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ARTICLE INFO ABSTRACT
Am'cl? history: Departing from an initial-boundary-value problem governed by a Klein-Gordon-Zakarov
Received 13 February 2019 system with fractional derivatives in the spatial variable, we provide an explicit finite-

Received in revised form 27 June 2019
Accepted 28 June 2019
Available online 11 July 2019

difference scheme to approximate its solutions. In agreement with the continuous system,
the method proposed in this work is also capable of preserving the energy of the
system, and the energy quantities are nonnegative under flexible parameter conditions. The

Keywords: boundedness, the consistency, the stability and the convergence of the technique are also
Fractional Klein-Gordon-Zakharov established rigorously. The method is easy to implement, and the computer simulations
equations confirm the main analytical and numerical properties of the new model.

Conservation of energy © 2019 IMACS. Published by Elsevier B.V. All rights reserved.

Riesz space-fractional equations
Explicit energy-conserving method
Numerical efficiency analysis

1. Introduction

Let B = (x1,xg) be a nonempty interval in R, let T > 0 and define Q = B x (0, T). In this work, for each S € RP, we
will use the notation S to represent the closure of S with respect to the standard topology of RP, for any p € N. Assume

that u and m are a complex- and a real-valued functions, respectively, whose domains are both equal to 2. Moreover, let
ug, u1 : B— C and mg,m; : B— R be sufficiently smooth functions, and let v, w : @ — R be such that

V(x,t)=—M, (1.1)
ax
Pwx,t)  Imx.t)
w2t (12)

Definition 1.1. Let f : R — R be a function, and let n € NU{0} and « € R satisfy n—1 < « < n. The Riesz fractional derivative
of f of order o at x € R is defined (when it exists) as
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ARTICLE INFO ABSTRACT

Article history: In the article [Commun Nonlinear Sci Numer Simul 2019;71:22-37], the authors provided
Received 11 June 2019 an erroneous proof for the existence of solutions of a finite-difference model for a frac-

Revisedgigjeeptember 2019 tional Klein-Gordon-Zakharov equation. This letter is intended to provide a correct proof
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of that theorem.

Available online 15 November 2019

© 2018 Elsevier B.V. All rights reserved.
MSC:
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Keywords:

Corrigendum

Existence of discrete solutions
Klein-Gordon-Zakharov equation

In the article [1], the authors established a theorem on the existence of solutions of a finite-difference model for a
fractional Klein-Gordon-Zakharov (KGZ) equation [2,3]. The proof made use of the Leray-Schauder fixed-point theorem.
However, the authors committed an involuntary mistake in the proof, for which they sincerely apologize. The mistake were
committed in Eqgs. (5.6) and (5.7) of that work. Indeed, the second and third terms of the right-hand sides of those equations
had to be multiplied by A €[0, 1], and they were not. It turns out that the corrected proof becomes much harder, and we
provide it in this letter. To that end, let us recall that the mathematical model under investigation in [1] is the space-

* Corresponding author.
E-mail addresses: Irmartinez@correo.uaa.mx (R. Martinez), jemacias@correo.uaa.mx (J.E. Macias-Diaz), ahmed.hendy@fsc.bu.edu.eg (A.S. Hendy).

https://doi.org/10.1016/j.cnsns.2019.105109
1007-5704/© 2018 Elsevier B.V. All rights reserved.



Applied Numerical Mathematics 158 (2020) 292-313

Applied Numerical Mathematics IMACS

www.elsevier.com/locate/apnum

Contents lists available at ScienceDirect T o,
MATHEMATICS

An energy-preserving and efficient scheme for a ‘ ) ‘
double-fractional conservative Klein—-Gordon-Zakharov system

Check for
updates

Romeo Martinez?, Jorge E. Macias-Diaz ><*

4 Centro de Ciencias Bdsicas, Universidad Auténoma de Aguascalientes, Avenida Universidad 940, Ciudad Universitaria, Aguascalientes 20131,

Mexico

b Department of Mathematics, School of Digital Technologies, Tallinn University, Narva Rd. 25, 10120 Tallinn, Estonia
© Departamento de Matematicas y Fisica, Universidad Auténoma de Aguascalientes, Avenida Universidad 940, Ciudad Universitaria,

Aguascalientes 20131, Mexico

ARTICLE INFO

ABSTRACT

Article history:

Received 21 May 2020

Received in revised form 1 July 2020
Accepted 10 August 2020

Available online 15 August 2020
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In this work, we consider a fractional extension of the Klein-Gordon-Zakharov system
which describes the propagation of strong turbulences on the Langmuir wave in a high-
frequency plasma. Both components consider space-fractional derivatives of the Riesz type,
and initial-boundary conditions are imposed on a closed and bounded interval of the
real numbers. In a first stage, we show that the total energy of the system is conserved,
and that the global solutions of the system are bounded. Motivated by these results, we
propose a finite-difference scheme to approximate the solutions, and a discrete form of the
energy functional. The advantage of the discretization proposed in this work lies in that the
difference equations to solve the component equations are decoupled. This implies that the
numerical schemes can be solved separately at each temporal step. We establish rigorously
the existence of solutions, as well as the capability of the scheme to conserve the discrete
energy. The method has a second-order consistency in both space and time. Moreover,
using a discrete form of the energy method, we establish mathematically that the finite-
difference scheme is stable and quadratically convergent. We provide some simulations to
show that the proposed methodology is quadratically convergent and that it preserves the
total energy of the system.

© 2020 IMACS. Published by Elsevier B.V. All rights reserved.

1. Introduction

The well-known Zakharov equations are partial differential equations that appear in the investigation of the propaga-
tion of Langmuir waves in plasma physics [53]. In his seminal work, V.E. Zakharov [65] showed that arbitrary Langmuir
turbulences of sufficient intensity are unstable, and that the instability leads to the development of low density regions in
plasma which collapse in finite time. These regions were called caverns, and they are the mechanism of energy dissipation of
long-wave Langmuir oscillations. These conclusions were the result of the quantitative analysis on the equations describing
the interaction between the fast-time scale component of an electric field and the deviation of ion density from equilib-
rium. This system was called the Zakharov system, and it motivated the development and analysis of further models that
provided more realistic descriptions of similar physical phenomena [18,38], including the Klein-Gordon-Zakharov system

* Corresponding author at: Departamento de Matemdticas y Fisica, Universidad Auténoma de Aguascalientes, Avenida Universidad 940, Ciudad

Universitaria, Aguascalientes 20131, Mexico.
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Keywords:
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In this work, we propose an implicit finite-difference scheme to approximate the solutions
of a generalization of the well-known Klein-Gordon-Zakharov system. More precisely, the
system considered in this work is an extension to the spatially fractional case of the
classical Klein-Gordon-Zakharov model, considering two different orders of differentiation
and fractional derivatives of the Riesz type. The numerical model proposed in this
work considers fractional-order centered differences to approximate the spatial fractional
derivatives. The energy associated to this discrete system is a non-negative invariant, in
agreement with the properties of the continuous fractional model. We establish rigorously
the existence of solutions using fixed-point arguments and complex matrix properties.
To that end, we use the fact that the two difference equations of the discretization
are decoupled, which means that the computational implementation is easier than for
other numerical models available in the literature. We prove that the method has square
consistency in both time and space. In addition, we prove rigorously the stability and
the quadratic convergence of the numerical model. As a corollary of stability, we are
able to prove the uniqueness of numerical solutions. Finally, we provide some illustrative
simulations with a computer implementation of our scheme.

© 2021 IMACS. Published by Elsevier B.V. All rights reserved.

1. Introduction

The field of fractional calculus has witnessed a vertiginous development in recent years, partly due to the vast amount
of potential applications in the sciences [17]. It is worth pointing out that many different fractional derivatives and integrals
have been proposed. For example, some of the first fractional derivatives introduced historically in mathematics were the
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This manuscript is devoted to studying approximations of a coupled Klein-Gordon-
Zakharov system where different orders of fractional spatial derivatives are utilized.
The fractional derivatives involved are in the Riesz sense. It is understood that such
a modeling system possesses an energy functional which is conserved throughout the
period of time considered, and that its solutions are uniformly bounded. Motivated by
these facts, we propose two numerical models to approximate the underlying continuous
system. While both approximations remain to be nonlinear, one of them is implicit
and the other is explicit. For each of the discretized models, we introduce a proper
discrete energy functional to estimate the total energy of the continuous system. We
prove that such a discrete energy is conserved in both cases. The existence of solutions
of the numerical models is established via fixed-point theorems. Continuing explorations
of intrinsic properties of the numerical solutions are carried out. More specifically,
we show rigorously that the two schemes constructed are capable of preserving the
boundedness of the approximations and that they yield consistent estimates of the true
solution. Numerical stability and convergence are likewise proved theoretically. As one
of the consequences, the uniqueness of numerical solutions is shown rigorously for both
discretized models. Finally, comparisons of the numerical solutions are provided, in order
to evaluate the capabilities of these discrete methods to preserve the discrete energy of
underlying systems.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The field of fractional calculus has witnessed a vertiginous development in recent years, partly due to the vast amount
of potential applications in the physical sciences [1]. To-day, many different fractional derivatives and integrals have
been proposed. For example, some of the first fractional derivatives introduced historically in mathematics were the
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Abstract

A system of two partial differential equations with fractional diffusion is considered in this study. The system extends the
conventional Zakharov system with unknowns being nonlinearly coupled complex- and real-valued functions. The diffusion is
understood in the Riesz sense, and suitable initial-boundary conditions are imposed on an open and bounded domain of the
real numbers. It is shown that the mass and Higgs’ free energy of the system are conserved. Moreover, the total energy is
proven to be dissipated, and that both the free and the total energy are non-negative. As a corollary from the conservation of
energy, we find that the solutions of the system are bounded throughout time. Motivated by these properties on the solutions
of the system, we propose a numerical model to approximate the fractional Zakharov system via finite-difference approaches.
Along with this numerical model for solving the continuous system, discrete analogues for the mass, the Higgs’ free energy
and the total energy are we provided. Furthermore, utilizing Browder’s fixed-point theorem, we establish the solubility of the
discrete model. It is shown that the discrete total mass and the discrete free energy are conserved, in agreement with the
continuous case. The discrete energy functionals (both the discrete free energy and the discrete total energy) are proven to be
non-negative functions of the discrete time thoroughly the boundedness of the numerical solutions. Properties of consistency,
stability and convergence of the scheme are also studied rigorously. Numerical simulations illustrate some of the anticipated
theoretical features of our finite-difference solution procedure.
©2022 International Association for Mathematics and Computers in Simulation (IMACS). Published by Elsevier B.V. All rights
reserved.

Keywords: Fractional Zakharov systems; Conservation of Higgs’ free energy; Riesz space-fractional equations; Energy-conserving method;
Fractional-order central differences; Numerical efficiency analysis
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Resumen

En esta tesis, investigamos una extensién fraccionaria del sistema Klein—Gordon-Zakharov donde
se utilizan diferentes 6rdenes de derivadas espaciales fraccionarias en el sentido de Riesz. De-
mostramos que la energia total del sistema se conserva y que las soluciones globales del sistema
estan acotadas. Motivados por estos hechos, proponemos modelos numéricos para aproximar el
sistema continuo subyacente. Para cada uno de los modelos discretizados, introducimos un fun-
cional discreto de energia adecuado para estimar la energia total del sistema continuo. Probamos
que tal energia discreta se conserva en todos los casos. La existencia de soluciones de los modelos
numéricos se establece mediante teoremas de punto fijo. Mostramos rigurosamente que los es-
quemas construidos son capaces de preservar la acotaciéon de las aproximaciones y que producen
estimaciones consistentes de la solucién real. La estabilidad numérica y la convergencia también
se prueban teéricamente. Como una de las consecuencias, se muestra rigurosamente la unicidad
de las soluciones numéricas para todos modelos discretizados. Finalmente, se proporcionan com-
paraciones de las soluciones numéricas para evaluar las capacidades de estos métodos discretos
para preservar la energia discreta de sus sistemas.



Abstract

In this thesis, we investigate a fractional extension of the Klein—Gordon—Zakharov system where
different orders of fractional spatial derivatives are utilized in the Riesz sense. We show that the
total energy of the system is conserved, and that the global solutions of the system are bounded.
Motivated by these facts, we propose numerical models to approximate the underlying continuous
system. For each of the discretized models, we introduce a proper discrete energy functional to
estimate the total energy of the continuous system. We prove that such a discrete energy is
conserved in all cases. The existence of solutions of the numerical models is established via
fixed-point theorems. We show rigorously that the schemes constructed are capable of preserving
the boundedness of the approximations and that they yield consistent estimates of the true
solution. Numerical stability and convergence are likewise proved theoretically. As one of the
consequences, the uniqueness of numerical solutions is shown rigorously for all discretized models.
Finally, comparisons of the numerical solutions are provided, in order to evaluate the capabilities
of these discrete methods to preserve the discrete energy of their systems.



Introduction

Background

The field of fractional calculus has witnessed a vertiginous development in recent years, partly
due to the vast amount of potential applications in the physical sciences [31]. To-day, many
different fractional derivatives and integrals have been proposed. For example, some of the
first fractional derivatives introduced historically in mathematics were the Riemann—Liouville
fractional derivatives [68], which generalized the classical integer-order derivatives with respect
to some specific analytical properties [77]. The fractional derivatives in the senses of Caputo,
Riesz and Griinwald-Letnikov are also extensions of the traditional derivatives of integer order.
It is worth pointing out here that these fractional operators are nonequivalent in general, and
various applications of all of them have been proposed to science and engineering [19, 87]. For
instance, some reports have provided theoretical foundations for the application of fractional
calculus to the theory of viscoelasticity [4], while others have proposed possible applications of
fractional calculus to dynamic problems of solid mechanics [80], financial economics [25, 83|, Earth
system dynamics [104], mathematical modeling of biological phenomena [37] and the modeling of
two-phase gas/liquid flow systems [69], just to mention some potential applications. However, it is
important to recall that Riesz-type derivatives may be the only fractional derivatives which have
real physical applications [107]. This is due to a well-known result by Tarasov which establishes
that Riesz fractional derivatives result from systems with long-range interactions in a continuum-
limit case [88]. In turn, systems consisting of particles with long-range interactions are useful
nowadays in statistical mechanics, thermostatics [57, 17] and the theory of biological oscillator
networks [10].

From the mathematical point of view, many interesting avenues of investigation have been
opened by the progress in fractional calculus. Indeed, the different fractional derivatives have
found discrete analogues which have been extensively in the literature. As examples, Riesz
fractional derivatives have been discretized consistently in various fashions using fractional-order
centered differences [72, 73] and weighted-shifted Grinwald differences [33, 43]. Obviously, those
discrete approaches have been studied to determine their analytical properties, and they have been
used extensively to provide discrete models to solve Riesz space-fractional conservative/dissipative
space-fractional wave equations [34], a Hamiltonian fractional nonlinear elastic string equation
[56], an energy-preserving double fractional Klein-Gordon—Zakharov system [62] and even a Riesz
space-fractional generalization with generalized time-dependent diffusion coefficient and potential
of the Higgs boson equation in the de Sitter space-time [56], among other complex systems [51].
On the other hand, Caputo fractional derivatives have been discretized consistently using various
criteria. For instance, some high-order L2-compact difference approaches have used to that end
[99], as well as L1 formulas [23, 70] and L1-2 methodologies [29]. Using those approaches, various



numerical schemes have been proposed to solve efficiently some Caputo time-fractional diffusive
and wave differential equations [101, 52, 66]. Also, various potential applications of these systems
have been reported in the sciences [47, 57].

From the analytical point of view, the literature offers a wide range of reports which focus on
the extension of integer-order methods and results to the fractional case. For example, there are
various articles which tackle the existence, uniqueness, regularity and asymptotic behavior of the
solution for the fractional porous medium equation [20], nonlinear fractional diffusion equations
[93], nonlinear fractional heat equations [9], the Fisher-Kolmogorov—Petrovskii—Piscounov equa-
tion with nonlinear fractional diffusion [85], fractional thin-film equations [84] and the fractional
Schrodinger equation with general nonnegative potentials [22]. From a more particular point of
view, the fractional generalization of the classical vector calculus operators (that is, the gradient,
divergence, curl and Laplacian operators) has been also an active topic of research which has
been developed from different approaches. Some of the first attempts to extend those opera-
tors to the fractional scenario were proposed in [1, 2] using the Nishimoto fractional derivative.
These operators were used later on in [64] to provide a physical interpretation for the fractional
advection-dispersion equation for flow in heterogeneous porous media (see [89] and references
therein for a historic account of the efforts to formulate a fractional form of vector calculus).
More recently, a new generalization of the Helmholtz decomposition theorem for both fractional
time and space was proposed in [71, 74] using the discrete Griinwald-Letnikov fractional deriva-
tive. The authors of those works consider different derivative orders, assuming non-homogeneous
models and non-isotropic spaces.

Aims and scope

In this work, we introduce two numerical schemes to solve a double-fractional Klein—Gordon—
Zakharov system of equations. We establish thoroughly the existence and the uniqueness of
solutions, prove the conservation of discrete energy and prove that the numerical schemes are
consistent, stable and convergent. It is worthwhile to recall that the well-known Zakharov equa-
tions are partial differential equations that appear in the investigation of the propagation of
Langmuir waves in plasma physics [90]. Zakharov [103] showed that arbitrary Langmuir turbu-
lences of sufficient intensity are unstable, and that the instability leads to the development of
low density regions in plasma which collapse in finite time. These regions were called caverns,
and they are the mechanism of energy dissipation of long-wave Langmuir oscillations. These con-
clusions were the result of the quantitative analysis on the equations describing the interaction
between the fast-time scale component of an electric field and the deviation of ion density from
equilibrium. This system was called the Zakharov system, and it motivated the development and
analysis of further models that provided more realistic descriptions of similar physical phenomena
[30, 59], including the Klein-Gordon-Zakharov system [91]. To this day, the Zakharov system is
still considered as one of the best systems to describe the coupling between high-frequency Lang-
muir waves and low-frequency ion-acoustic waves. Needless to mention that this model has been
applied to the description of shallow-water waves [11] and nonlinear optics [18], among other
physical applications. In the present work, we will consider a coupled Riesz space-fractioinal
Klein—-Gordon—Zakharov system with two (not necessarily equal) fractional derivatives. The sys-
tem is capable of conserving the energy, whence the development of conservative schemes to
approximate the solutions of this system is numerically justified.



Summary

The present thesis is organized as follows. In Chapter 1, we introduce an explicit method to ap-
proximate the solutions of Klein—-Gordon—Zakharov system. In Chapter 2, we show the existence
of solutions for an implicit model. In Chapter 3, we introduce a method with double fractional
derivative. Later, we propose a semi-linear model in Chapter 4. In Chapter 5, we analyze two
different methods and discuss pros and cons of each one. Finally, in Chapter 6, we tackle a
rigorous study of Zakharov equation, both continuous and discrete case.
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An explicit method

1.1 Introduction

Let B = (xr,zR) be a nonempty interval in R, let 7" > 0 and define = B x (0, 7). In this work,
for each S C RP, we will use the notation S to represent the closure of S with respect to the
standard topology of RP, for any p € N. Assume that v and m are a complex- and a real-valued
functions, respectively, whose domains are both equal to . Moreover, let ug,u; : B — C and
mg, m1 : B — R be sufficiently smooth functions, and let v,w : Q — R be such that

v(z,t) = —W, (1.1)
O*w(z,t)  Om(w,t)
972" S (12)

Definition 1.1.1. Let f : R — R be a function, and let n € NU {0} and a € R satisfy
n—1 < a < n. The Riesz fractional derivative of f of order o at x € R is defined (when it exists)

* d* f () 1 d I f(€)de

dz]®  2cos(E2)T(n — a) da® J_oo |z — £[oFI-n

Here, I'' denotes the usual Gamma function. For the sake of briefness, we will sometimes use the
nomenclature df, f(z) to represent the Riesz fractional derivative of f of order a at x.

