' (0) = /(1)

The initial condition is taken ug = 1, and ds = dt = 0.01.
The solutions corresponding to p = 2, p = 4 and p = 7 are shown respectively in Figure 1,
Figure 2 and Figure 3.

solution with p= 2

103 T T

102

1016

101

Figure 1. Output solution for p=2
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solution with p= 4
103 T T T

/\/\
-0.5 0 05 1 15

Figure 2. Output solution for p=4

1.025

102

1015

101

solution with p=7
103 T T T

/\/\
-0.5 [1] 05 1 1

5 2

1025

102

1015

101

1005

Figure 3. Output solution for p=7

« Example 2:
u— (WP ) + ut = 31 dans 10,1[
u(0) = u(1) (5.11)
u'(0) = w'(1)

The initial condition is ug = 1, and ds = dt = 0.01.

Using the sequence presented in equation (2.1) to approach 5%, we obtain the solutions
corresponding to p = 2, p = 4 and p = 7, shown respectively in Figure 4, Figure 5 and
Figure 6.
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11

105

085

o8

[i:2

11

105

085

08

085

solution with p=2
T

-0.5

Figure 4.

solution with p=5
T

Output solution for p=2

15

-0.5

Figure 5.

Output solution for p=4

15
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solution with p=7

11 T T

i)}

Figure 6. Output solution for p=7.

6 Conclusion

In this paper, we are interested in the mathematical analysis and numerical simulation of a class
of periodic nonlinear equations with non-regular data. When the data are regular, the existence
and uniqueness of the periodic solution using the optimization method are proved. If the data are
not regular (for example Radon measures), then a sequence of periodic solutions based on the
regular case have been constructed.

Once the a priori estimates have been obtained, we have shown that we can extract a subsequence
that converges to the solution of the problem. Subsequently, a numerical algorithm based on the
Lattice Boltzmann Method (LBM) was proposed to simulate the periodic solutions. Numerical
simulations affirm the efficiency and robustness of the proposed algorithm.

Furthermore, in the near future, the main focus will be on the analysis of other numerical methods
for the simulation of periodic solutions such as FEM (Finite Element Method), ANN (Artificial
Neural Networks), etc..... , as well as the analysis of the differences in performance between
these methods, comparing their accuracy, time consumption, etc...

Additionally, the research to be carried out as an extension of this work consists in applying the
proposed approach to the following general periodic system:

wit) = (Ai(t i, ) + i (') = fi i (0,7)
{Ui(0)=ui(T), w}(0) = u(T) (6.1)

where A; is an operator of type Leray-Lions.

Since the data are only nonnegative Radon measure, and the main operator of is strongly nonlin-
ear, then the classical numerical methods such as finite element, finite difference etc... cannot be
used here. For these reasons, the Lattice Boltzmann Method (LBM) is used. This is a relatively
new method compared with the classical approaches usually used in numerical simulation (finite
element method, etc.).

References
[1] H. Alaa, M. El Ghabi, A. Charkaouia, Semilinear periodic equation with arbitrary growth nonlinearity
and data measure: Mathematical analysis and numerical, Filomat, 37 (7) 2151-2164, (2023).

[2] N.E. Alaa, Quasilinear elliptic equations with arbitrary growth nonlinearity and data measures), Extracta
mathematicae, 11(3), 405-411, (1996).

[3] L. Boccardo, F. Murat, Almost everywhere convergence of the gradients of solutions to elliptic and
parabolic equations, Nonlinear Analysis: Theory, Methods and Applications, 19(6), 581-597, (1992).



462 M. El Ghabi, H. Alaa, F. Agel and N. E. Alaa

[4] H. Brezis, Opérateurs maximaux monotones et semi-groupes de contractions dans les espaces de Hilbert,
New York, Elsevier (1973).

[5] P. G. Ciarlet, M. H. Schultz, and R. S. Varga, Numerical methods of high-order accuracy for non-linear
boundary value problems, Numerische Mathematik, 12(2), 120-133, (1968).

[6] Z. Chai, B. Shi, A novel lattice boltzmann model for the poisson equation, Applied mathematical mod-
elling, 32(10), 2050-2058, (2008).

[7]1 S. Chen & G. D. Doolen, Lattice Boltzmann method for fluid flows, Annual review of fluid mechanics,
30(1), 329-364, (1998).

[8] S. Dellacherie, Construction and analysis of lattice boltzmann methods applied to a 1D convection-
diffusion equation, Acta Applicandae Mathematicae, 131, 69-140, (2014).

[9]1 M. Farkas, Periodic Motions, Springer, New york, 14, (2013)
[10] Z. Guo, B. Shi, N. Wang, Lattice BGK model for incompressible navier—stokes equation, J. Comput.
Phys., 165(1), 288-306, (2000).
[11] K. B. Hannsgen, Stability and periodic solutions of ordinary and functional differential equations (TA
Burton), SIAM Review, 29(4), 652-654, (1987).

[12] J. Hardy, Y. Pomeau, O. De Pazzis, Time evolution of a two-dimensional model system. I. Invariant states
and time correlation functions, Journal of Mathematical Physics, 14(12), 1746-1759, (1973).

[13] J.-L. Lions, Quelques Méthodes de Résolution des Problemes aux Limites Non linéaires, Dunod, Paris
(1969).

[14] S. Ponce Dawson, S. Chen, G.D. Doolen, Lattice boltzmann computations for reaction-diffusion equa-
tions, The Journal of chemical physics, 98(2), 1514-1523, (1993).

[15] K. Takemura, Y. Kametaka, K. Watanabe, A. Nagai, H. Yamagishi, Sobolev type inequalities of time-
periodic boundary value problems for heaviside and thomson cables, Boundary Value Problems, 2012(1),
1-15, (2012).

[16] D.A. Wolf-Gladrow, Lattice-gas Cellular Automata and Lattice Boltzmann Models: an Introduction,
Springer, New york, (2004).

[17] L. M. Yang, C. Shu, J. Wu, Development and comparative studies of three non-free parameter lattice
boltzmann models for simulation of compressible flows, Advances in Applied Mathematics and Mechan-
ics, 4(4), 454-472, (2012).

Author information

M. El Ghabi, LAMALI Laboratory, Faculty of Science and Technology, Cadi Ayyad University, B.P. 549, Mar-
rakech, 40000., Morocco.
E-mail: malika.elghabi@ced.uca.ma

H. Alaa, LAMAI Laboratory, Faculty of Science and Technology, Cadi Ayyad University, B.P. 549, Marrakech,
40000., Morocco.

E-mail: hamza.alaa@ced.uca.ma

F. Agel, Computer, Networks, Mobility and Modeling laboratory (IR2M), Faculty of Sciences and Technics,
Hassan First University, B.P. 577, Settat, 26000., Morocco.
E-mail: fatima.aqelQuhp.ac.ma

N. E. Alaa, LAMAI Laboratory, Faculty of Science and Technology, Cadi Ayyad University, B.P. 549,
Marrakech, 40000., Morocco.
E-mail: n.alaa@uca.ac.ma

Received: 2023-05-30
Accepted: 2023-11-29



	1 Introduction
	2 Statement of the theoretical main result
	3 An auxiliary existence and uniqueness result
	4 Proof of the main result
	5 Numerical simulation
	5.1 The Lattice Boltzmann method
	5.2 Applications 
	5.3 Numerical simulation

	6 Conclusion