(1.3)

In the present work, we will investigate an extension of the Klein—-Gordon—Zakharov equations
which considers the presence of Riesz space-fractional derivatives [100]. In the following, all the
relevant functions will be defined on . However, for the sake of simplicity, we will extend their
definitions to the set R x [0, 7], by letting them be equal to zero on (R \ [z,zg]) x [0,T]. For
the remainder of this work and unless we mention otherwise, we will fix o € (1,2]. Under these
circumstances, the problem investigated in this work is given by the following system, where
(x,t) € Q.

O*u(w,t) 0%z, t)

+ u(z, t) + m(z, t)u(z, t) + ]u(w,t)\Qu(x,t) =0,

ot? O|z|*
Pmle,t)  Pmlrt) O (0 _
ot? Ox? Ox? - _ (1.4)
U(I‘,O) = ’LL()(-Z'), m(a:,O) - m0($)7 Vz € B,
such that 8“5;;’ 0) = uy (), 87”((;;’0) =my(x), Vo € B,

w(zr,t) =u(zg,t) = 0,m(xr,t) = m(xg, t) =0, Vte|0,T].

11



It is important to recall that the Klein—-Gordon—Zakharov equations appears in the inves-
tigation of the propagation of Langmuir waves in plasma physics [90, 12, 91]. In his seminal
work, V. E. Zakharov [103] showed that arbitrary Langmuir turbulences of sufficient intensity
are unstable, and that the instability leads to the development of low density regions in plasma
which collapse in finite time. These regions were called caverns, and they are the mechanism
of energy dissipation of long-wave Langmuir oscillations. These conclusions were the result of
the quantitative analysis on the equations describing the interaction between the fast-time scale
component of an electric field and the deviation of ion density from equilibrium. This system
was called the Zakharov system, and it motivated the development and analysis of further models
that provided more realistic descriptions of similar physical phenomena [30, 59, 11, 18, 32].

Ezample 1.1.2. The system of partial differential equations of (1.4) possess some known exact
traveling-wave solution defined on B = (—o00,00) when o = 2, one solution being the following
system of functions (see [45, 44]):

ille, ) = \/ﬁ;\/isech ( . +2\/5x — t) exp lz ( ! +2\/5x - t)] , (1.5)

(1.6)

1
m(z,t) = —2sech? ( +2\/5:v - t) '

for every (z,t) € R x R,

Definition 1.1.3. Let p € [1,00), and let F' =R, C. We let LP(Q2) denote the set of all functions
f:Q — F such that f(-,t) € LP(B), for each t € [0,T]. For any function f € L2(2), the norm
of f is the function of t € [0,T] given by

190 = ( /Bf<:c,t>|pdx)l/p, vt € [0,7). (1.7)

Moreover, for each pair f,g € L2(2), the inner product of f and g is the function of ¢ defined by

<f,g>x:/§f(a:,t)g(x,t)d:c, vt € [0, 7). (1.8)

From the mathematical point of view, the model (1.4) is interesting in light of the fact that it
has conserved quantities. To show this fact, recall that the additive inverse of the Riesz fractional
derivative of order o has a unique square-root operators over the space of sufficiently integrable
functions with compact support. This unique square-root operator is denoted by 9%/2/9|x|*/2,
and it satisfies

9% 9% 9%/2u  92/2y
o/, = \Taer ), = vie o, L
=)= ot ), <0|33|°‘/2’8|x|a/2>x’ € [0.7) (1.9

for any two functions u and v (see [27]).

Definition 1.1.4. Let u, m be a pair of functions satisfying the initial-boundary-value problem
(1.4). We define the Hamiltonian of that fractional system as
2 0%y

— U
Olz|

Ou
ot

1 1 1
H(z,t) = + [ul® + mlul® + S0* 4 Sm? 4 Sl (1.10)

2 2

12



for each (z,t) € Q. Here, v satisfies (1.1) and (1.2), and we obviated again the dependence of all
the functions on the right-hand side of this identity with respect to (z,t). The associated total
energy of the system at the time ¢ € [0, 7] is given then by the function

ou||? 9% 1 1 1
)= |+ (v —gpafe ) Il Gm b+ ol + S lmiZa + 5l
) (1.11)
- |5 L 2 iz + e + L 0l2s S mlZ + Ll
Ot || 4.0 a’x‘a/Q iy z, 9 z, 9 z, 9 z,

Theorem 1.1.5 (Hendy and Macias-Diaz [35]). If u and m satisfy (1.4) then £ is nonnegative
and constant. O

The development of fractional calculus has opened new perspectives in sciences [39, 5, 3. In
particular, the family of Zakharov equations has been extended to the fractional case, and the
solutions of those systems have been examined from the mathematical and numerical points of
view. Indeed, some studies report on fractional extensions of the (3 4+ 1)-dimensional Kurteweg-
de Vries—Zakharov—Kuznetsov equation [82], the (3 + 1)-dimensional time-fractional Zakharov—
Kuznetsov equation [41], the Zakharov—Kuznetsov—Benjamin-Bona—Mahony equation [6] and
the Klein-Gordon—Zakharov system [79]. Most of these fractional extensions of the Zakharov
equations also possess conserved quantities that resemble an energy functional, whence the need
to propose energy-conserving schemes for those models is an interesting topic of research in
numerical mathematics. There are various numerical methods in the literature that approximate
the solutions of fractional systems [7, 14, 21, 65]. For instance, some schemes have been proposed
to solve a time-space fractional Fokker—Planck equation with variable force field and diffusion [76],
nonlinear fractional-order Volterra integro-differential equations [106], variable-order fractional
Schrodinger equations [8] and the fractional two-dimensional heat equation [40]. However, there
are few reports on methods that preserve the energy of these fractional systems. Indeed, most of
them refer to the non-fractional case [96].

Inspired by previous successful energy-preserving discretizations for fractional wave equations
[49, 46, 58] and their physical applications [47, 50, 48, 57|, we propose a nonlinear finite-difference
model to approximate the solutions of (1.4). The new numerical model is based on the use of
fractional-order centered differences to approximate the Riesz fractional derivatives [73]. The
scheme will have an associated discrete energy that resembles its continuous counterpart (1.11),
and which is preserved also at each temporal step. It is worth pointing out that the numerical
model proposed in this work has also many other interesting features. For example, we will
show here that the model is uniquely solvable, and we will show that the solutions are bounded.
The technique is an explicit technique and, as opposed to some implicit approaches reported
in the literature [35], its implementation is relatively simple [96]. The method is a consistent
technique with a second order of consistency under suitable assumptions on the smoothness of
the continuous solutions. Moreover, the technique is quadratically convergent.

The present manuscript is organized as follows. In Section 1.2, we present the discrete nomen-
clature, and recall the definition and properties of the fractional-order centered differences, which
are crucial in our investigation. The numerical method is provided therein, together with the
associated discrete energy quantities. Section 1.3 is devoted to establish the main physical prop-
erties of the method. More precisely, we show that, as the continuous counterparts, the discrete
energy quantities are preserved. Moreover, we establish the most important physical proper-
ties of the technique, namely, its capability to preserve the discrete energy and the positivity of
the energy functionals. The main numerical properties of the method will be proved in Section
1.4, namely, the consistency, the stability and the convergence of the numerical model. Some
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numerical simulations are provided afterwards, in order to confirm the energy and convergence
properties. Finally, we close this manuscript with a section of concluding remarks.

1.2 Numerical model

In this section, we will propose a numerical model to solve the initie-boundary-value problem
(1.4). The discretization will hinge on the use of fractional-order centered differences which are
defined below.

Definition 1.2.1 (Ortigueira [73]). For any function f : R — R, h > 0 and o > —1, we define
the fractional-order centered difference of order « of f at the point x as

b f(x) = i g,(f)f(x—k:h), Ve € R, (1.12)

k=—oc0
whenever the right-hand side of this expression converges. The coefficients of the sequence
(g,(f))Oo are defined by

k=—o00
(@_  (=)T(a+1)
T TG —k+ TG +k+1)
When a € (0,1)U(1,2], h > 0 and f € C3(R) has its derivatives up to order five which belong to
L'(R) then [97]

vk € NU {0}. (1.13)

da
~petf ) = 50

o +0O(h?), VzeR. (1.14)

Let I, = {1,...,q} and I, = I, U {0}, for each ¢ € N. Throughout, we let J,N € N, and
define h = (zg — z1)/J and 7 = T/N. We consider uniform partitions of the intervals [z, xR]
and [0, 77, of the forms

rp=x9g<z1<...<xj<...<zy==xR, VjEI,, (1.15)
O=tg<t1 <...<tp<...<ty=T, Vnely, (1.16)

respectively. For convenience, let I = I;_; x Ixy_y and I = I; x In. For each (J,n) € I, we
will use Uj* and M}" to represent numerical approximations to the values of uj = u(zj,t,) and

mj = m(zj,tn), respectively. In this manuscript, we let R, = {z; : j € I;}, and represent the
set of all complex functions on Ry, by Vy. If V € V), then we set V; = V(z;) for each j € I;. Let
U" = (U});e7, and M"™ = (M7), 7 , and set U = (U"), 7, and M = (M"), 7.

Let V represent any of the functions U or M. In our work, we will employ the first-order

difference operators

yn. —yn B B
69”‘/;” - %7 v(]?”‘) €lj1 xIn, (117)
yrtl _yn o
0V = %a V(j,n) € 1y x In-1, (1.18)

the second-order difference operators

n+l 1 mn—1
Vit

5§1)an = V(j,n) € Iy x In_1, (1.19)
=2V 4+ VI -
SRV = FESs = Y(Gin) € Lo x I, (1.20)
vt _oyn oyt -
(552){/]?1 _ J ; J . V(j,n) eIy xIn_1, (1.21)

T
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and the average operators

SV
Vit = = W) €Ty x Iy, (1.22)
V<n+1+V.n71 B
Lél)vyniz 4£4444§441447, V(j,n) elyxIn_q, (1.23)

It is well known that all of these quantities provide consistent estimations of suitable functions
under appropriate smoothness conditions. Moreover, using the notation introduced in Definition
1.2.1, we consider the following consistent estimate of the fractional partial derivative of order «
of u with respect to x at (z;,t,):

[} n 1 o n
os\up = “ha > g\ Up. (1.24)

kGTJ

Definition 1.2.2. Let p € [1,00). The inner product (-,-) : V5 x V5 — C and the norms
Il llps |l - lloo : Vi — R are defined, respectively, by

{U,V)=hY UjV;, YU, V€W, (1.25)
j€ly

IUNE=h " |UP, VU €W, (1.26)
jely

1Ulloo = max {|U;| : j € Ty}, VU € Vi (1.27)

Moreover, for each V' = (V") 7 C Vp, we define
Vllloo = sup{[[V"[loc : € In}. (1.28)
It is useful to note that the following identity holds for any U,V € Vj:
(U, 6PV = —(8,U,6,V) — Upb, Vo + Usd,Vy_1. (1.29)

A convenient reduction is obtained when Uy = Uy = 0, in which case (U, 59(3)‘/) = —(0,U,6,V).
Under these circumstances, the discrete function ¢, is called the square-root operator of 59(32).
Moreover, the existence of square roots has been extended to account for fractional-order centered

differences. Indeed, let Vy be the subspace of V}, consisting of those grid functions V such that
Vo=V;=0.

Lemma 1.2.3 (Wang and Huang [95], Macias-Diaz [49]). For each o € (1,2] there exists is
a unique, self-adjoint, positive, linear operator A(ra) : f)h — f)h such that, if u,v € f/h then
<—(5§ca)u,v> = (A;a)u, A&“%). O

Using the nomenclature of this section, the finite-difference model employed in this work
to approximate the solutions of (1.4) is described by the following algebraic system, for each
Y(j,n) € I:

62Uy = 8P + Uy + MP U+ (U7 R) (nPUp) = o,
8P My — QM — sPUr? =0,
such that 5t1)UjQ = u(x;) 5§1)MJQ =ma(z;), Vj€Ilj1,
Up=U"=0, My=M}=0 Vnely.
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Note that the numerical model (1.30) is a three-step explicit technique. Indeed, note that the first
equation of that system yields an expression with complex parameters in which the only unknown
is U;‘H. On the other hand, the second equation of (1.30) is a fully explicit difference equation
which can be easily solved for M, }Hl, for each (j,n) € I. Obviously, this explicit character of the
method has computational advantages over the implicit schemes [35]

Note that the initial conditions of the numerical model (1.30) requires the knowledge of the
fictitious U~! and M~!. In order to eliminate them, we require for the difference equations of
(1.30) to hold also for n = 0. Using then the initial data, we readily obtain that for each j € I;_1,
the following identities hold:

2Uj1 — 2ug(xj) — 21ui(xj)

1
=509 — (U} = 1uy (z5)) {1 + M) + 3 (\U}P +U} - zml(g;j)\?)] :

2 J J
(1.31)
1 7 2) 0 02
M} =mo(@;) + Tma (@) + 508 (M +U2) . (1.32)
In what follows, we will let (V"), 7 be a sequence in Vy, such that
SPVI = 6M, V(j,n) € Iy x In_1, (1.33)

Under these circumstances, (U, M) will denote a solution of (1.30), and V' = (V"), 7 will satisfy
(1.33).

Definition 1.2.4. Let (U, M) be a solution of (1.30). The discrete energy density at the time ¢,
is given by

n n (6% n n 1
H} = U7 - U; o4 )Uj b | UZP + §|5xv}n|2

Ll 1 4 1 +12 +1 2 . (1.34)
+ S MPPUME + Sl UFI + 5 [MPUPH 2 4 MPHYURR], V5 € Iy
The total discrete energy at the time t, is defined, for each n € Iy_1, by
1
E" = [|6:U"[5 + Re(=0{ U™, U™) + pe U5 + §||5xV”||§
1 1 1
+ SO M) 4 o [UM 1+ 5 [ U + (1 [0 )
(1.35)

1
= U713 + Re(ALDT™, ALU™) + e |U™3 + 5116,V 3
+ SO M) 4 [T+ 5 [ U (O

Here, we employ the notation |U"|? = (|U]”|2) for each n € Iy.

jelyp
1.3 Physical properties

In this section we prove the main physical properties of the finite-difference method, namely, its
capability to conserve both the energy and the positive character of the energy functionals.

Definition 1.3.1. Given any U,V € f)h, we define their product point-wisely, that is, UV =
(UjV})j €T, Moreover, if FF = R,C and if U € V}, is a function which takes on values in F, then
f(U) = (f(Uj)) ez, for any function f: F' — F.
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Lemma 1.3.2 (Hendy and Macias-Diaz [35]). The following are satisfied for each n € In_1,
(a) 2Re(62U™, 60U = 616,02,
(b) 2Re(—3\Un, sMUm) = 5, Re(A™ U, AW U1y,

(
(-

() 2Re(u! 1>Un Umy = sy,

(d) 2Re(M U™, 50U = (M7, 50U ),
(

)
)
)
)
() 4Re((ug U™ ) (U™, 80U = ypuellU™ 4,

(£) 207, 65U ) + 2(Um 2, 6 M) = 6, (ML U2 + (M7 U R)],
(8) Re(U™,U™) = || U3 — §72(16,U™ |3, Vn € Tn_1,

(h) |(M™, |U"+1r )+ (MU )] < gl MG + e |UTIS.

(i) —
)
(%) (GL[O P, V) = (U2, 0 M.

2067 M™, V1) = 6|6, V13,

2< Mn’uvn 1>_5t<Mn M"— 1>

Proof. The identities (a)—(c) can be established following arguments similar to those in [49]. On
the other hand, (d) and (e) make use of the product defined in 1.3.1, though the proofs are
also straightforward. The identity (f) is also easy. Meanwhile, (g) readily follows after rewriting
the left-hand side as a sum of conjugates, adding and subtracting the quantity s U"||%, and
performing some algebraic simplifications, namely,

1 1
Re(U™,U™) =5 [(U™,U™) + (U™, U] + wl U3 - 5 [(©"F, U™ + @, U]

a2 _ Lom - n | | -
=ul|U)3 — (U™ = U U = U) = e |UMl5 = 572160715, Yn € Ty
(1.36)

To prove (h), first note that two applications of Young’s inequality yields [(M™, |U"+1|?)| <
FIM™M|Z + 3[U™3 and [(M™FL U™ ?)| < 3||M™ |3 + 1]|U™||3, whence the inequality follows.
To establish now (i) and (j), assume that (V™) 7 satisfies condition (1.33), and note that

(2) 4 n n—1\ _ (2)1n—1 n—1\ _ /5(2) n—1 n— L n||2 n—12
O M V™) = @AV V) = BP0V V) = o [18,V™B = 132V ]

(1.37)
and

1
FOM V™) = (M, 5PV = (M M) = o [ M) — (M M)
(1.38)
The identity (k) is finally proved in a similar fashion. O

An alternative expression of the energy constants is already available if the identity (g) of

Lemma 1.3.2 is applied to the sequences (Ag;a) U") ety 2nd (M . Indeed, it is easy to check

n —
nel )nEIN
that
1 1 1
E"=|ratU“||%+m||A<a>U"||%— fTQHA(“)cStU”H%+ut|\U”II§+§H5xV"H§—ZTZII&M”II% o
1.39
1 —
oMM LU+ S [ [0 (a0, Ve T,
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Theorem 1.3.3 (Energy conservation). If (U, M) is solution of (1.30) then the quantities (1.35)
are constant. Moreover, if géa)TZhlfa < 1 then the constants (1.30) are nonnegative.

Proof. Let n € In_1. Compute the inner product of the left- and the right-hand sides of the
first vector equation of (1.30) with 5§1)U". Take then the real part, multiply by 2 and use the

identities (a)—(e) of Lemma 1.3.2 to obtain

0= G603 + 6 Re{ AT, ALYT™) 4 dupn [0 + (M7, 50107 2) + Lbugn [0
(1.40)
On the other hand, take the inner product of the left- and the right-hand sides of the second
vector equation of (1.30) with y;V"~! and use the last three identities of Lemma 1.3.2 to obtain
that . .
S0u8. VB + Soua™, MY + (UM, 6 M) = o. (1.41)

We add then these last two identities and use Lemma 1.3.2(j) to simplify algebraically the
resulting expression, obtaining thus that §E" ! = 0 for each n € Iy_;. The first part of
this result follows now by induction. To show that the quantities E™ are nonnegative un-
der the condition g(()a)72h1_0‘ < 1, note firstly that HAg;a)étU"H% < Qgéa)hl_aHétU"H% and that
16, M2 = 1626,V ||2 < 295 h1=2||5,V™|2. Using these inequalities, Lemma 1.3.2(g), the iden-
tity (1.39) and simplifying algebraically, we obtain that

g(a)Tz 1 g(a)T2 ) _
B> (1— 0T ) 16:07 3 + el AU B+ U3 + (1 -B T ) 673, ¥n € Txa.
(1.42)
We conclude that E™ > 0 for each n € In_1, as desired. O

1.4 Numerical properties

The aim of this section is to establish the most important numerical properties of the finite-
difference model (1.30). More precisely, we will prove that the model is second-order consistent,
stable and quadratically convergent.

Let (U™)nery_1s (M™)nery_, C V,,. For convenience, we define L = Ly x Ly : Vi X Vi —
f)h X f/h by

Ly(Up, M) =600 — 807 + DU + MPuOUR + (w07 P) (wPU7), YGm) e,

J T J
(1.43)
Lo (U}, M}) =5 M} = 507 — 5|07 P, V(j,n) € L.
(1.44)

We define L(U", M") = (L(U}', M})) 7, foreachn € In_1, and let L(U, M) = (L(U", M"))nery_, -

Let us introduce also the continuous operator £ = L, X L,,, defined for each (u,m) by

_ O%u(z,t) 0%z, t)

Lu(u(z,t),m(z,t) == 5 amr; +u(z, t) +m(z, u(z, t) + [u(z, ) Puz, t),  (1.45)
2m X 27”I’L X 2 u\xr 2
Lo (u(z, ), m(z,t)) 2 aiz’t) 2 aiQ’t) 9 (|6(x2’ £) ), (1.46)

for each (z,t) € Q. Also, for each x € {x,xr} and t € [0,T], we let L(u(x,t),m(x,t)) = 0.

Let L(u",m") = (L(u},m}));c7, for each n € In_y, and define L(u,v) = (L(u",m"))nery_, -
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Similarly, consider L(u", m™) = (L(u},m}));7, € Vy, for each n € In_1, and introduce L(u, m) =
(L(un7 mn))neIN_l .

Theorem 1.4.1 (Consistency). Suppose that u,m € Cif(ﬁ) Then there exists a constant
C which is independent of T and h, such that |||[(£ — L)(u,m)|||cc < C(72 + h?) and |||(H —
H)(u,m)|||o < C(7+ h?).

Proof. The proof uses the classical argument based on Taylor approximations, the mean value
theorem and the smoothness of u. Indeed, note that there exists constants C; € RT for each
i € I, such that

O*u(zj,ty, n
‘(875]2) —5Pur| < 72, (1.47)
Ou(@j tn) () 2

TR sla)yn| < 1.4
‘ St — oo | < Con, (1.48)
[u(zj tn) — mPup| < Car?, (1.49)
’m(xj,tn)u(xj,t ) —m” pt ‘ < Cyr?, (1.50)
g, ) Py, ) — (")) (fPut)| < Cs72, (1.51)

for (j,n) € I; x Iny_1. Using the triangle inequality and algebraic simplifications, it follows that
[(Ly— L) (u,m)]||oo < C1(72+h?), where C} = max{C; : i € I5}. Similarly, it is readily verified

that there exist Cg, C7, Cs € RT such that

2 .
W _6@mr| < cor?, (1.52)
(W —5@mn| < Coh?, (1.53)
0 (Ju(z,t)[?
|(|1(‘9(;32)|)_ 2| < Csh?, (1.54)

for (j,n) € I; x Iy_1. Again, using the triangle inequality, it is easy to see that |||(L,, —
L) (u,m)|||oo < Ch(7% + h?), with C% = max{Cs, C7,Cs}. The first inequality of the theorem is
reached when we let C' = max{C{, C4}. The second is obtained analogously. O]

Definition 1.4.2. Let o € [0, 1]. Define the fractional Sobolev norm and semi-norm ||-|| ge, ||z
Vh = R by

w/h N o

U1 =/ ) (1+ |k*)|U(K)dk, VU € Vh, (1.55)
—x/h
Ah o

U2, :/ G (1.56)
—x/h

respectively. Alternatively, [|U||%,0 = [|U||3 + |U|%o and |U}3,, = ||U]|3, for each U € Vh. The
Jfractional Sobolev space H is the set of all U € V), such that ||U|| e < oo.
The following lemmas will be employed to establish the boundedness, the stability and the

convergence of (1.30). For the sake of convenience, we will let v = 7/h, and we will assume that

0 is a number in [0, 3].
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Lemma 1.4.3. Let y/1—20 < 1 and 8 = (1++2(1-26))/(1—~2(1—260)) > 1. If (U")N_, C
is a sequence of complex functions then R™ < fQ", for each n € In_1. Here, for each n € IN_1,

ym, Ay, (1.57)
DU 4 |ALT"3) - (1.58)

= [|6:U™|13 + (1 — 26) Re(A
= [8.0m13 + 31— 20) (|1

H/‘\ HA

Proof. Note beforehand that 5 > 1. Using this fact, it is easy to check that
Q" =(1—20) [(Re(ALU™), Re(ALYT™ 1)) + (Im(ALDT™), Tm (ALY U™ +1)) |
+ | Re(6:U™)II3 + || Tm(6,U™) I3

3 . D . (1.59)
2571 |31 = 26) (| Re(AL U™ 3 + [ Tm(ALT™)3) + || Re(5:U™)I13
+H T (U™) 13 + [ Re(ALDT™ )5 + || Tm(A (Q)U"H)H%} = 67'R",
for each n € Iy_;, which is what we wanted to prove. O

Lemma 1.4.4 (Chang et al. [15, 16]). Suppose that yv/1—20 <1 and § = (1+~*(1—20))/(1—

Y2 (1 —20)) > 1. If (Mn)neTN’(Vn)neTN C V, are real sequences then R" < BQ", for each
n € In_1. Here,

Q" = |6, V™3 + (1 —20)(M™, M™), VneTn_i, (1.60)

= [0V 13+ 31— 20) (IM™13 + [M"]3), ¥n €T 1. (1.61)

Lemma 1.4.5 (Wang et al. [94]).

(a) For each % < o < 1, there exists C, > 0 independent of h such that if U € H then
[Ulloo < Col|U|| £

(b) Foreach § < og < 1, there is Cy, > 0 independent of h such that ||U||s < CUO||U||H<,HU||;_7

zfaogaglandUeHU

(c) For each oo € (1,2) there exists a constant C > 0 such that C|UJ%,, ,, < ]<6g(ca)U, U)| <
|U|Ha/2, for each U € H®.

(d) For each a € (1,2) and U,V € H®, there exists C > 0 such that C|U|gas2|V|gas2
(8T V)] < (U goselV ] oo

Lemma 1.4.6 (Gronwall’s inequality [105]). Assume that N € N with N > 1. Let (w"), 7, and
(Cn)nery be sequences of nonnegative numbers, and let A, B and C,, be nonnegative, for each
n € Iy. Suppose that 7 € R*, and that

IN

W' — W' < Arw"™ + Brw" ! + Cpr, Vn € Iy. (1.62)

If (A+ B)T < (N —1)/(2N) then

max lw"| < (w +7 Z C’k) PAFBINT, (1.63)

keln

Theorem 1.4.7 (Boundedness). Let ug,mg € H* and u1,my € L*(B), and suppose that (U, M)
is the solution of (1.30) corresponding to the initial data ug, mo, uy and my. If g(()a)rzhl_"‘ <1
and v < 1 then there is a common bound C € RT for ([[6:U"(12),c7,_, (HA(xa)Uan)
WU 2)pezy—y» WU oo) ety » U0V I2)net s (M ll2)yery, and (1U™4) ez, -

TLGTN_l ’
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Proof. Let n € Iny_1. The quantities (1.35) are equal to some Cy > 0 by Theorem 1.3.3. Young’s
inequality yield

(M7 [P < MG+ I, (1.64)
(ML UMY < gl M E + BlIU™ S, (1.65)

for each n E In_1. Let Cf > 0 be a common bound of ||[M"|% and ||U"||}. Using (1.35), letting
C7 = Co+ 3(8+ 1)C¥ and using Lemma 1.4.4 with § = 0,

Ct >3 (16013 + | AL U 3] + e U™ 13 + FuallO™ 14

— s MmHE 4 3 [0V E + (M, Mt

% {H(StUnHQ + e AL U"H%} + | U3 + iﬂtHUnHi (1.66)
4 o (187 1B + B3]
for each n € Iy_;. As a consequence, there exists C% > 0 such that
||5tU”||%v HA;a)UnH”g, ||U”+1H%’ ||5mvn||§7 ||Mn+1||§’ HU”HHi <o, 1.67)

for each n € Iy_1. Moreover, using an argument similar to that in [35], there exists C% > 0 such
that [|[U"*!||. < C%. Note now that the hypotheses assure that there exists a common bound
G8 > 0 for [|5,U 3, AU, U113, 18-V 13, M]3, [U°]1f and U°3. Let n € Ty—y and
suppose that

160713, 1AL U™ 13, 1™ 13, 18V I3, 1M 113, U113, 1U™ 13 < G, (1.68)

for some CJ' > 0. It follows that
16:U™ |3, [IASIT™ I3, U™+, 18V 13, 1M 3, | FHIE, 1U™+15 < ¢t (1.69)
where C5t = max{C%, C%}. The proof follows by induction using C = C}'. O

Next, we wish to prove the Stability and convergence properties of (1.4). In the following,
(u®, ut,m® mt) and (@°, ut, m°, m!) will represent two sets of initial conditions of (1.4), and we
will assume that the 1n1t1al data for (1.30) are provided exactly. Moreover, if f : FF — F and
V €V then we define 5(f(V)) = f(V]) — f(Vj}), for each j € I;_; and F' = R,C. In the next
result, we will use the identities of Lemma 1.3.2 without mentioning them explicitly. Some of the

arguments will be similar to those in the proof of Theorem 1.3.3.

Theorem 1.4.8 (Stability). The method (1.30) is stable under the hypotheses of Theorem 1.4.7.
Proof. Let (u% u',m" m') and (@ a',m° m') be sets of initial data of (1.4), and observe that
the assumptions of Theorem 1.4.7 hold for both (U, V') and (U, V). On the other hand, note that

(e, ) satisfies the following with (j,n) € I:

oen — §ien +,u(1)5 +§ [Mn (" U) + (wP(op?) (wVr)] =0,
5” N 1)£n - ~( 532)’U]n|2> =0, (1.70)

subject to el =e"=0and  =¢7=0, Vnely.

Using the discrete inequalities for Sobolev spaces, there exists C' € RT with the property that,
foralln € In_q:

(8 [arm (o)) o) < (PN B + i IALE G + gl I3 + gl B)
(1.71)
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T=5 T =10
T h €r.h Pf h €r.h pfyh

1x271]3.1259 x 1072 — 3.3702 x 1072 —

1x272 193107 x 1073 1.7473 | 1.0490 x 1072 1.6837
0.04 | 1x273 | 27017 x 10~3 1.7850 | 3.1681 x 1073 1.7274
1x2°%] 75927 x 107* 1.8312 | 9.0755 x 10~* 1.8036
1x275]2.0884 x107% 1.8622 | 2.5309 x 10~* 1.8423
1x21]8.6470 x 1073 — 9.4516 x 10~3 —

1x272]24595 x 1073 1.8138 | 2.7793 x 1073  1.7658
0.02 | 1 x273|6.6965 x 10~* 1.8769 | 7.8130 x 10~* 1.8308
1x2°%]1.7416 x 10~* 1.9430 | 2.0982 x 10~* 1.8967
1x27° | 4.4584 x 1075 1.9658 | 5.5110 x 10~> 1.9288
1x271]23217x10°3 — 2.5746 x 1073 —

1x272]6.3033 x 107* 1.8810 | 7.0669 x 10~* 1.8652
0.01 | 1x273|1.6345 x 107* 1.9472 | 1.8529 x 10~* 1.9313
1x2°%]4.1435 x 1075 1.9800 | 4.7430 x 107° 1.9659
1x27°]1.0557 x 107° 1.9726 | 1.2104 x 107> 1.9703

Table 1.1: Table of absolute errors and standard convergence rates in space when approximating
the solution m of (1.4) with a = 2, using the method (1.30). We employed the spatial domain
B = (—20,20) and two periods of time, namely, T = 5 and 7" = 10. The initial conditions
were prescribed by the functions (1.76)—(1.79). Various sets of computational parameters were
employed.

(G[(uP1mR) (1P0m)] 60 < € (WP 1™ + melloem ), (172)
d
h (5 (@102 ) 1™ 1)| < € (ualldut™ 113 + 1AL 3 + le™13) (1.73)

These inequalities are obtained in the same way that they were calculated in reference [35].
The details are omitted to avoid redundancy. It suffices to mention that the only difference in
the proofs lies in the calculation of the terms Re(A&a)E",Ag(caanrl)z and (", &"*t1) ., which are
performed using Lemmas 1.4.3 and 1.4.4, respectively. Let 53(;2)@ = §;¢", for each n € In_1.
Multiply now the first difference equation of (1.70) by 25§1)6”, take the real part and then the
absolute value, use the inequalities (1.71)—(1.72) and simplify algebraically. At the same time,
multiply the second difference equation of (1.70) by 2u;¢" !, take the absolute value, use the
inequality (1.73) and simplify algebraically. The argument to obtain the conclusion uses then the
discrete Gronwall’s inequality. O

The argument of the proof of our next proposition is similar to that of stability.

Theorem 1.4.9 (Convergence). If u,m € Cif(ﬁ) solves (1.4) then the solution of (1.30) con-
verges to that of the continuous problem with order O(7? + h?) in L* for (U™) and in L?
for (M™) O

nETN’

TLETN :
1.5 Simulations

The purpose of this section is to provide some examples to illustrate the performance of the
numerical model (1.30). The simulations were obtained using an implementation of our method in
(©Matlab 8.5.0.197613 (R2015a) on a (©Hewlett-Packard 6005 Pro Microtower desktop computer
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T=5 T =10

h T €r.h ,0}; h €r.h ps—}h
0.01 x 271 | 2.7837 x 10~° — 2.9019 x 10° —
0.01 x 272 | 7.7555 x 1079 1.8437 | 8.1926 x 1076 1.8246
0.04 | 0.01 x 273 | 2.1145 x 1076 1.8749 | 2.2669 x 10~ 1.8536
0.01 x 27% | 5.6512 x 10~7 1.9037 | 6.1158 x 10~7 1.8901
0.01 x 27° | 1.4921 x 10~7 1.9212 | 1.6078 x 10~7 1.9274
0.01 x 271 | 7.4758 x 107 — 8.0692 x 106 —
0.01 x 272 | 1.9994 x 1075 1.9026 | 2.1747 x 107% 1.8916
0.02 | 0.01 x 273 | 5.1832 x 10~7 1.9477 | 5.7915 x 10~7  1.9088
0.01 x 27% | 1.3275 x 10~7 1.9651 | 1.4997 x 10~% 1.9492
0.01 x 27° | 3.3568 x 10~® 1.9836 | 3.8139 x 10~ 1.9754
0.01 x2~1 [ 1.9615 x 1076 — 2.1985 x 1076 —
0.01 x 272 | 5.1037 x 10~7 1.9424 | 5.7903 x 10~7 1.9248
0.01 | 0.01 x 273 | 1.2875 x 107 1.9869 | 1.4963 x 107 1.9522
0.01 x 27% | 3.2084 x 10~ 2.0047 | 3.8187 x 10~% 1.9703
0.01 x 272 | 8.0506 x 107  1.9947 | 9.6558 x 10~? 1.9836

Table 1.2: Table of absolute errors and standard convergence rates in time when approximating
the solution m of (1.4) with a = 2, using the method (1.30). We employed the spatial domain
B = (—20,20) and two periods of time, namely, T = 5 and 7" = 10. The initial conditions
were prescribed by the functions (1.76)—(1.79). Various sets of computational parameters were
employed.

with Linux Mint 18 “Sylvia” Cinnamon edition. The purpose of the next example is to verify
the rate of convergence of (1.30). To that end, we will consider the absolute error at the time T’
between the exact solution u of (1.4) and the corresponding approximations U, which is given by

erh = |lu = Ulllo, (1.74)
and consider the standard rates
€2r.h €r,2h
prp = log ( 8 ) : p7.h = logy < y ) : (1.75)
€r.h €r.h

In our first example, we provide an analysis of convergence of the finite-difference method
(1.30) using the exact solution (1.5)—(1.6). It is important to point out that the literature lacks
reports of exact solutions for the fully fractional form of (1.30). For that reason, the present
example considers the non-fractional form of the mathematical model. To that end, we will
consider a bounded open interval B and impose homogeneous Dirichlet boundary data, as required
by the problem (1.4). Clearly, the exact solution does not satisfy the boundary conditions of
problem (1.4), which means that the numerical comparisons will yield only upper bounds for
the actual error committed by our numerical methodology. Unfortunately, these are some of
the inherent shortcomings of not having at hand an exact analytical solution satisfying the fully
fractional problem (1.4).

Ezample 1.5.1. Consider (1.4) with a = 2, let B = (—200,200) and define the functions ug, mo,

u1 and my by
up(x) = \/1»2_\/5 sech (\/ ! +2\/5x) exp (z N +2\/5:E> , (1.76)
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Figure 1.1: Approximate solution of the problem (1.4) versus z and ¢, using {2 = (—20, 20) x (0, 10)
and a = 2. The graphs correspond to (a) |u(z,t)| and (b) m(x,t), and they were obtained using
the initial data (1.76)—(1.79). Computationally, we used h = 0.05 and 7 = 0.1.

mo(z) = —2sech? ( ! +2\/5:c) , (1.77)
u(x) = \/EQ_\ﬁ(tanhx — 1) sech ( ! +2\/593) exp (z ﬁx) , (1.78)

my(z) = —4sech? ( . +2\£x) tanh ( xdin \/gac) . (1.79)

where i2 = —1 and € B. The corresponding solution of the initial-value problem (1.4) is given
by the functions (1.5)—(1.6). For comparison purposes, consider the discrete model (1.30) with
initial data (1.76)—(1.79). Under these circumstances, Tables 1.1 and 1.2 provide a numerical
study of the convergence of the method. The results confirm the quadratic order of convergence
of the scheme (1.30), agreeing with Theorem 1.4.9. For illustration purposes, Figure 1.1 provides
graphs of the approximate solutions for |u| and m as functions of  and ¢. O

In our second example, we will consider the fully fractional form of (1.4).

Ezample 1.5.2. Consider now B = (—200, 200), along with the initial conditions used in Example
1.5.1, and set T' = 200.

(a) Figure 1.2 shows a graph of the dynamics of the total energy for various values of o € (1, 2],
using h = 0.05 and 7 = 0.1. The results show that the total energy of the system is
approximately conserved with respect to time, but that it depends on the value of a. This
remark is in agreement with the theoretical results of this work.

(b) Next, we investigate the numerical accuracy of the finite-difference method (1.4) for different
values of a. To that end, we will follow the methodology and notation used by [98]. More
precisely, let ®(h,7) and ¥ (h,T) be, respectively, the numerical solutions U and M at the
final time 7', obtained using the method (1.30) with the parameters h and 7. We will employ
also the notations

Ry (1) = [|@(h, 7) = @(h, 7/2)[|c0, Fg(h) = [|®(h,7) = ®(h/2,7)[le;  (1.80)
Ry () = [¥(h, ) = W(h,7/2)|]2, Fy(h)* = [[W(h,7) = ¥(h/2,7)2- (1.81)
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Figure 1.2: Dynamics of the total energy of the approximate solution of system (1.4), using
Q = (—200, 200) x (0,200), and the values of « indicated in the legend. We employed the initial
data (1.76)—(1.79). Computationally, we used h = 0.05 and 7 = 0.1.

With this notation, Figures 1.3(a) and (b) show the graphs of Ry and Fg as functions of
7 and h, respectively. The graphs are plotted in log-log scale, fixing h = 0.2 and 7 = 0.01,
respectively. The results indicate that the scheme is convergent, with second-order accuracy
in both time and space. The values of & = 1.2, 1.4, 1.6 and 1.8 were employed. In turn,
Figures 1.3(c) and (d) provide the graphs of Ry and Fy as functions of 7 and h, respectively.
The results again confirm the quadratic order of temporal and spatial convergence of the
numerical scheme (1.30). O

In this work, we investigated the numerical solution of a fractional extension of the Klein—
Gordon—Zakharov equations from plasma physics. The model considers the presence of space-
fractional derivatives of the Riesz type, together with homogeneous Dirichlet data at the boundary
and initial conditions. The fractional model has an invariant energy functional, and we propose an
explicit numerical model to approximate the solutions using fractional-order centered differences.
A discrete energy functional is also proposed in this work and we prove rigorously that, as its
continuous counterpart, it is preserved at each iteration and, in that sense, the present work
reports on a conservative finite-difference scheme to approximate the solutions of hyperbolic
systems [36, 42, 38]. Among the most important numerical properties established in this work,
we show that the model is a consistent, stable and convergent technique. Additionally, we propose
some bounds for the numerical solutions, and provide some computer simulations which illustrate
the fact that the numerical model is quadratically convergent.
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Figure 1.3: Errors committed when approximating the exact solution of (1.4) using the finite-
difference method (1.30), using B = (—200, 200) and 7" = 200. We used the initial approximations
(1.76)—(1.79), and we fixed h = 0.2 for the results of the left column, and 7 = 0.01 for the right
column. Various values of o were used (see the legends). The error quantities used in these
experiments are provided by equations (1.80) and (1.81).

26



Fxistence of solutions for an implicit
method

2.1 Introduction

In the published article [35], the authors established a theorem on the existence of solutions of a
finite-difference model for a space-fractional Klein-Gordon—Zakharov (KGZ) equation [103, 86].
The proof made use of the well-known Leray—Schauder fixed-point theorem. However, the authors
committed an involuntary mistake in the proof, for which they sincerely apologize. Concretely,
the mistakes were committed in Equations (5.6) and (5.7) of that work. Indeed, the second and
third terms of the right-hand sides of those equations had to be multiplied by A € [0, 1], and they
were not. It turns out that the corrected proof becomes much harder, and we provide it in this
short note. To that end, let us recall that the mathematical model under investigation in [35] is
the space-fractional KGZ system

Pul,t)  9*u(w,t) +u(z,t) +m(z, (e, €) + fuz, ) Pu(z, ) =0, Y(z,6) €Q,

g a@‘a 2 2 2
Pmi.t)  Pmet) PP g
i Ox? Ox? - (2.1)
u(z,0) = up(z), m(x,0) = mo(x), Va € B,
subject to au({;i’ 0) = uy(z), 8méat:,0) = mq(z), Vr € B,

u(zp,t) =u(rg,t) =0, m(xp,t) =m(xg,t) =0, Vte|0,T].

In model (2.1), the fractional derivatives are understood in the Riesz sense [76, 47, 50]. More-
over, the authors of [35] proposed the following finite-difference model to solve the continuous
problem:

s2ur — ol pVur 4 ur + guﬁl)Mf) (m0p) + (" 1Up?) (wVur) =0, VG el

oMy — 8 = 6P P |UpE,  (im) € 1,

U]O:UO(xj)a M]Q:mO(xj)v Vjely,

subject to (5th = w1 (z;) 5tM]Q =mi(z;), Vjelj,

Uy =U%=0, My=M}=0, Vnely.
(2.2)
For the definitions of the discrete notations, we refer to that article. In the following stage, we
will provide the correct proof of Theorem 5.3 of that manuscript. Additionally, we will consider
an explicit and inequivalent reformulation of the finite-difference model (2.2). In agreement with
the purpose of the present study, Section 2.3 provides a theorem on the existence of solutions for

the numerical model proposed therein.
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2.2 Corrigendum

Throughout this section, we will employ extensively the discrete nomenclature introduced in [35,

Section 3|. In the way, we will also employ Lemma 4.1 of that paper. For the sake of convenience,
recall that
T + anl

D)y _
:ut,TV - 2 ’

for any T € Vy and V = U, M. (2.3)

Lemma 2.2.1 (Young’s inequality). Let a,b € RT U {0}, and let p,q € (1,00) be such that
}D + % = 1. For each € > 0, the following inequality holds:

p q
ab < Ja? + ﬂ (2.4)
ZS q

In the proof of the next lemma, we will occasionally use the following elementary facts:
i. I V,W €V, then ||V £ W32 < 2|V|2 + 2|W|3.
i. It is also well known that |5, W||3 < %||W||% for each V, (see [49]).
Lemma 2.2.2. Let U = (U"), 7, and M = (M"), 7, be sequences in Vh, and assume that U
s a sequence of complex functions while the functions of M are real. The following identities are
satisfied, for eachn € Iy_1 and &,V € Vy:
1 n 1)rm n— n—
(a) 4Re ((u{9U"P)(uiqU™), @ —U"1) = [@[f — U4,
1 n 1 n n— n— n—
(b) 4Re ((uiM™)(qU™), @ — U™1) = (¥ + ML, B2 — [U"1}2).
1 n n— n—
(c) 2Re (uqU™, @ — U™1) = @[3 — U™ L3,
(d) 2Re(—3{pufqUm, & — U™ = /2|3 — |5/ U™ |3,
(¢) 2(—0@ iy M™, W — M"1) = |, W|[3 - [|6, M]3,
Additionally, the following inequalities are satisfied for each X € [0,1]:
(f) Re(—2AU", @ —U"" 1) > —2(|®[3 — C4.

(8) Re(@ + AU, @ — U ) > (1= 25 ||of3 - C».

() (T — 200"+ AM™ 10— M) > [1 - LGA+ D] 93 - Cs.

i) Ar2(—o Pl 2, @ — Mty > 222 g4 - 22§12 _ ¢ he >0
(1) AT*(=02" 1, 5|U™|% ) > =5 124 )3 4, for each €1 > 0.

. 1 n 1 n n— 72 ,2
() A2 Re((uf g M) (ufgU™), @ = U1y = =22 (14 L) [W]3 = 25" (e2+ 3 ) |®Il§ - 5, for
each e > 0.

Here, the constants C1,...,Cs € RT depend only on U™, U1, M™ and M™'. Additionally, Cy
depends on €1, and C5 depends on €s.
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Proof. The proofs of the identities (a)—(e) are similar to some of those in [35, Lemma 4.3]. To
prove (f), we use Young’s inequality with p = ¢ = 2 and e = 3. Using the fact that A € [0, 1], we
obtain

A
Re (-2AU",® — U"1) = —2A|(@,U)| = 2A| (U, U™ = ~ Sl - 3| U™ 3 -2 (U™, U]
(2.5)
and the inequality follows with Cy = 3||U™||3+2[(U™, U™~ 1)|. Inequality (g) was obtained similarly
using Lemma 2.2.1 with ¢ = 3 and Cy = 4[|[U"!||3. Meanwhile, a double application of Young’s
inequality with e = 10 was needed to reach (h). Concretely, note that the following are satisfied:

(@ = 2AM™ 4+ AM"71 0 — M) > (|3 = (A+ 1) (@, M| = XM

— 2A[(M", )| - 24| (M", M)
A+1
20
)\ n n n—

— 751213 = 10X M7 3 = 2x [, M.

> || w||3 - P13 = 5(x + 1) M3 = A2 13

(2.6)
The inequality (h) is obtained then recalling that A € [0, 1], bounding from below the third,
fourth, sixth and seventh terms at the right-hand side of these inequalities, regrouping and letting
Cy = 11||M™ 1|3 + 10||M™||3 + 2|(M™, M™1)|. In turn, the relation (i) was obtained using the
elementary facts that precede this lemma, Young’s inequality, and bounding from below for
A € [0, 1], namely,

n n— 7'2
A= 8Pud U2, @ — MYy > A7

(012 + U1 2), 8,(% — M"))|

T2 n— T3¢ n—
> 3 0181 + U™ )3 — A5 0, (¥ — M™1)3
a2 [HMWM% + 151U 1123

v

2 €1

+ex (1169113 + ||5an-1||§)]

2 2 _
> -2 )f - 25 e |i - Cu,

(2.7)
where Cy = zliz U3 + %HM”*H% Finally, using (b), Young’s inequality with ez > 0,
es3 = 1 and ¢4 = 2, and regrouping terms, we obtain

n n e A2 Al
M? Re((uf g M™) (U™, @ = U™ > == ([(T, |2)| + (%, [U"'?)|

+ [ o) + (vt [un TR )

ar?
S

P 4 7_2
+2l e4!M”‘1H%> - Tt o

A2 1 A2 1
> (14 =) ||v|3 - = ~) el
> 2 (L ) i 2 (et 5 ) o

2 2 2
T _ T _ T _ _
Lk FEOR Y PR N LT

€3

U2 |2 _
<H62H2 +62H‘I>”3+ ” ||2 +63HU” IHZL

(2.8)
The inequality follows now with Cs being the term in parenthesis at the right end of these
inequalities. ]
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Lemma 2.2.3 (Leray—Schauder fixed-point theorem). Let X be a Banach space, and let F :
X — X be continuous and compact. If the set S = {x € X : AF(z) = x for some X\ € [0,1]} is
bounded then F' has a fixed point.

The following is the correct statement of [35, Theorem 5.3|, and its corresponding corrected
proof.

Theorem 2.2.4 (Solubility). The numerical model (2.2) is solvable for any set of initial condi-

tions whenever
< 4 (2.9)
min )
v 57320

Proof. The approximations (U°, M°) and (U!, M!) are defined through the initial data, so assume
that (U"~!, M~ 1) and (U™, M™) have been already obtained, for some n € Iy_;. Let X =
V), x V), and define the function F: X — X as F = G x H, where G,H : X — Vi. In turn, for
each j € I; 1 and &,V € f/h, we let

n n— a), (1) rm 1) 7rm 1) rrn 1 " 1 n
Gj(@,9) = 207 — UP~! + 726 QU — 72 qUr — 72 (nigUr) (e Mg + u{a U7 )

Hj(®,0) = 2M — MP '+ 7262 u) M7 + 726D R U 2. (2.11)

In the case when j € {0, J}, we let G;(®, V) = H;(®,¥) = 0. It is obvious that F' is a continuous
and compact map from the Banach space X into itself. We will prove next that S of Lemma 2.2.3
is a bounded subset of X. Let (®,¥) € X and A € [0, 1] satisfy AF(®, ¥) = (, ¥). Equivalently,
the following identities hold for each n € In_1:

0= 0= 22U + AU = AP u{ QU™ + A2 U™ + Ar? (u{qU™) [ M™ + pig|U™ 2],
(2.12)
0= — 22M™ + AM" — Ar252 ),ugl\%,M" Ar262) 1y ¢|U”|2 (2.13)

Note now that (2.9) assures that 32 = TQ < 1. Take the real part of the inner product
of both sides of the equation 0 = ® — \G(®, ¥) with ® — U"~!. At the same time, take the inner
product of both sides of the equation 0 = ¥ — \H(®, ¥) with ¥ — M1, Add both results, use

the identities and inequalities of Lemma 2.2.2 with ¢; € ( i ) and ey € ( 1), rearrange

B 1072 )2
terms and simplify to obtain

A2 n A2 - 72 p o .
o»*WMWme—ﬂMQWH@+TWWW%MmU%)

AT e AT (1 AT2
27 (10w~ 10 8) ~ 25 (2 + 1) 1918 22 (a4 3 ) ol - Sll3
8 €2 8

A+1 3\ —|— 1 272 2)\7' €1
(1= 20 e+ (1= ) 1w - 2l - 2 el - ¢

(2.14)
where Cg = C1 4+ Oy + C3 + C4 + Cs, and the constants C1,...,Cs € Rt are those of Lemma
2.2.2. Rearranging terms and using the fact that A € [0, 1], we obtain that

Ku||®]3 + K| @3 + K| W]|3 < C, (2.15)
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with

Ki=1+5%- -~ >3 (2.16)
e (SR
€= ot T (ST 14+ 10718 + I 013 + o.he B (219)

The inequalities were obtained using the ranges of €¢; and e, and that A € [0, 1]. It follows that
K1, K» and K3 are positive and, moreover, that §|[®[|3 4+ [ ¥||3 < C. As a consequence, the set
S is bounded, and the Leray—Schauder theorem guarantees that the system (2.2) has a solution
(U™, M™+1). The result follows now by induction. O

2.3 Addendum

Throughout this stage, we will observe the discrete nomenclature of the previous section. An
alternative finite-difference model to solve (2.1) is described by the following algebraic system:

5t(2)Un 5( )Un +,u(1)U" +M]TL (I)Un (M§1)|U]n|2> (Mgl)an) =0, V(j,n) el
5 )M" — 8D Mr §f>yU;Ly2 =0, V(n)el
(j = uo(z;), MJQ = mo(z;), Viely, (2.20)
such that { 6009 = uy(ey) SOMY = my(z;), Vi€ Iy,
Uy =U}=0, Mg=M}=0, Vn € Iy.

Note that the numerical model (2.20) is a three-step explicit technique. Indeed, notice that the
first equation of that system yields an expression with complex parameters in which the only
unknown is U J”H. On the other hand, the second equation of (2.20) is a fully explicit difference
equation which can be easily solved for M;“H, for each (j,n) € I. Obviously, this explicit
character of the method has computational advantages over the implicit scheme in [35].

Observe that the initial conditions of the numerical model (2.20) require the knowledge of
U~! and M~!. In order to eliminate them, we require for the difference equations of (2.20) to
hold also for n = 0. Using then the initial data, we readily obtain that for each j € Iy 1, the
following identities hold:

2Uj1 — 2up(z5) — 21u1(25)

72

1
= 500 — (U} - 7y (x)) [1 + M0+ 2 (U} + U} = 2rua ()P } ,

2
.
Mj1 =mo(z;) +7ma(z;) + 55;2) (M]O + |U]Q|2) . (2.22)
We will require the following lemma.

Lemma 2.3.1. Let U = (U"), 7, and M = (M"), 7, be sequences in Vh, and assume that U
is a sequence of complex functions while the functions of V' are real. The following hold, for each
ne€ly_1 and ®,¥ € V),

1 n n— n—
() 2Re(uf U™, & — U™ 1) = |[@]3 — |U™|3.
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(b) 4Re((u\'o|U"?) (1 gU™), @ — U™ 1) = ||@]|4 — lU™"|14.
In addition, the following inequalities hold for each A € [0,1]:
(c) A2 Re(M"uyU™, @ — U™1) > —Lar2|o|4 - C1.
(d) Re(@ — 20U + AU, @~ U") > [1 - 13+ D] |2]3 - Co.
(€) Re(=Ar25MUm, @ — U1y > —1A72|8|3 — Cs.
Here, the constants C1 and Co depend only on UM and U™.

Proof. The proofs of these relations are similar to those in Lemma 2.2.2. We need only men-

tion that, to reach the inequalities, we applied Young’s theorem with ¢ = 3, and the con-
2 2

stants are C1 = - M"[|3 + T [(M", |U"'[?)|, C2 = 4|U™ I3 + 3||U™[3 + 2|(U™, U™ )| and

Cs = 372|680 Um|3 + r2|(6ium, un ). O

Theorem 2.3.2 (Solubility). The numerical model (2.20) is solvable for any set of initial con-
ditions

Proof. The proof is similar to that of Theorem 2.2.4, and we provide a shortened proof for that
reason. Beforehand, note that M™*! is defined explicitly in terms of M™, M"~!, U™ and U™ !,
for each n € Iny_1, so we only need to establish the solubility of U. Let n € Iny_1, and suppose
that M™, M™ ', U™ and U""! have been calculated. Following the nomenclature of Theorem
2.2.4, we note in this case that

Gj(®, W) = 207 — UP~' + 126U — QU — M uf QU — 72 (u g UPR) (1aU7)
(2.23)
H;(®, %) = 2M} — M + 726 M7 + 7262|072, (2.24)

We take the real part of the inner product of both sides of the equation 0 = & — A\G(®, ¥) with
® — U1, use the results of Lemma 2.3.1, combine terms, simplify algebraically and bound from
below using that A € [0, 1] to obtain

1 M2 4Aa+1
elE—c < [14+ 52— —
slol3 _< 1o

A2 T2 = 72 _
) ||‘I>||§+7||‘I>lli—01—Cz—Ca—gllU” 1H%—ZIIU" i <o,

(2.25)
where C' = Cy + Co + C3 + 372\ U |3 + 172||U" 1|1, As a consequence, the set S of Lemma
2.2.3 is bounded, whence it follows that F has a fixed point. In this way, the existence of U"*!
is established. The existence of the approximation U! is carried out in similar fashion. The
conclusion of the theorem follows now using induction. O
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An implicit method for

double-fractional system

3.1 Preliminaries

Let B = (xr,zR) be a nonempty and bounded interval in R, let 7 > 0 and define 2 = B x (0, 7).
In this work, we will use the notation S to represent the closure of S with respect to the standard
topology of R?, for each S C R?. Assume that v and m are a complex- and a real-valued
functions, respectively, whose domains are both equal to . Moreover, let ug,u; : B — C and
mg, m1 : B — R be sufficiently smooth functions. In the following, all the relevant functions will
be defined on Q. However, for the sake of simplicity, we will extend their definitions to the set
R x [0,77], by letting them be equal to zero on (R \ [z, xRr]) x [0,T].

Definition 3.1.1 (Podlubny [78]). Let f : R — R be a function, and let n € NU {0} and o € R
satisfy n — 1 < o < m. The Riesz fractional derivative of f of order o at « € R is defined (when
it exists) as

= P | e 1
d|z|™ 2cos(%)I(n — ) da™ J oo |2 — goti-n (3.1)

d*f(z) —1 d" /°° f(§)dg

Here, T' denotes the usual Gamma function. In the case that v : R x [0,7] — R, and n and
« are as above, then the Riesz fractional partial derivative of u of order @ with respect to x at
(x,t) € R x [0,T] is given (if it exists) by

0%u(x,t) -1 a" /OO u(&,t)dE

Ol 2.c05(ZHT' (1 — @) O™ J_oo |& — §|oti—n" (3.2)

The Riesz fractional partial derivative of w of order o with respect to x is also denoted by 8|°;c|u
in this work.

Definition 3.1.2. If z € C then we will represent its complex conjugate by Z. We will use F to rep-
resent the fields R or C. Let us define the set L, ,(2) = {f: Q = F: f(-,t) € L,(B), for each t €

[0,T]}, where p € [1,00]. If p € [1,00) and f € L, ,(£2) then we convey that

170 = ( /Bf<a:,t>|pdx)l/p, vt € [0,7). (3.3)

In the case when p = oo, we set ||f|ls00 = Inf{C > 0 : |f(z,t)| < C for almost all x € B}.

Obviously, || f|z,p is a function of ¢t € [0,T] in any case. Moreover, for each pair f,g € L 2(€2),
define the following function of ¢:

<f,g>x:/§f(a:,t)g(x,t)dx, vt € [0, 7). (3.4)
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For the remainder of this work and unless we mention otherwise, we will fix o, 5 € (1,2]. Under
these circumstances, the fractional extension of the Klein—Gordon—Zakharov problem investigated
in this work is given the coupled system of fractional differential equations with initial-boundary
data

Pula,t)  0"ule,t) o e Hu(e,t) + (e, ) Pulz. ) = 0, V(z.t) € O,

ot? O|z|™
*m(z,t)  Pm(x,t) 9 (|lu(z,t)?)
) o ) o ) _ 0
o2 Blz|? Blz|? 0, Vl=neq (35)
u(z,0) = up(z), m(z,0) = mo(z), Vx € B,
subject to M = uy(z), M = mq(z), Vx € B,

ot
u(zr,t) =u(zr,t) =0, m(zr,t) =m(zgr,t)=0, Vtel0,T].

Note that the system of partial differential equations of (3.5) reduces to the well-known Klein-
Gordon—Zakharov system when o« = 8 = 2. It is worth recalling that the system of Klein—-Gordon—
Zakharov equations describes the propagation of strong turbulences of the Langmuir wave in a
high-frequency plasma [91, 12], and that various other potential applications of this system have
been proposed in the literature. Within the context of physics of high-frequency plasma, the
function u denotes the fast time-scale component of an electric field raised by electrons, and m
denotes the deviation of ion density from its equilibrium.
For the remainder of this work, we will let v,w : © — R be functions satisfying

P 2y(z,t)
w(z,t) = ~ o V(z,t) € Q, (3.6)
Pv(z,t)  Om(z,t)
of ot V(z,t) € Q. (3.7)

Using these identities and the product rule, it is easy to check that

B2 (z
m(x,t)% (lu=, )1?) = % (m(a, Olulz, 1)) + mu,wﬁW, V(z,t) €Q.  (3.8)

Definition 3.1.3. Let u, m be a pair of functions satisfying the initial-boundary-value problem
(3.5). We define the Hamiltonian of that fractional system as H(u(z,t), m(z,t)) = H(x,t), where

2

ou®> | 0°/%u 1 il 1
Hiwt) = |5 ‘W + |u® + m|ul® + §w2 + 5m? + 5\u|4,
2 2 (39)
8u2+ 0 + |ul* + !|2+1 0" ;1 2+1| 4, VY(z,t) € Q
== 7 u mu =5 -m”+ -|u x .
ot O|x|/2 2 |0|z|h/2 2 2 ’

Here, v and w satisfy (3.6) and (3.7). Notice that we obviated the dependence of all the functions
on the right-hand side of this identity with respect to (x,t). The associated energy of the system
at the time ¢ € [0, T] is given then by

2
ou|? 0%/ %y ) S ST IV
E(t) :‘ 0t |l Hama/Q m"’ [wllZ 2 + (m, ul >x+§Hw||z,2+§||m||z,2+§||u||z,4
2 2
oul|? 0%/ %y 9 9 1| 0°/% 1 9 1, 4
= |= —— I FulPet m uPe + = == =Ml + = [ulis
51, || g, B e+ 3|+ il gl

(3.10)
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To establish our next result, recall that the additive inverse of the Riesz fractional derivative
of order « has a unique square-root operators over the space of sufficiently integrable functions

with compact support [46]. This unique operator is actually 8% 2, and it satisfies the following,
for any two functions u and v (see [27]):

0% 0% 8a/2u 8a/gv
T N\ ot/ T ) , Vtelo,T], 3.11
<U 8|x|a>x < d|z|™ U>x <a’x‘a/2 Ol|z|o/2 ) 0,7 ( )
Theorem 3.1.4 (Energy conservation). If u and m satisfy the problem (3.5) then the function
& is constant. -

Proof. Beforehand, note that the following identities are readily satisfied:

d || ou]|? 9%u Ou
alal,, *®\oe & T 12
dt at z,2 Re < 8t2 ’ 8t >x ) Vt S (07 ), (3 )
d || 892y 2 9%/2y  §%2 fy °u O
L B " N oRel - ou . (0T B
dt 8’1-‘0(/2 - Re 8‘x|a/2’ 6‘1“0‘/2 8t Re< a|x|a7 81} >7 v 6 (07 ), (3 3)
d 2 ou
dt =2 ot T 14
i, =2Re(u G5) | vee .1, _
1d a 2 ou
s ltlea = 2Re<ul u, 8t>’ vt € (0, 7). (3.15)

On the other hand, using the identity (3.8) and the second partial differential equation of (3.5),
standard integration arguments, the formula for integration by parts and the boundary conditions
of problem (3.5), we obtain , Vt € (0,7),

e 2) = [ om0 2= [ (282

10y el 2 _ 1,227 gp = & 2\ 2 2%
= 7[5 (o) <1 ] = 5 o), = (o8 5505 )

We estimate now the second term on the right-hand side of these identities using the second partial
differential equation of (3.5). More precisely, notice that the following identities are satisfied, for
each t € (0,T):

_{jp, 20\ R ™ __<38mv>+m35’v
olf ) \o2 ) T \o=P )/ Not ot /, "olal? )
/9 o om\ _ [0 9 Im\ (317)
— _a’x‘ﬁa,v x"‘ m?ﬁ zi aa|x|5/27_w z—i_ m?ﬁ .

_< 8w> +< 3m>
"%/, "\ /),

Using the last two sets of inequalities, we readily obtain that

(3.16)

ou\ d 9 1. 1 9
2Re (mu, at} = () Sl glmiEs| . e @1 (3as)

Now, take the derivative of £ with respect to t. Employing the first differential equation of (3.5),
all the identities above and simplifying, we reach that £'(t) = 0 for all ¢ € (0,7T), whence the
conclusion of this result readily follows. O
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Lemma 3.1.5 (Gagliardo-Nirenberg inequality [67]). Let m € N, ¢ > 1 and 0 < r < oo. Suppose
that f : B — R satisfies f € LY(B) and fm) e L"(B). Let j € 7 satisfy 0 < j < m, and suppose
that - <a<1and1<p<oo. If

1 g 1 m 1
s o) v a-a)- 3.19

then there exists C € R such that || fU)]|, < CHf(m)H?HfHé*“.

Theorem 3.1.6 (Boundedness). Let u and m satisfy the initial-boundary-value problem (3.5),

and let u,0u/0x € Ly 2(Q2). Then there exist a constant C such that

Moreover, the constant function (3.10) is nonnegative.

2

ou
+ flullZ o + [lw
x,2

ot

2 /2
oo/
H > Zatlmli, <C, VEe[0,T]. (3.20)

a|$’o¢/2

x,2

Proof. From Theorem 3.1.4, there exists Cp € R such that £(t) = Cy, for each ¢ € [0,7]. On the
other hand, note that |(m, [u?)| < 1(|/m/||3+|ul|}) is satisfied for all V¢ € [0,T]. As a consequence,
we obtain that, V¢ € [0, T7,

(3.21)
An application of Lemma 3.1.5 withp=4,j=0,m=1,r=¢g=2and a = %, and the fact itself
that u,u/dx € L, 2(Q) yield that there exist constants C;,Cy € RT with the property that

2

9%y 2 1
+ s + gl
x,2

ou||? 4[|
x,2 3|3}|a/2

ot

Ou
ot

2 804/2u
+ 8|(L“a/2

2
lul2 ol < 2 (|
IE,Q x72

ou ||

lulli < Callull? 5 <Gy, VEE[0,T]. (3.22)

x,2

The conclusion of the theorem is reached now using then the bounds (3.21) and (3.22), and letting
C =2Cy+ Cs. O

The cornerstone in the design of our finite-difference scheme is the concept of fractional
centered differences, which will be employed to discretize the Riesz fractional derivatives. We
must point out that different approaches can be employed to provide such discretizations, like
the weighted and shifted Grinwald differences [92]. We have opted to use fractional centered
differences in view of the convenience of their computational implementations.

Definition 3.1.7 (Ortigueira [73]). Let (g,ia))zo:_oo be the real sequence defined by

(@) _ (-1 (a+1)
e T (@ —k+ DS+ k+1)

vk € NU {0}, (3.23)

and assume that f : R — R is any function. If A > 0 and a > —1 then the fractional-order
centered difference of order « of f at the point x is defined as

bf(x) = Z g,&a)f(x —kh), VzxeR, (3.24)
k=—0o0
if the double series at the right-hand of (3.24) converges.

The following result provides some useful properties of the sequences (g,ga))%’:foo.
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Lemma 3.1.8 (Wang et al. [97]). If0 < o < 2 and a # 1 then

(ii) g,ga) = g(_o;) <0 forallk > 1, and

(iii) Z g,(ga) = 0. As a consequence, it follows that g(()a) = — Z glga) = Z |g,(€a)\.
e R R

For each nonnegative integer m, let C"(R) denote the space of all the functions f : R — R
which have continuous derivatives up to the mth order. As a consequence of Lemma 3.1.8, the
series at the right-hand side of (3.24) converges absolutely for any bounded function f € L*(R).
This implies in particular that the function A¢f : R — R is well defined when f € L'(R)NL>(R)
and a € (1,2].

Theorem 3.1.9 (Wang et al. [97]). Let o € (1,2] and h > 0, and suppose that f € C°(R). If all
the derivatives of f up to order five belong to L'(R) then

U ovapy_ 4%f()
_hiaAhf(w) - d’ﬂl‘|a

+0(h?), VreR. (3.25)

3.2 Numerical approach

For the remainder of this work, we let I, = {1,...,q} and I, = I, U {0}, for each ¢ € N.
Throughout this manuscript, we let J, N € N satisfy J > 2 and N > 2, and define the positive
step-sizes h = (xg—xr)/J and 7 = T'/N. We consider uniform partitions of the intervals [z, x|
and [0, T, respectively, of the forms

T =20<721 <...<Z2; <...<ZTjJ=2TR, VjGTJ, (3.26)

and
O=tg<ti <...<tp<...<ty=T, Vnéely. (3.27)

For each (j,n) € I;x Iy, welet U 7 and M} represent numerical approximations to u7 = u(z;, t,)
and mf7 = m(z;,tn), respectively. In this manuscript, we let Ry, = {x; : j € I;}, and represent
by V}, the vector space over F of all F-valued functions on the grid space Ry which vanish at zq
and x;. If V € V), then we set V; = V(z;), for each j € I;. Moreover, in this work we will let
Um = (U}') 7, € Vi and M™ = (M}) € Vp,and set U = (U") 7 and M = (M") _+

jel y jEjJ nel nelyn"’

Definition 3.2.1. Let p be any number satisfying 1 < p < co. The inner product (-, ) : Vs XV} —

C and the norms || - ||, || - [|sc : Vi — R are defined, respectively, by
J€L;
U5 =h Y |U[P, VU €V, (3.29)
jely
|Ulloo = max {|U;| : j €T}, U €W (3.30)

Additionally, we let [||[V|||oc = sup{||V"||cc : n € In}, for each V.= (V"), 7 C Vh.

Iy =
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Definition 3.2.2. Let V represent any of the functions U or M, and suppose that o € (1,2]. In
the present manuscript, we will employ the linear difference operators

V’ﬂ

V" = % V(j,n) € Ty1 x I, (3.31)
vty o
oV =S W) eIy x Iy, (3.32)
Vﬂ+1 + ‘/Jn B 7
mVit =", ¥(Gn) €Iy x Iy, (3.33)
vty _
Mgl)‘/]n = %, V(j, n) elyxIn_. (334)

We agree that (53([;2)%” = (05 005)V]y, for each (j,n) € 1,1 X In. Here, the symbol o represents
composition of operators, and it will be obviated in the future for the sake of simplicity. Using
this conifention, let 5§1)Vj” = ,ut(Sth”_l, 5t(2)Vj” = 5,55,5V].”_1 and ugz)Vj” = ,ututh”_l, for each
(j,m) € 17 x In_1. Moreover, using the notation in Definition 3.1.7, we define the discrete linear
operator

SOV = —— 3" gDV W(in) € Loy x Iy, (3.35)

Lemma 3.2.3 (Macias-Diaz [49]). Ifa € (1,2] and U,V € Vy then (—0\U, V) = (682U, 51/ V.

Using the nomenclature of this section, the finite-difference model employed in this work to
approximate the solutions of (3.5) is described by the algebraic system of difference equations

5T 50 OUr 1y Our 4 Mo + (MEQ)IU”IQ) (uﬁ”%’l) —0, V(j,n) € Ilj_1 x In_1,

(5(2)Mn — (5( ) ( )Mn — (SQ(CB)IUJHP =0, V(],n) ely 4 x TN—ly
= U a:J MO mo(x]‘), VJ (S IJ_l,
subject to (71 U0 = u1(xj) 5t(1)M]Q =mi(z;), Vje€lj_,
UO—UJ—O My = M7 =0, Vn € .
(3.36)
It is worth pointing out that the discrete system (3.36) requires to consider fictitious approxi-
mations at the time ¢_;. Notice also that the initial conditions on the discrete velocities yield
Uj_1 = U]-1 —27uy(z;) and Mj_1 = Mj1 —27mq(x;), for each j € I;_;. Substituting these identities
into the difference equations of (3.36) when n = 0, we readily obtain

- U} + 2luo(z))* + U} — 27uq (25)[?

200} — rus(a5) — woly)] = 72 (rus(a;) — U2)

4
72 (Tul(xj) - Ujl) mo(z;) + 7'25,(30‘)(Uj1 —Ttui(xj)), Vjelj,
(3.37)
and
2(M} — ma(x;) — mo(x;)] = 2726 ug(z))|* + 720\ (M} — tmu(x5)), Vi€ Iy-1.  (3.38)

Note that the numerical model (3.36) is a three-step implicit nonlinear technique. Indeed, if
the approximations at the times ¢,_; and t,, are known, then the difference equations of (3.36)
have the vectors U"*! and M™*! as unknowns. Moreover, it is easy to check that the first
difference equation of (3.36) contains U™*! as the only unknown vector, while the only unknown
of the second equation is M™*!. In that sense, the discrete model (3.36) is a decoupled nonlinear
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system. In the following and for the sake of convenience, we will let {V}* : (j,n) € I; x In} be
such that

SOV =6, MP, W(jn) € Ly x In_1, (3.39)
VI =VP=0, Vne In. (3.40)

Under these circumstances, (U, M) will denote a solution of (3.36), and V' = (V"), 7 will satisfy
(3.39) and (3.40).

Definition 3.2.4. Let (U, M) be a solution of (3.36). We define the associated discrete energy
density of the system at the point z; and time t,, as H(U}', M}') = H}, where

1 1 1 1
H} = (807 4+ 0T DU7 R o U2 + {pal U1+ S M o+ 168V 2 4 |07 P P

1 , -
5 [MPIUPH2 4 MPEYORR], (ym) € Lo x Tvea.

(3.41)
Meanwhile, the discrete energy of the system (3.36) at the time t,, is defined by
1 1 1
E™ = ||8,U" 3 + el 58P UM3 + el U5 + 20 a + Spe M5 + §||5§5/2)V"||§ 3.42)
il 1 = ’
4 OO + 2 [ U 4 (L 0] Ve Ty,
Here, we employ the notation |U"|? = (\UJ”\Q) jeT,- Also, we will set the computational parameter

R=12n"7.

Lemma 3.2.5 (Young’s inequality). Let a,b € RT U {0}, and let p,q € (1,00) be such that

% + é = 1. For each € > 0, the following inequality holds:

jaP | €[b]?
+

ab < —
pe q

(3.43)

Definition 3.2.6. Let (U™)
is a function. We define

s be any sequence in Vy, let & € V}, and assume that g : R — R

Lg@) +9Ur™], ¥(Gn) e, x Ty, (3.44)
DUP] =1 |9(®) + 29U + 90|, ¥(Gim) €Ty x Iy (3.45)
Lemma 3.2.7. Let U = (U"), 7, and M = (M"), 7 be sequences in Vy. More precisely,

assume that U is a sequence of complex functions while the functions of M are real. The following
identities hold, for eachn € In_1 and ® € Vy:

(8) 8Re ((u3|U"A) (U™, ® = U™1) = [@]1f = [T 1§ +2(U" %, |92 — U2,
(b) 2Re (M"(uqU™), & — U"~1) = (M™, |®]* — [U" '),
() 2Re (U™, @ —U" 1) = @[3 — U™, and
(d) 2Re (=0 U™, @ —U"1) = [|o/D @[3 — [|ole/ DU 3.
Additionally, the following inequalities are satisfied for each A € [0,1] and € > 0:
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(e) Re(—2\U™, @ —U"1) > -3 @[3 - C1,
() Re(® + AU L, & —U"1) > (1= X1) |03 - Cs, and
(&) @M™ [P — U™ 12) + (U2 [ —|U"P) > —F[|@f - Cs.

Here, the constants C1,Cy € RT depend only on U™, UMY, M™ and M"™'. Additionally, Cs
depends also on e.

Proof. The proofs of the identities (a)—(d) are straightforward. To prove (e), notice that
—2)\Re(U", @) + 2\ Re(U™, U"™1) > —2X|(®, U™)| — 24| (U™, U"1)|. (3.46)

Applying Young’s inequality to |[(®,U"™)| with p = ¢ = 2 and € = 3, and using the fact that
A € [0, 1], we obtain that

A
Re(—2AU", @ ~U™) > ~ 2|2 = 3A|U" [ ~ 2A| ™, U
i (3.47)
> —Zllel3 - 31Um 3 - 2@, U]

The inequality (e) follows now with Cy = 3||U™||3 + 2|(U™, U™ 1)|. It is worth pointing out that
the inequality (f) is obtained similarly using Lemma 3.2.5 with € = 3 and O = 4|[U"!||3. Indeed,
notice that

Re(® + AU, @ — U™) > @[3 — (A + 1) [(®, Um~1)| = XU 1|}3

A1 il _
> |[@lz = —g—llelz = 31Tl — U2 (3.48)

A+1
— (1-25) 13- .

Finally, expanding the inner product of (g) and applying Young’s inequality, we have
@M™ + U™, |0 — U1 = =2(M™, |@%)] — 2/{M™, [U" )]
— Ko™, |@ )] — Ko™, [om=2)]
1 n|2 4 e e 4
2 ——[IM™]z2 — el ®lls — 5 1U"Mls = 5112l (3.49)
— 2 (M™, U = (U o)

3e
> —ZJjs|li - G,

where the constant Cs obviously depends on M™, U™, U™~! and e. The conclusion of this lemma
readily follows. 0

For the remainder of this work, we will employ the real matrix A = C' + D®) of size (J +1) x
(J 4+ 1), where

2 000 --- 000 O

0 1 0O --- 000 O

10010---0000
C:;z T S T (3.50)

0 0 00 010 0

0 000 0 1 0

0 000 00 0 72
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and

0 0 0 0 0 0 0 0
G A
1 9o 91 90 ) 9725 Y95-4 953 Y52
W=l 0 1 1 L (3.51)
R B N N A
97-1 Y95-2 953 Y9j-4 () 91 90 91
0 0 0 0 0 0 0 0

Lemma 3.2.8. The real matriz A is strictly diagonally dominant.

Proof. Using Lemma 3.1.8, we readily check that the following inequalities and identity hold, for
eachie€{2,...,J}:

- = g1 e
j=1 l=—00
i 1#0
Obviously, the first and the last rows of the matrix A also satisfy this condition, whence we
readily conclude that A is strictly diagonally dominant, as desired. O

Being strictly diagonally dominant, the matrix A is nonsingular. In addition, the off-diagonal
entries of A are non-positive, while the diagonal components are all positive numbers. This means
that A is an M-matrix, whence it follows that the entries of A~! are positive real numbers [28].
We will not exploit this feature of A in this work.

3.3 Physical properties

The purpose of the present section is to establish the main physical properties of the discrete
model (3.36). More precisely, we establish the existence of solutions of the discrete model and
prove that the quantities (3.42) are invariant. Moreover, we prove rigorously the boundedness of
the solutions of (3.36). Obviously, these results will be in perfect qualitative agreement with the
properties established in the continuous-case scenario (see Section 3.1).

The following result will be the cornerstone to establish the existence of solutions of (3.36).

Lemma 3.3.1 (Leray—Schauder fixed-point theorem). Let X be a Banach space, and let F :
X — X be continuous and compact. If the set S = {x € X : A\F(z) = x for some X € [0,1]} is
bounded then F' has a fized point.

Theorem 3.3.2 (Solubility). The numerical model (3.36) is solvable for any set of initial con-
ditions.

Proof. Observe that the approximation (U°, M?) is defined by the initial conditions of (3.36).
Let us assume firstly that (U"~!, M"~!) and (U™, M™) have been already obtained, for some
n € Iy—1. Consider the function F': Vi, — V), given by F' = (Fj);7,, where each Fj : V — Cis
a function. More precisely, let ® € V), and set F;(®) = 0if j € {0, J}. In the case when j € I;_q,
we define V® € V),

Fj(®) =207 = U~ + 720 Uyt — g U — 7 M7 (g Ur) = 72 (U7 P) (utaU7) -
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It is obvious that F' is a continuous and compact map from the Banach space V}, into itself. We
will prove next that the set S of Lemma 3.3.1 is a bounded subset of V},. To that end, let ® € V),
and A € [0, 1] satisfy AF'(®) = ®. Equivalently, the following identity holds, for each j € I;_q:

0= ®; — 20U} + AU~ = A28 u QU + A2 QU7 + ar? (i qUpt) [ + n U7 ]

(3.54)

Take the real part of the inner product of both sides of the equation 0 = ® — \F(®) with ® - U™~}
and use the identities and inequalities of Lemma 3.2.7 with ¢ < % Then rearrange terms and
simplify to obtain

A2

e A2
0= "= (llefd = U 11) + -

n— 6% « n— A
(213 = 10713 + 188> @3 — 6201 3) — Sl

)‘+1 )‘7_2 n n— n n—
+ (1= 252 ) 1l + 25 [0, 9 = [UP 1) + (U, 8 = [0 )] - €1 - €

AT 3A+1 1
> (1427 - 2 poig 202 (5 - 5 ol -

(3.55)

Here, the constants C,Cy, C3 € RT are those of Lemma 3.2.7, and C is given by

A )‘77-2 (a/2)rn—1112 n—1(2 n—14
C=C1+0Cy+C3+ 3 410270 |5 + 41U 3 + 1U™ |2 - (3.56)
Using the fact that A € [0,1] and letting € < 5, we obtain that
Ao 3A+1 1 1 3e

Ki=1+—7—— > -, d Ko=-——>0. 3.57
o 6 JANEAIN 2T 2 (3:57)

It follows that 3||®||3 < C. As a consequence, the set S is bounded, and the Leray—-Schauder
theorem guarantees that the system consisting of all the first difference equations of (3.36) at
time ¢,, has a solution U"*!. It only remains to prove that the system consisting of the second
equations is likewise solvable. To that end, observe that those identities can be expressed in
vector form as AV = b, where ¥ is the unknown vector of approximations at the time ¢,1.
Additionally, the vector b € R/*! is given by

0
ONopP + 57 My + L (2M7 - by
MNug 2+ §os7 Myt + L (205 — Mg 559
AN + 30 M=)+ L (20, - M)
0

Observe now that A is strictly diagonally dominant by Lemma 3.2.8, so nonsingular. As a
consequence, there exists a vector M"+! which satisfies the system consisting of all the second
difference equations of (3.36) at time ¢,. Finally, if n = 0 then the solubility of the identities
(3.37)-(3.38) can be established in a similar fashion. The conclusion of the theorem readily follows
now by induction. O

Definition 3.3.3. Given any arbitrary U,V € V), we define their product point-wisely, that is,
Uuv = (U;V;)

jely
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Lemma 3.3.4. Let U = (U"), 7, and M = (M"), 7 be sequences in Vy, and assume that

U is a sequence of complex functions while the functions of V are real. Then the following are
satisfied for eachm € In_1:

(a) 2Re(6 U™, 60U = §,||6,UmL |2,

(b) 2Re(—as VU, 01V U™) = 0P U3,

(c) 2Re(u" U™, 60UM) = 6| U3,

(d) 2Re(M uMUm, 60U = (M, 8 |U™?), and

(e) 8Re ((u?|U"2)(u"U™), U™ = 6 [ |[U™ |4 + (U 2, |U1 )],

Suppose additionally that there exists (V") 7~ C Vi such that (3.39) holds. Then for each
nely_1,

(f) 20082 iV Mm, VLY = Sy | M3,
(8) (U2, wvr=ty = (U2, 600 M™), and
() =26 M™, u, =1y = 6|60 V12,

Proof. The identities (a)—(c) can be established following arguments similar to those in [49]. On
the other hand, the formulas (d) and (e) make use of the product introduced in Definition 3.3.3.
Indeed, notice that Vn € In_1,

2R6<Mnu§1)Un,(5£1)Un> — %Re <Mn(Un+1 + Un—l)7 (Un-i-l 1 Un—l)> 2 <Mn,5£1) ‘Un’2>7
T

(3.59)
and computing 8 Re <(u§2) ]U”]Z) (ugl)U”) ,5,5(1)U”>, we obtain
% Re < <‘U”+1‘2 + U2 + ‘U”‘1)2> (Ut + oy, (U - U"—1)>
ny (\anﬂ\“ + 20U U R - 20Uy U - \an—l\“)] (3.60)
J

= o [wllU" 3 + (U U], e Iy

To establish now (f) and (g), we assume that (V") 7 satisfies condition (3.39). Observe then
that Vn € IN—17

2067 ) M, VY = 20 M PV = 20 M7 6 MY = S| M3, (3.61)
and
P2, VY = (U2, 8 PVrYy = (U2, e MYy = (U2, 60 M. (3.62)

In similar fashion, it is easy to establish the validity of identity (h) using Lemma 3.2.3 and the
formula (3.39). O
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Let (U")nngil, (Mn)n€[N71 C V. Wedefine L =Ly X Ly : Vi X Vi, = Vi X Vy, by

Lu(Up, Mp) = 005 = 80U + DU (1 M+ U], W) €T x Ty, (3.63)
and ) L _ _
LU, MP) = 6P — 80 Vb — 6P|UT 2, V(Gn) € Ty x Iy, (3.64)

Then, L(U™, M") = (L(U}", M}")) ;7 , for each n € In_1,and let L(U, M) = (L(U™, M"))
On the other hand, we will let u" = (u});c7, and m™ = (mj), 7 . Moreover, we agree that
u = (u"),7, and m = (m"), 7 . Let us introduce also the continuous operator £ = Ly X Ly,

defined for each (u,m) and V(z,t) € , by

RGTN,1 :
n

Ou(z,t) 0%z, t)

Ly (u(z,t),m(z,t)) = + u(z, t) + m(x, u(z, t) + |u(z, t)Pu(z, t), (3.65)

ot? sl
Pm(x,t IPm(z,t 8 (|u(z,t)|?
Lo (u(z,t),m(x,t)) = 81(52 1 (9]35|5 ) 4 (|8]i:|5 ) ) (3.66)

Also, for each z € {zr,zr} and t € [0,T], we let L(u(z,t),m(z,t)) = 0. Let L(u",m") =
(L(uj,mf)),c7, for each n € Iy_i1, and define L(u,v) = (L(u",m"))nery_,. Similarly, let
L(u™,m") = (L(uj,mj})),cz, € Vi for eachn € Iy_1, and introduce L(u,m) = (L(u", m"))nery_, -

Theorem 3.3.5 (Energy conservation). If (U, M) is a solution of (3.5) then the quantities (3.42)
are constant.

Proof. Suppose that (U, M) is a solution of the finite-difference scheme (3.36), and let n € Iy_;.
Notice beforehand that Re(LU(U”,M”),ét(l)U”> = (Ly (U™, M™), 1, V™" 1) = 0. As a conse-
quence of this and the identities in Lemma 3.3.4, we obtain the system of algebraic equations

1 n— a n— n— 1 n— 1 n n—
0= 5% 1807418 + e (162048 + U118 + ZIUmIE) + JAUnE U

1
+ S, o), (3.67)
]' n— n— n n
0= 28 I8PV 3 + el M 3] + (UmP, 6V A, (3.68)

Multiply both ends of (3.67) by 2, and notice that
1
(M, 50U P) 4 (U R, VM) = 2o (MU (M U (3.69)

Finally, add the result to (3.68) to obtain that §; E"~! = 0. As a consequence, E" = E"! for all
n € In_;. The fact that the quantities (3.42) are constant follows now by induction. O

Definition 3.3.6. Let o € [0, 1]. Define the fractional Sobolev norm and semi-norm ||-|| g, || o :

Vh — R by
2 W/h 2 77 2
0 = [ A+ WO WP, U €, (3.70)
w/h =N
U2 :/ 2|0 (k)2 dk, VU € Vy, (3.71)
—7/h

respectively. Alternatively, |U|%. = U3 + |U|%. and |U|%, = ||U||3, for each U € V. The
fractional Sobolev space H? is the set of all U € V}, such that ||U| go < oo.
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Lemma 3.3.7 (Wang et al. [94]).

(a) For each % < o <1, there exists a constant Cy, > 0 independent of h such that if U € H°
then [|U]loo < Co||U]| o

(b) For each % < 09 < 1, there exists a constant Cy, > 0 independent of h such that if
o0 <o <land U e HT then Ul < Coo[UI7/7 U1

(c) For each a € (1,2) there is a constant C' > 0 such that C|UJ%,, ,, < \<5§Q)U, U)| < U, 2,
for each U € H™.

(d) For each o € (1,2) and U,V € H?, there exists C > 0 such that C|U|gas2|V]ge2z <
(U VY < U eV o
Theorem 3.3.8 (Boundedness). Let ug, mg € H' and ui,my € Lo, and suppose that (U, M) is
the corresponding solution of (3.36). Then there exists C > 0 such that

max { |50 (3, 68/ 0m 3, U™ 13, 10" oo 1882V 3, 1M U1} < €, ¥ € Ty
(3.72)
Proof. The conclusion of the theorem will be reached using mathematical induction. Note before-
hand that Theorem 3.3.2 assures that the numerical model (3.36) has a solution. Moreover, in

light of Theorem 3.3.5, the quantities E™ are all equal to a constant Cy > 0. On the other hand,
some applications of Young’s inequality readily show that the following relations are satisfied:

1 1 -

S [ U P < IMP3+ ST Ve Tyo, (3.73)
1 1 1 i

2 [+, o) < LA B 4 S jUm I, Vo e T, (3.74)
In addition, note that (|[U™*1|2,|U™|?) is nonnegative, for each n € T _1. Using all these inequali-
ties and the expression of the discrete energy quantities (3.42), rearranging terms and simplifying,
we obtain that, for each n € In_1,

3 3 1l
Co + 1HM”II§ + gHU"IIi > (16U 13 + pell 72 U™3 + el U3 + §II5§;B/2)V”H§
1 1
+ U+ 2 M
e | 8 . 1 (3.75)
> 8™ + 512U + ST B + 5 6PV 3
1 ntlgd , L n+1/2
U MR,
Note that there exists C™ > 0 such that

max { 5,07 |3, 6020 3, [0 3, [0 o, 1882 V43, |07 3, U712} < O

when n = 0. Proceeding by induction, suppose now that this assertion is satisfied for some
n € Iny_1. This assumption and the inequality (3.75) show that

16:U™13 + 165/ 2T 3 + UM + 82V I3+ U™ G+ | M < o7, (3.76)

where C]'t' = 16(Cy + 3C™) > 0. On the other hand, an application of Lemma 3.3.7(c) shows

that there exists a constant Cy € Rt independent of U™, such that Co|U" %IQ/Q < H(S;EQ/Q)U”H%.
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This together with Lemma 3.3.7(a) and the properties of fractional Sobolev norms show then
that there exists a constant C3 € RT independent of U™, such that

10" % < C3NU™3er = C3 (U715 + 10 Basz) < (C3F1)2, ¥ € Iy, (3.77)

where C”+1 C1C3v/1+ C3/y/Cy. Let CnHl = C”+1 vV C"+1. The conclusion follows now by
induction when we define the nonnegative constant C' = maX{C” :n€lIn}. O

3.4 Numerical properties

The purpose of the present section is to provide the most important numerical properties of the
finite-difference scheme (3.5), namely, its consistency, stability and convergence. As a consequence
of the stability and the existence of solutions of the discrete model, the uniqueness of solutions
will be readily derived as a corollary. In a first stage, we will establish the consistency properties
of the numerical model (3.36) and its associated discrete energy density.

Theorem 3.4.1 (Consistency). If u,m € Ci”f(ﬁ) then there exist constants C,C’' € RT which
are independent of h and 7, such that |||L(u,m) — L(u,m)|||ec < C(7%+ h?) and |||H(u,m) —
H(u,m)||loc < C(7 + h)

Proof. Using the regularity of the functions u and m along with Theorem 3.1.9 and Taylor’s
theorem, there exist constants C7; > 0 which are independent of h and 7 for each ¢ € I5, such
that the following inequalities are satisfied:

Pu(x;, ty r " ) =
(61§J2) - 675(2)11]» <CYr2 V(j,n) €Iy xIn_1, (3.78)
0“u(x;, @ u ) -
a<|xjya) 0 g u| < CE(h? +72), Y(j,n) € ;-1 x In—1, (3.79)
‘u(:rj,tn) — V| < CYr? V() € Iy x Iy, (3.80)
‘m(a:j,tn)u(xj,t ) —mj /,Lﬁl) "< CYr? Y(j,n) € Iy x In_1, (3.81)
‘|u(xj,tn)|2u(xj,tn) — (?1g?) (uup)| < Cor?, W(Gim) € Iya x Iy, (3.82)

It is obvious that |[|Ly(u,m) — Ly(u,m)|||ec < CU(72 + h?) if we let C* = max{C} : i € I5}.
Similarly, it is easy to see that there exist constants Cj" > 0 which are independent of h and 7
for each i € I3, with the property that

82 X tn _
|m§f§’) — 5,5(2)m;-‘ < CTTQ, V(j,n) € Iy—1 x In_1, (3.83)
9Pm Ti,tn m . -
a\(xfﬂ) 8P umit| < CF(h?+7%), V(jn) € Loy x In-a, (3.84)
8 . 2 _
s ) o] < g, vy x T as

Defining C"™ = max{C/" : i € I3} and using the triangle inequality, it is possible to establish
that the inequality ||| L (u, m) — Ly (u,m)|||c < C™ (72 + h?%) holds. As a consequence, the first
inequality of the conclusions is reached when C' = C*V ™. The second inequality of this theorem
may be readily reached using similar arguments. O
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We turn our attention to the properties of stability and convergence of the discrete model
(3.36). The following technical results will be important tools to establish those properties.

Lemma 3.4.2 (Macias-Diaz [49]). If V € V},, and o € (1,2] then
(a) (6523 < 20§ n1=e V|13,
(b) 185V 13 = 165285/ V |13, and
(© 18V < 20§ n=e 6D V3 < 4 (g5 n1=)" V3.

Lemma 3.4.3 (Pen-Yu [75]). Let (w™)N_o and (p™))_, be finite sequences of nonnegative real
numbers, assume that T > 0 and suppose that there exists C' > 0 such that

k
wh<pF+Crd W, Vkely. (3.86)
n=0

If 7 is sufficiently small then w™ < p"e“™ for each n € Iy.

In the following theorem, we will consider two sets of initial conditions (ug, u1,mg, m1) and
(T, w1, mo,mq1) for the discrete problem (3.36). The functions will satisfy the conditions of
Theorem 3.3.2, whence the solutions corresponding to these two sets will exist, and will be
denoted by (U, M) and (U, M), respectively. More precisely, the pair (U, M) satisfies (3.36),
while (U, M) satisfies the discrete initial-boundary-value problem

U0 20+ K0« () (207) =0, VG i<

(5(2) 5(5) ( )Mn — ’Un’2 =0, V(j,n) elj_q1x TN—I,
= Qg xj Mo—mo(xj) Viel;j_q,
subject to (71 U0 = U1 (z;) 6( )MJO =mi(x;), Vjelj_,
UO—UJ—O My =M} =0, Vn € Iy.
(3.87)

Definition 3.4.4. Suppose that (U, M) and U, M) are two solutions of (3.36) corresponding to
the initial conditions (u0~, w1, mo,m1) and (o, a1, Mo, m1), respectively. If g : }RQ — R is any
function then we define 0 : Vi, x Vi, — V), for each (j,n) € I x Iy, through é[g(U}', M}')] =
g(U}, M}") — g(U}, M}).

Lemma 3.4.5. Let ug, iig, mo, Mo € H' anduy, @1, my,m1 € Lo, and suppose that (ug, u1,mo, m)
and (tig, @1, Mg, 71) are sets of initial conditions, and let (U, M) and U, M) be the respective so-
lutions obtained by (3.36). Let € = U™ — U™ and ("™ = M™ — M™, for each n € Iy, and define
the constants

p =2 (10 3 + el 0D 3 + puelle™ 3 + 10820 B+ el (3.88)
Wk = (186 I3 + 11857 €13 + €13 + N3¢ I3 + 1113,k € Tnoa. (3.89)

There exists a constant C > 0 such that, if T is sufficiently small, then w* < Cp for each
ke TN—l-

Proof. Beforehand, notice that Theorems 3.3.2 and 3.3.8 guarantee that the solutions (U, M) and
(U, M) exist and are bounded. This implies in particular that the set {||U"|,, U™ ||p, | M™||p, | M|, :
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n € Iy,p= 2,00} is bounded. On the other hand, note that the pair (e, () satisfies the algebraic
system

57 ) — et + ey + 8 | M UT + (uf)lU" 2) (mup)] =0, VG.m) € Lya x Iy,
(Z)C]n — 8 (I)Cn - (5(5 U7 2) jon) €Iy x In_y,
€ = uo(x;) — do(x ), CO =mo(z;) — mo(z ) VJ €1y,
subject o 8,e) = ua(a;) — wn(w;) 5G] = m1< wj) =i (2;), Vi€ Iy,
(3.90)

For the sake of convenience, we agree that v™ = V" — V", for each n € I. In light of (3.39), it

is clear that 5;(56)11” = §;¢", for each n € Iy_1. Observe that Lemma 3.3.4 guarantees that the
identities (a)—(c) are satisfied when U is replaced by e. Additionally, the identities (f) and (h) of
that lemma are also satisfied with ¢ and v instead of M and V, respectively. More precisely, the
following relations hold for each n € Iy_q:

(i) 2Re(di7er, otV em) = oy deem I3,

(i) 2Re(—05 Y en, otV em) = 6ypuel| 057D 1|3,
(i) 2Re(ps” e, 87"y = Gypuelen |3,
(iv) =2(002¢", ™ty = 60,1682 un 13, and

(v) 20684 ¢n, pom=1y = Sy |12

In addition, some applications of Young’s inequality and the boundedness of the numerical solu-
tions show that there exists a constant C; > 0 such that

Re <5 [M"ugl)U"} ,6§1)e”> = ‘<C”M§I)U”,,ut5ten_l>‘ + ‘<M”u§1)en,ut(5te”_l>‘

n|(2 @) .n2 n—12 T (3.91)
< C1 (I6™MB + u €13 + pall e 113) ¥ € Ty,

Similarly, using again Young’s inequality and some straightforward algebraic arguments, it is easy
to check that there exist nonnegative constants Cy and Cs, such that

Re (3 (w107 1?) (U7 )| 00e") < Co (€15 + pelldre™ M 3) . Wn€Tn—r,  (3.92)
(5 (8P ?) 1) < Co (I3 + el o™ B), vmeTnor  (3.93)

Now, take the inner product of 6,51)6” with the vector system consisting of the first equations of
(3.90) at the time t,, take then the real part and rearrange terms. At the same time, take the
inner product of ;™! with the vector of the second difference equations of (3.90) at the time
tn. Next, use the identities of Lemma 3.3.4 and the inequalities above to show that there exist

nonnegative constants C4 and C5, such that the following inequalities hold for each n € I n_:
0ul180e™ 13 + Sl |67 D 3 + Sppuelle M 1F < Ca (1€ 13 + il 13 + el 3) , (3.94)

5188703 + |G < Cs (1€ 3 + puell6iC™ 1 3) - (3.95)

Fix k € In_1, add the last two inequalities, multiply the result by 7 and calculate the sum over all
indexes n € I}, on both sides of the resulting expression. After using the formula for telescoping
sums, using the properties of Lemma 3.4.2, rearranging terms and simplifying algebraically, it is
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possible to check that there exist nonnegative constants Cg, C7 and C§, such that the following
inequalities are satisfied for each k € In_1:

WML < G (1180 13 + uell 8D €13 + ualle¥ 13 + 16872013 + pel|CH13)

k
1 — —
< Cop+ Crr 3 (I€™13 + €13 + el aee™ 13 + e 13 + el g™ 113)
n=0
k+1
< Cgp + CsT E: w™.

n=-—1

(3.96)

It is worth pointing out here that the first inequality was obtained using the fact that
8¢5 < 2067 018D 0" 3.

It is obvious that the conclusion of this theorem readily follows from Lemma 3.4.3, letting C' =
C%GC%T. O

The following results are straightforward consequences of Lemma 3.4.5.

Theorem 3.4.6 (Stability). Let (ug,u1, mg,m1) and (g, U1, Mo, m1) be sets of initial conditions
with g, g, mo, Mo € H' and w1, 1, my,m1 € Lo, and let (U, M) and (U, M) be the respective
numerical solutions. If p, € and (" are as in Lemma 3.4.5 for each n € Iy, then there exists a
constant C' > 0 such that max{||€*||3, |C*||3} < Cp, for each k € Ty. O

Theorem 3.4.7 (Uniqueness). Let (ug, u1, mg,m1) be a set of initial conditions satisfying uy, U1 €
Lo and g, ig, mog € H'. For sufficiently small values of T, the finite-difference scheme (3.36) is
uniquely solvable. O

Theorem 3.4.8 (Convergence). Let ug, mg € H' and ui,m; € Lo, and assume that there exists
a unique solution (u,m) of (3.5) which satisfies u,m € Cif(Q) If 7 is sufficiently small then
the solutions of (3.36) converge to the exact solution with order of convergence O(h? + 72) in the
norm || - ||2.

Finally, we tackle the problem of establishing the convergence of the finite-difference scheme
(3.36). More precisely, we will show that the numerical model converges to the exact solution
of the continuous system (3.5) with quadratic order in both space and time. To that end, we
will consider a fixed (though arbitrary) set of initial conditions (ug, u1,mg, m1) which is common
to the continuous problem (3.5) and the discrete model (3.36). Recall that the solution of the
former problem is denoted by (u,m), while the solution of the latter is represented by (U, M).
Moreover, the pair (u, m) satisfies the discrete system

50 — S + 4 + (UPNG) (W0) = V) € gt x T,

5Pm? — 5O uMml — 6Pl ? = o7, V(j,n) € L1 x T,
u? = uo(z;), m? =mo(z;), Vielj_q,
subject to 5§1)u9 = uy(z;) (5t(1)m? =mi(z;), Vjeljq,
ug =u'; =0, mg =m'; =0, Vn € Iy.

(3.97)
Here, p} and o7 represent the respective local truncation errors. Notice that, under the assump-
tions of Theorem 3.4.1, there is a constant C independent of h and ¢, such that ||| p|||cc < C(72+h?)
and |Hcr|||Oo <O(r? + h2) In the following, if ¢ : R?2 — R then we let § : V), X Vi — V), be given
by d[g (u}, m?)] = g(u},m}) — g(U}, M}"), for each (j,n) € Iy x Iy.
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m(x,t)

Figure 3.1: Approximate solution of the problem (3.5) versus x and ¢, using 2 = (—20, 20) x (0, 10)
and oo = 2. The graphs correspond to (a) Rew, (a) Imu, (c) |u(x,t)| and (d) m(z,t), and they were
obtained using the initial data (3.105)—(3.108). Computationally, we used the finite-difference
method (3.36) with A = 0.05 and 7 = 0.1.

Proof. To start with, let €* = u” — U™ and (" = m™ — M™, for each n € I . Again, notice that
Theorems 3.1.6 and 3.3.8 guarantee that the boundedness of {||u" ||z p, M ||zp, [U"|lp, |M™]|p :
n € In,p = 2,00}. Moreover, it is easy to check that the following discrete problem is satisfied

by (e, ¢):

2) n o 1) n 1) n N n, (1) n 2)|.n 1), n n .
5t( )fj -4 )Mg )fj + )fj +0 {mjﬂg )Uj + (Mg )|Uj 2) (Mg )uj)] =pj, V(.n) el

2 1 2 .
6 — 0PV =8 (00 2) = o, W(jm) € 1,
2 =0, ¢ =0, vjely, (3.98)
. 1 1 .
subject toy a0 =0 gV =0, Vjel,

e =€;=0, ¢(¢g=¢1=0, Vnely.
Proceeding now as in the proof of Lemma 3.4.5, we let (Un)neTN be a sequence in )V} which
satisfies 657/ Pyn = 8¢¢", for each n € Iy_1. It is easy to check then that the identities (i)—(v) of
the proof of that lemma are also satisfied in the present case, along with the inequalities (3.91)—
(3.93). Now, take the inner product of 6t(1)6” with the vector the first equations of (3.98) at the
time t,,, take then the real part and rearrange terms. Also, take the inner product of pv" ! with
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Figure 3.2: Graphs of the total energy of the system (3.5) versus ¢, using 2 = (—20, 20) x (0, 10)
and various values of « (see the values in the legend for the correspondence with the colors of the
graphs). The graphs were obtained using the initial data (3.105)—(3.108). Computationally, we
used the finite-difference method (3.36) with A = 0.05 and 7 = 0.1.

the vector of the second difference equations of (3.98) at the time ¢,. It is possible to heck then
that there exist nonnegative constants Cy and Cs, such that the following inequalities hold, for
eachn € Iny_q:

5u1180€™ 13 + S|P €3 + Sypaelle” 13 < Ca (11" 115 + 115 + e 13 + ell ™ 3)
(3.99)

518703 + eI HIE < C (o™ 13 + €™ I3 + el o™ HIB) . (3.100)

Let Cs = Cy + Cs, define the constants w” as in Lemma 3.4.5, for each k € Ty, and let Yk € Ty,

k k
P _ _ _ _ il
S = 18 B+ el I3+ pelleH I3+ 187203 + well¢ I3 4 Cor 3 (0™ 15 + llo™13) -

n=0

(3.101)
Using arguments similar to those in Lemma 3.4.5 and employing Lemma 3.4.3, one may readily
check that, for sufficiently small values of 7, there exists constant C' > 0 such that w® < CpF, for
each k € Ty_1. As a consequence of this inequality, the initial conditions of the problem (3.98)
and the local truncation errors at the initial times, there exists Cy > 0 such that

1 _
(162 = 1647 ) < Nlore" Mo < Ve < CoVT (R +72), Wk € Ty. (3.102)

Observe that this inequality readily implies that |e¥||a — ||*7 Y2 < CovV/TT(R? + 72) is satisfied,
for each k € In. If we let n € Iy, take the sum over all indexes k& € I,, on both sides of the last
inequality and use the initial conditions, we obtain ||¢"|s < CovV/Tn(h? 4+ 72) < CoT'(h? + 72).
We conclude that ||€"||o < CoT'(h%+72), for each n € Iy, and the fact that this inequality is also
satisfied when we replace € by ( is proved in a similar fashion. We conclude that the solutions of
(3.36) converge quadratically to those of the continuous problem (3.5) for sufficiently small 7. [
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T=5 T =10

T h €r.h Pf h €r.h pfyh
1x271]1.0736 x 102 — 1.1948 x 102 —
1x272]28810x 1073 1.8978 | 3.2964 x 1073 1.8578
0.04 | 1 x273 | 7.6005 x 107* 1.9224 | 8.8160 x 10~* 1.9027
1x27%]1.9709 x 107* 1.9472 | 2.3164 x 10~* 1.9282
1 %275 150803 x107° 1.9559 | 6.0467 x 107° 1.9377
1x271[27124 x 1073 — 3.0867 x 1073 —
1x272|7.2136x10~% 1.9108 | 8.2296 x 10~* 1.9072
0.02 | 1x273 | 1.8815 x 107* 1.9388 | 2.1795 x 10~* 1.9168
1x2%]4.7801 x 1075 1.9741 | 5.6496 x 1075 1.9478
1x275]1.2118 x 107° 1.9826 | 1.4496 x 10™° 1.9624
1x271 164674 x10°* — 7.7247 x 1074 —
1x2721.6895x 10~% 1.9366 | 2.0413 x 10~* 1.9200
0.01 | 1x273]4.2952x107° 1.9758 | 5.2912 x 10~° 1.9478
1x27%]1.0793 x 1075 1.9926 | 1.3522 x 107° 1.9683
1x275]2.6296 x 1076 2.0372 | 3.4087 x 1075 1.9880

Table 3.1: Table of absolute errors and standard convergence rates in space when approximating
the solution m of (3.5) with a = 2, using the method (3.36). We employed the spatial domain
B = (—20,20) and two periods of time, namely, T = 5 and 7" = 10. The initial conditions
were prescribed by the functions (3.105)—(3.108). Various sets of computational parameters were
employed.

We have implemented computationally the discrete model (3.36) and performed some exper-
iments. Before closing this section, we will provide some examples on the performance of our
computer implementation of the finite-difference scheme. In particular, our computational ex-
periments will assess the capability of the numerical method to conserve the total energy of the
system at each discrete temporal step. To that end, we will consider the absolute error at the
time T" between the exact solution u of (3.5) and the corresponding approximations U, which is
given by

erh = |llu = Ullloo, (3.103)
and consider the standard rates
€27, €r,2h
Prp = logy ( . ) : prn = log, ( . > : (3.104)
€r.h €r.h

Ezample 3.4.9. Consider (3.5) with o = 2, let B = (—20,20) and define the functions ug, mg, u1
and my by

up(x) = \@2_\/5 sech ( L +2\/gx) exp (i, f 1_3\6.%) , Vze B, (3.105)

1+5
2

mo(x) = —2sech? ( :c) , VzeB, (3.106)
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T=5 T =10
h T €r.h pi h €r.h ,Ofr h
0.02 x 271 | 3.4982 x 10 — 3.5705 x 1076 —
0.02x 272 | 9.0677 x 1077 1.9478 | 9.3887 x 10~7 1.9271
0.04 | 0.02x 273 | 22950 x 1077 1.9822 | 2.4178 x 10~7 1.9572
0.02 x 274 | 5.7756 x 10~%  1.9905 | 6.1700 x 10~%  1.9704
0.02x 275 | 1.3973 x 1078  2.0473 | 1.5496 x 10~®  1.9933
0.02 x 271 | 8.8095 x 10~7 — 9.2985 x 10~7 —
0.02x 272 | 2.2297 x 1077 1.9822 | 2.3772x 10~7 1.9677
0.02 | 0.02 x 273 | 5.4637 x 10~% 2.0289 | 5.9873 x 10~®  1.9893
0.02 x 2% | 1.2880 x 10~ 2.0847 | 1.4658 x 10~%  2.0302
0.02 x 275 | 3.0678 x 107  2.0699 | 3.6476 x 107  2.0067
0.02 x 271 | 2.2696 x 10~7 — 2.3860 x 107 —
0.02 x 272 | 5.5263 x 10~® 2.0381 | 5.9940 x 10~% 1.9930
0.01 | 0.02x273 | 1.3172x 1078 2.0688 | 1.4790 x 1078  2.0189
0.02 x 27% | 3.1629 x 1072 2.0582 | 3.7237 x 1072  1.9898
0.02 x 27° | 7.9589 x 10719 1.9906 | 9.5684 x 10~'° 1.9604

Table 3.2: Table of absolute errors and standard convergence rates in time when approximating
the solution m of (3.5) with a = 2, using the method (3.36). We employed the spatial domain
B = (—20,20) and two periods of time, namely, T = 5 and 7" = 10. The initial conditions
were prescribed by the functions (3.105)—(3.108). Various sets of computational parameters were
employed.

V10 — /2 1++5 2
ui(x) = ———(tanhx — 1) sech x|e W ——=x|, Vx € B, 3.107
1(2) = Y ) 5w | e iy 1= (3.107)
il 5 1 5
my(z) = —4sech? (\/ +2\[x> tanh ( +2\fx) , Vz e B, (3.108)
where i = —1. With these data, the corresponding continuous initial-value problem (3.5) has

the following exact traveling-wave solution on R x R (see [45, 44]):

V10 - V2 1+5 . 2 —
u(x,t):2360h< 5 x—t)exp[z( 1+\/5:1:—t>], V(z,t) € R x RT,
(3.109)
m(z,t) = —2sech’ ( ! +2*/5x — t) . V(z,t) eRx R, (3.110)

For comparison purposes, consider the discrete model (3.36) with initial data (3.105)—(3.108). For
illustration purposes, Figure 3.1 shows the numerical solutions using A = 0.05 and 7 = 0.1. It is
easy to check that the computational results are in qualitative agreement with the exact solutions
(3.109) and (3.110). Moreover, Tables 3.1 and 3.2 provide a numerical study of the convergence
of the method. The results confirm the quadratic order of convergence of the scheme (3.36), in
agreement with Theorem 3.4.8.Finally, we considered various orders of differentiation and checked
the dynamics of the total energy of the problem under investigation. The differentiation orders
considered here are a = 1.0, 1.2, 1.4, 1.6, 1.8 and 2.0. The results of our simulations are presented
in Figure 3.2. It is obvious that the total energy is a constant function of time for each of the
values of a used in this example. This is in agreement with Theorem 3.1.4. O
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It is worth pointing out that, in addition to the illustrative example provided in this section,
we have carried out more computational experiments with different initial data and considering
various values of the computational parameters. The results are not included in this work in
order to avoid redundancy, but they invariably confirm both the capability of the numerical
model (3.36) to preserve the total energy of the system and the quadratic order of convergence
of the scheme. Obviously, these remarks are in perfect qualitative agreement with the theoretical
results derived in this work. In particular, they confirm the validity of Theorems 3.1.4 and 3.4.8.
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An implicit semi-linear method

4.1 Preliminaries

Throughout, we fix a nonempty, open and bounded interval B = (zp,zg) of R. Let T" > 0,
and define the set 2 = B x (0,T). In general, for each S C R?, we let S be the closure of S
with respect to the standard topology of R?. In particular, this means that Q = B x [0,T]. Let
u: Q= C,m:Q— R, up,u; : B— C and mg, m; : B — R be sufficiently smooth functions. In
this report, functions defined on 2 will be extended to all R x [0, T by letting them be equal to
zero on (R\ [zp,xRg]) x [0,T].

Definition 4.1.1 (Podlubny [77]). Let f : R — R be a function, and let n € NU{0} and o € R
satisfy n — 1 < a < n. The Riesz fractional derivative of f of order o at x € R is defined (when
it exists) as

dzl® ~ 2cos(Z2)I(n — @) dz" J_oo |z — EleH1-n

a° (@) -1 L 1 @)

Here, I is the usual Gamma function. In the case that v : Rx[0,7] — R, and n and « are as above,
then the Riesz fractional partial derivative of u of order o with respect to x at (z,t) € R x [0,T]
is given (if it exists) by

0%u(x,t) -1 " /OO u(§, t)dg

dlz|*  2cos(Z2)I(n — ) 2" J_oo |z — £lot1—n

(4.2)

Definition 4.1.2. If z € C, then Z will represent its complex conjugate. We will use F to denote
the fields R or C. Let us introduce the set L, ,(Q) = {f: Q@ = F: f(-,t) € L,(B), for each t €

(0,7} and p € [1,00]. If p € [1,00) and f € Ly ,(£2), then we convey that

170 = ( /Bf<x,t>|pdx)l/p, vt € [0,7). (4.3)

In the case when p = oo, we set ||f|ls00 = Inf{C > 0 : |f(z,t)| < C for almost all x € B}.

Obviously, || fl|z,p is a function of ¢t € [0,T] in any case. Moreover, for each pair f,g € L 2(€2),
define the following function of ¢:

<f,g>$:/§f(a:,t)g(x,t)dx, vt € [0, 7). (4.4)

In this work, we will fix «, 8 € (1,2], and consider the bi-fractional extension of the Klein—
Gordon—Zakharov model given by the following coupled system of fractional-order differential
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equations with initial-boundary data:

Oulw,t)  Ou@) | eyl t) + [u(e. B)Pulz.t) = 0. V(z.t) € 9.

oz Bl
Pm(x,t)  OPm(x,t)  O° (Ju(z,t)]?)
) - ) o ) _ Q
o2 PIEE |x|? o wae’ (4.5)
u(z,0) = ug(z), m(z,0) = mo(z), Vx € B,
subject to ({ME{;’O) = uy(z), W = mq(z), Vx € B,

u(zp,t) =u(zg,t) =0, m(xp,t) =m(xg,t) =0, Vte|0,T].

It is important to point out here that the case a = f = 2 in (4.5) is precisely the well-known
Klein—-Gordon—Zakharov system. Moreover, as we mentioned before, the Klein-Gordon—Zakharov
system describes physical phenomena, specifically the interaction between Langmuir waves in a
high-frequency plasma. Under this context, the function u represents the fast time-scale compo-
nent of an electric field raised by electrons, and the function m is the deviation of ion density
from its equilibrium.

In the sequel and for convenience, we will suppose that the function v : Q — R satisfies the
following property:

OPv(z,t)  Om(z,t)

= Q. 4.

It is worth pointing out that the existence of the function v is guaranteed, for example, in the case
that the right-hand side of (4.6) is a Lebesgue-integrable function or, more particularly, when it
is a continuous function [81, Ch. 6].

Definition 4.1.3. Let uw and m satisfy the problem (4.5). For the sake of convenience, let us
agree that v = u(x,t) and m = m(x,t). Define the Hamiltonian or energy density functional

H(z,t) = H(u(z,t), m(z,t)) as

2 2

B/2 1 1
07 +om’ 4 olul, V@) e .

FERE

ou

2 8a/2u
a|x|a/2

1
+ |u® 4+ mlul® + 3 ‘
(4.7)
In turn, the associated total energy of the system at the time ¢ € [0, 7] is given by

2
+ [JullZ 5, + (m, |ul*)e +
x,2

98/2y ||

3‘m|ﬂ/2

8%/ 2y
a’x‘a/2

1
2

1 1
+ o lmlza + 5 llulzg.
2 2
x,2

ou

2
+
2

(4.8)
Using these conventions, the following results were proved in [62].

Theorem 4.1.4 (Energy conservation). If u and m satisfy the problem (4.5), then the function
& is a constant.

Theorem 4.1.5 (Boundedness). Let u and m satisfy the initial-boundary-value problem (4.5),

and let u,0u/0x € Ly 2(2). Then there exist a constant C such that

Moreover, the constant function (4.8) is non-negative.

2
+ ||u
x,2

2

9B/2 )
tlml,<c. Ve 1] (49)
x,2

ou v
0|x|B/2

It

2 aa/Qu 5
2 +

6|l’|a/2

x,2
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4.2 Discrete model

The first aim of this section is to provide the necessary discrete nomenclature which will be
required later on in this work. To give a fresh start, we will focus firstly on the concept of
fractional-order centered differences, which will allow us to obtain a discretization of Riesz space-
fractional derivatives. We must point out that we opted to use fractional centered differences for
computational implementation reasons. However, there are various other alternative approaches
to provide such discretizations, like the well-known weighted-and-shifted Griinwald differences
[92].

Definition 4.2.1 (Ortigueira [73]). Define the real sequence (g,ga))oo by

k=—o00
S = (=D)*(a+1)
k NG —k+1)I(§+k+1)

Let f: R — R be a function, and assume that h, o € R satisfy h > 0 and o« > —1. The fractional
centered difference of f of order o and spatial step h at the point x is given as

Vk e NU{0}. (4.10)

f(x) = i g,(ca)f(x—kh), Vr € R, (4.11)

k=—00
whenever the double series at the right-hand side of (4.11) converges.

The following results provide important analytical properties on fractional-order centered
differences.

Lemma 4.2.2 (Wang et al. [97]). If 1 < a < 2, then
() %" 20,

(ii) g,(f) = g(_ak) <0, forall k> 1, and

i) > g =o.

k=—o0

Lemma 4.2.3 (Wang et al. [97]). Suppose that 1 < a < 2, let h > 0, and assume that f € C°(R)
has all its derivatives up to order five in L*(R). Then

Lovapy_ 8°F()

+O(h?), VzeR. (4.12)

In the sequel, we agree that I, = {1,...,n} and I,, = I, U {0}, for each n € N. We will let
J, N € N be such that J > 2 and N > 2, and introduce the positive constants h = (xgp — x)/J
and 7 = T/N. We employ uniform partitions of [z, xzr] and [0, T], respectively, of the forms

rp=20<21 <...<72;<...<ZTJ=2TR, VjETJ, (4.13)

and
O=tg<ti <...<tph<...<ty=T, Vnéely. (4.14)

For each (j,n) € I; x Iy, agree that Uj' and M}' denote numerical estimates of uj = u(z;,ty)
and m}] = m(z;,t,), respectively. Set R, = {z; : j € I;}, and use the nomenclature V, to
represent the vector space over F of all F-valued functions on the grid space R, which vanish
at the endpoints zp and z;. In general, if V' € V, then let V; = V(x;), for each j € 1.
Additionally, we agree that U™ = (U}')..7 € Vp, and M"™ = (M}')..7 € V. Moreover, for the

JELy JELy
sake of convenience, we will let U = (U™) and M = (M"), 7,

nETN
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Definition 4.2.4. Let p € R be such that 1 < p < co. Then the inner product (-,-) : Vj, xV, — C

and the norms || - ||p, || - [loc : Vi = R will be respectively defined as
J€L;
Ul =h Y U, VU € Wy, (4.16)
j€ly
1Ullso = max {|Uj| : j € Ts}, U € Vi (4.17)
Moreover, let us set |||V |||oo = sup{||V"||oc : n € In}, for each V = V")nety € Vh

Definition 4.2.5. Let V represent any of the functions U or M. We will employ the linear
difference operators

n_o_yn N B
V) =L V() €T x I, (4.18)
yrtt _yn oy
0V = %a V(j,n) € Iy X IN-1, (4.19)
V.”'H + V’]n . i
peVyt = %a V(j,n) € Iy x In-1, (4.20)
Vn—H + V-n_l L
IV =L, () e Ty x Iy (121)

If we omit the composition symbol for simplicity, we have the operators 5&2)1/;’ = (5305951/3711,
5t(1)Vj" = ,ut(Sth”_l, (5?)1/}” = (5t(5tV;~n_1, M,ﬁQ)‘/}n = Mt,uthn_l and 6,4V = 0,6,V]", for each
(j,n) € I;_1 x Iy. Moreover, if f : R — R, we define the difference operator A, of f at the point
x € R as . 0 )
Axf(x):Ef(x—h)+ﬁf(z)+ﬁf(x+h), Vx € R. (4.22)

Definition 4.2.6. Let V = U (respectively, V = M) and v = u (respectively, v = m). Using
the nomenclature of Definition 4.2.1 and motivated by the lemmas afterwards, we introduce the
following consistent estimate operator of the fractional partial derivative of order a of v with
respect to x at the point (z;,t,):

1 ) B

sV = —— a9V, Y(,n) ey x In. (4.23)
kel

Obviously, this discrete operator is a second-order consistent approximation for the Riesz space-

fractional partial derivative of v of order a at the point (z;,t,). Moreover, we define the discrete

operator

ALV 1 10

1 ) =
i T 19 ﬁH + Evjn + Evjn—l V(j,n)elyxIn_q. (4.24)

The following lemma will be frequently required in the sequel. This result summarizes some
important properties of fractional-order centered differences.

Lemma 4.2.7 (Macias-Diaz [49]). Ifa € (1,2] and U,V € Vy, then (—5\U, V) = (612U, 612 V).
Moreover,

(a) 6572V |13 < 20 W=V |13, for each V € W,
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(b) Hég(Ca)VH% = H(Sg(ca/Q)é;(ca/?)VH%, for each V€ Vy,, and
2
(o) 85 VII3 < 206 nt=2 85 PV |3 < 4 (g6 h1=2) V113, for each V € V. O

Using the nomenclature introduced above, we will employ the following fully discrete initial-
boundary-value problem to approximate the solutions of the continuous fractional system (4.5):

6 .U = 8 puVUp + VU [ M+ D UP ] =0, Y(im) € Loy x T,

SP A M — 8P D Mp — sPIUTP =0, V(j,n) € L1 x In-1,
U? = UO(.TUj), M]O = mo(xj), Vielj_q, (4'25)
subject to 5t1)UJQ = uy(7y) 5t(1)M]O =ma(z;), Vj€ L,

Up=Ur=0, Mp=My=0, VYnely.

Notice that the scheme (4.25) requires to employ approximations at the time ¢_;. However,
it is worth noting that the initial conditions yield the identities U;l = Ujl — 27ui(x;) and
M ]71 =M jl — 2tmq(xj), for each j € I;_;. Moreover, letting n = 0 in the recursive equation of
(4.25) and substituting the initial conditions, we readily obtain that

2
AU} — wo(ey) = Tur(@))] = = (U} = rwa(ey) [1+mo(ay) = § (0P + U} = 2ru(e;)P)
+ 5 (Uj1 - ml(a:j)) , RSNy
(4.26)
and

3Agg[]wl — mo(xj) ol Tml(xj)] = 5;5) (Mjl — Tml(xj) + |u0(mj)|2) s V] € Ij_l. (4.27)

Observe that the discrete model (4.25) is a three-step implicit nonlinear technique. This
means in particular that, if the estimations at the times ¢,,_1 and ¢, are known in that model,
then the approximations U"*! and M"™*! will be the only unknowns. In fact, the scheme (4.25) is
a decoupled nonlinear system since the only unknown in the first equation of (4.25) is the vector
U™, Meanwhile, the only unknown of the second equation is the vector M"+!. In the following
and for the sake of convenience, we will let {V}* : (j,n) € I; x In} be such that

PV =6 MP, V(j,n) € Iy_1 x In_1, (4.28)
Vi=VP=0, vnely. (4.29)

Under these circumstances, (U, M) will denote a solution of (4.25), and V' = (V"), .7 = will satisfy
(4.28) and (4.29).

Definition 4.2.8. Suppose that (U, M) solves the discrete system (4.25). The discrete Hamil-
tonian or discrete energy density of the system at the point z; and time ¢, is the quantity
H} = H(U}, M}"), which is defined through

h? 1
H} = 5,07 = 351071 + pal 68207 P 4 | UF P + 5 [MPIUFHP + M7 U7

1 2)1,mn |2 1 n|4 h’2 2)yn |2 1 n|2 . T
+ 5‘59(:’8/ WP+ §Ut’Uj I ﬂ’(sx(sa(cﬁ/ VPP + §Mt’Mj %, V(,n) € L1 x In-1.
(4.30)
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Jely

Agree that |U"|? = (\Uj”]?)
at the time ¢, is given by

for each n € Ty. The total discrete energy of the model (4.25)

h2 1 1
E" = ||5,U"||3 — EIMMU”I!% + |80 3 + U3 + §<M”, U™ ) + §utHM"II§

1 1 1 h? -
+ ML U P) 4 S0PV S| U = 5186 PVRE, vn € Ty
(4.31)

4.3 Structural properties

The present section is devoted to establishing the main structural properties of the discrete
model (4.25). More precisely, we will prove herein that the discrete model is solvable, and that
the quantities (4.31) are non-negative temporal invariants of the scheme (4.25). Firstly, we prove
and state some crucial results in our analysis.

Definition 4.3.1. If U,V € V), then we define the product of U and V point-wisely. More
precisely, UV = (Ujvj)jefj-

Lemma 4.3.2. Let U = (U"), 7, and M = (M"), 7 be sequences in Vi,. Assume that U is a

sequence of complex functions while the functions of M are real. Suppose additionally that there
exists (V"),c7,, € Vi such that (4.28) holds. Then the following are satisfied, for eachn € In—;:

(a) 2Re(d;” AU, 60U™) = &, [[6:U™ 13 — £5h%[16:U™ 3],

2Re(— 8 U™, VU™ = Gul|8eP U3,

)
)
(d) 2Re(M" VU™, 50U = (™, 6V U™ ?),
)
)

(8) 206D D™, VY = S| M2, and

() 6PN, VY = ([U"?, 6 ™).

Proof. Beforehand, we must point out that most of the identities have been proved already in
[62]. We only give here the proofs of the new identities (a) and (f). To that end, notice that
Lemma 4.2.7 implies that

% <5§2) (Mﬁl —2Mj' + MJnJrl) 7“ﬂ/"71>

2
_ _2<5t53(vﬁ)vn71’ Mtvn71> - Eh2<5§2)53(3)Mn7 utvn71>

—2(51 A, M, VY = —2(58 M" vy —

= 28,82/t 6Py %hQ(étdxég(f/?)V”‘l, 116,62y

= &, [PVt g — Hh2 e, AVt 3]

(4.32)
which establishes the validity of (f). Finally, we just mention that the proof of (a) is similar to
(f). O
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The following result is the well-known Young’s inequality, which will be crucial in the present
report.

Lemma 4.3.3. Let a,b € RTU{0}, and let p,q € (1,00) be such that % Jr% = 1. For each € > 0,

the following holds:
laf?  elbl

ZS q

ab < (4.33)
Next, we prove that the quantities (4.31) are non-negative, and that they are conserved
throughout time.

Theorem 4.3.4 (Energy conservation). Suppose that (U, M) is a solution of (4.5). Then the
quantities (4.31) are non-negative and constant with respect to time.

Proof. Take the real part of the inner product of the first equation of the scheme (4.25) with

5t(1)U " and compute the inner product between the second equation in (4.25) and V"1, for
each n € Iy_1. Then add both equations and apply Lemma 4.3.2 to confirm that §;E"~ = 0.
This identity and induction establish the temporal invariance of the quantities (4.31). To prove
now the non-negativity of these quantities, notice that
J—-1 .
W2||6,68/2Vr 3 =hy (5(5/2)1/]?1 _ 53(6,3/2)16,“_1)

= (4.34)

I/\
<
|

(|5 PRVIE 4 PPVELR) = d1sCIVRIR,
1

[
Il

holds for each n € Iy_;. In similar fashion, we can obtain that h?||6,:U"||3 < 4||6;U™||3, for each
Vn € In_1. On the other hand, using Cauchy-Schwarz inequality, it follows that

(M U2 + (ML U P)] < | MTS + el U™ |3, Vi€ T (4.35)

Finally, applying all of these estimates to (4.31) yields

2 1 _
E" > 2[|6U"l3 + pell 872 UME + pellU™ 13 + 6!\5&8/2)‘/"!!3 >0, Vnely-, (4.36)
whence the non-negativity of the quantities (4.31) readily follows. O

The next result proves the boundedness of the solutions of (4.25). To establish this property,
the non-negativity and temporal invariance of the quantities (4.31) will be of utmost importance.

Theorem 4.3.5 (Boundedness). Let ug, mg € H' and u1,my € Lo, and suppose that (U, M) is
a solution corresponding to the problem (4.25). Then there ewists a constant C* € Rt with the
property that

maxx { |:U7 2, e |88/ DU™ |5, el U™ o, e | M |2, p[U™ |, 18872V |2} < €, ¥me Ty,
(4.37)

Proof. Note that Theorem 4.3.4 guarantees that the quantities E™ are equal to a constant Cy € R,
for each n € Iy_1. Proceeding as in Theorem and simplifying, we obtain that

2 1 1
Co > SlI6U™5 + pel 3D UME + | U3 + Sl U3+ 6\|5£5/2)V"H§

1 1 1 _
M = S [ U )| = S [ U Ve € T,
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On the other hand, applying Young’s inequality twice, we observe that

1 —

5 (M U P) + > 5 [ L) < Sl 2B+ Sl U, Vn e Ty, (039)

1 _

5 | )|+ \ MU P)| < WHM"HQ U, YneTyog.  (4.40)
Using now the inequality (4.39) to bound (5.51) from below, we obtain that

2 1 -
Co > §H5tU"H§ + S0 3 + | U + 6H5§5/2)V"H§, Vn € In-1. (4.41)

Since it ||{U™||2 is bounded, it follows that j||U™||4 is also bounded. In fact, the last inequality and
the properties of the discrete norms show that |[U™||1 < [|[U"||3 < 4CZ. Similarly, [|[U™ ||} < 4C2
holds. Using these facts, keeping the last three quantities of inequality (5.51) and employing the
bound (4.40), we have that

1 _
ZutllM”H% < Co + U3 < Co+2CF, VYneln_1. (4.42)

This means that the norms ||M"|2 (and, thus, also the norms ||[M"|«) are uniformly bounded
by the non-negative constant 2v/2(Co 4 2C2)'/2 > Cy. Tt is easy to see now that the quantities
16:07 |2, 122|652 U9, | U2y | M™ |12, pel|U™ |14 and |68/ V™||5 can be uniformly bounded
by a single constant C* > 0, valid for all n € I . O

For the remainder of this manuscript, we will employ the real matrix A = C' — D®) of size
(J+1) x(J+1), where

2 0 0 0 --- 0 0 0 O
1 10 1. 0 --- 0O O O O
) 0o 1 101 --- 0 O O O
C=_—_]|": : S 3 o o : : 4.4
=1 o Y (1.43)
0O 0 0 O 1 10 1 0
0O 0 0 O 0 1 10 1
0O 0 0 0 0 0 0 12
and
0 0 0 0 0 0 0 0
A R A SR
2 9o 91 go g1 955 9524 9523 9509
DB — —5m8 : : : : : : : . (4.44)
Y N
95-1 9522 Y953 9j-4 0 92 91 90 91
0 0 0 0 0 0 0 0

Lemma 4.3.6. The real matriz A is strictly diagonally dominant.

Proof. Using Lemma 4.2.2, we readily check that the following inequalities and identity hold, for
each i € {2,...,J}:

00 2’ 2 (8)
9 ’ 5, T _
Z |aj| < z_: 21,8 6 + onB |ail. (4.45)
]757, 1#0
Obviously, the first and the last rows of the matrix A also satisfy this condition, whence we
readily conclude that A is strictly diagonally dominant, as desired. O
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Definition 4.3.7. Let (Un)ndN be any sequence in Vy, let & € V}, and assume that g : R — R
is a function. We define

pialoUD) = 4 [9(@) + 9], YGim) €Ty x In-r. (4.46)

Notice in particular that u,(fl)U]n = pyyn+1 U and u%l)\U]’f‘\Q = /,Lt’Un+1’U}L’2, for each (j,n) €
I; x In_1. On the other hand, if ® € V), then we agree that

QT = (B, Py, P3,..., 05 1, ,0), (4.47)
P = (0,(1)0,(1’1, .. .,CI)J_Q,(I)J_l). (448)

Lemma 4.3.8. Let U = (Un)nefN and M = (M")nETN be sequences in Vi, and assume that U
is a sequence of complex functions, while the functions of M are real. The following identities
are satisfied, for each n € Iny_1 and ® € Vy:

1 n 1 n n— n—
(a) Re{(ualU™®)(uiqUm™), ® — U™1) = L(|@[lf — [U"[1d).
(b) Re (M™(u{qU™),® — U1} = L(M™, |92 — U1 2).
1) 7 n— n—
(c) Re{p{qun, @ —Un-1) = L(|@[3 — |U"~1|3).
(@) Re (=" pgU", @ = U ) = J (105 @ — VU 3).
Additionally, the following inequalities are satisfied for each X € [0,1]:
(e) |Re(A, U, @ — U™ )| < 5[|1®]3 + C1.
(f) |Re(A U™, @ — U™ )| < L2]3 + Co.
(g) If C* > 0 satisfies | M"™||c < Cx, then [(M™,|®|? — |U™1|)| < C*||®|3 + Cs.
() Re(®@,® —U"") > 31213 - IU™[13)-
(i) [Re(@T +07,& —U"1)| < 3] ®[5 + 2lU™ |3
Here, the constants Cy,Co,C3 € R are non-negative and depend only on U™, UM and M™.

Proof. The proofs of the identities (a)—(d) can be found in [61]. To establish (e), we employ the
triangle inequality and Lemma 4.3.3 (with a suitable € > 0) to obtain that

’<AxU”,<I> _ U”_1>‘ < (AU, ®)| + ‘(AxU”, U”_1>‘
(4.49)

IA

1 1 _
571213 + 618U 13 + 5 (I1aU™113 + [T 113)

The inequality (e) follows now letting Cy = 3{|A,U™|345[|U" 1|13, which obviously is a constant
that depends only on the vectors U™ and U™!. Part (f) is proved in similar fashion. On the
other hand, to prove the inequality (g) we use the triangle inequality and Holder’s inequality to
obtain that

(7 |02 — Ut < (M o) + (M [Un T < CHlOf3 + G5, (4.50)
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where C3 = [(M™, |[U"1|)|. The inequality (h) is straightforward, so it only remains to prove (i).
To that end, we need to point out firstly that the identities [|®T]|o = ||®~||2 = ||®||2 are satisfied.
Observe now that the triangle inequality, Cauchy’s inequality and Young’s inequality yield
[Re(®T + 07, — U"H)| < [(@F, @) + (&7, @)| + [(2F, U" )| + [(@7, U™ )]
_ slel3
- 2

which is what we wanted to proof. O

(4.51)

+2|U" 3,

Lemma 4.3.9 (Leray—Schauder fixed-point theorem). Let X be a Banach space, and let F :
X — X be continuous and compact. If the set S = {x € X : AF(x) = x for some \ € [0,1]} is
bounded then F has a fixed point.

We establish next the existence of solutions for the finite-difference model (4.25). In the proof,
we will require to use the non-negative constant C** = 2C*, where C* is the same constant as in
Theorem 4.3.5.

Theorem 4.3.10 (Solubility). The numerical model (4.25) is solvable for any set of initial con-
ditions if 1272C** < 1.

Proof. The proof will make use of mathematical induction.

e Notice firstly that the approximations (U°, M?) are explicitly defined through the initial
conditions in the discrete initial-boundary-value problem (4.25).

e Suppose now that n € I;_1, and that the approximations (U™, M) have been obtained
already, for each m € I,,. Following an argument similar to that in Theorem 4.3.5 yields
that Vm € I,,_1,

max { |60 |12, 1|82 U™ a, e [U™ |2, el M™ 12, e |U™ |, 168/ 2 V™ |2} < €%, (4.52)

Using the properties of discrete norms, it follows that ||[M™|., < C**, for each m € I,,. On
the one hand, notice that the second equation of (4.25) can be rewritten in matrix form
as AV = b, where V¥ is the unknown vector of approximations of the functions M at time
tntl, and b € R/t is given by

0

1250 Mpt 4 260\ UpP 2 + 28, MP — A M

1260 Myt + 260U 2 + 28, Mp — A My

_ (4.53)

20 Mym] 4+ 26D\ U P+ 28 MY — AM
0

From Lemma 4.3.6, the matrix A is strictly diagonally dominant, so non-singular. It follows

that there exists a (unique) vector M™*! which satisfies the second difference equation of

(4.25). To establish now the existence of U"*!, we will employ the Leray—Schauder fixed-

point theorem. Let F' : V, — V) be the function whose jth component is represented by
F; :V, — C, and defined, for each ® € V), and j € I;_1, as

1271

Fi@®) = 15 | 15

02 (007 + BT F) (1fa07)].

Byt + Bj1) — 2A,U7 + A UM — 728 un

(4.54)
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Let Fy and F; be identically equal to zero. It is obvious that V), is a Banach space with
the Euclidean norm induced by the inner product in V}, and that F' is a continuous and
compact map. Take now a function ® € V; such that ® = AF(®), for some A € [0, 1]. From
this and the identity (4.54), it follows that

0

0= 12<1>+A{ (@F +07) = 28,U" + AU — 720 i QU™

(4.55)
+ A |72 (14 M™ + g [U?) (uiaU™)] -

We take now the inner product of both sides of (4.55) with ® — U1, and calculate then

the real parts on both sides. Using then the identities and inequalities in Lemma 4.3.8, it

follows that

5 N 59 AU 3 A A
> — ()3 = 1U™L3) — = ||®)2 - Z———"2 — Z||®]12 — 2AC1 — —||®]]2 — X
0> o= (1908 — IU"711B) = 5711213 — T2 = l1®l3 — 22C1 — 1215 — AC:
AT2 (0% (0% n— n—
+ 5 (882213 — 382 o3 + 1@l - [o3)
72

* n— 1 k%
= (el = crli@l3 - Cs = [Um11§) = 5;(1 = 12r°C™) |23 - Cs,
(4.56)

where
7 _ 72 e i _
Cs = 21 + Co+ o |IU™ 13 + = (G5 + 282U 15 + 20073 + [T ) - (4.57)

Notice firstly that the hypothesis guarantees that 1 — 1272C** > 0. Moreover, observe that

24Cy

P — 4.
H H2 =1_192+ QC**7 ( 58)

and that the constant Cj only depends on the approximations U”, U™~ and M". The
Leray—Schauder theorem and the uniform boundedness of the elements of the set S in that
theorem imply now that there exists a ® € V}, with the property that ® = F(®). In other
words, the solution U™ of the finite-difference method (4.25) exists. Following now an
argument similar to the proof of Theorem 4.3.5, it is easy to show that |[M"*1|, < C*.

e Finally, the existence of the approximations (U!, M!) can be established similarly, by apply-
ing complex matrix properties and the Leray—Schauder theorem to the system (4.26)—(4.27).
In fact, M' is the solution of the system AV = 5, where A is as before, and the (J + 1)-
dimensional vector b is defined now as

0
Agmo(x1) + TAgma (1) — 3736 ma (1) + 372 Jug (1) 2
Agmo(x2) + TAymy (22) — 3736 my (22) + 172 |ug (o)
. (4.59)
Agmo(xg—1) + TAymi(xy-1) — %735§cﬁ)m1(wj—1) + $7%ug(z 1)
0

The non-singularity of A guarantees that the approximation M" exists and satisfies the
second recursive equation of (4.25). In similar fashion, the existence of U! will follow using
the same arguments as in the general case. We just need to point out in this case that the
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function F} : V}, — C is defined for each ® € V), and Vj € I;_4, by

12 71 1
Fj(®) = 10 (@)1 + @) — Aguo()) — TAzur (25) — 57259(,;0‘) (®; — Tus(zy))
(4.60)

—i—%TQ ((I)j N TU1($j)) (1 + mo(l’j) — % (|CI)]»’2 + ’(I)j — 27U1($j)|2)):| .

The conclusion follows from mathematical induction. O

4.4 Numerical properties

The present section will be devoted to prove rigorously the main numerical properties of the
scheme (4.25). More precisely, we will show that the numerical approximations are second-order
consistent estimates of the solutions of the continuous model (4.5). Moreover, we will establish
the stability and the second-order convergence of the scheme using a suitable discrete Gronwall
inequality. As a corollary of the stability property of our scheme, we will prove that the solutions
of the finite-difference method are unique for sufficiently small values of 7.

Our first result will establish the quadratic consistency property of the discrete model (4.25).
To that end, consider sequences (U™ )nery_1s (M™)nery_, € Vh. Under these circumstances, define
L:LUXLM:V}LXV}L—)V}LXVhby

Lo(Up, MP) = 0P AU — 80uVUp + DUz [1+ My + uPUF 2], Y(im) eI, (461)
Lar(UF, MP) = 80 Ao M — 6P uVMP — 8P\UP2, V(j,m) € 1. (4.62)

in turn, let us convey that L(U", M") = (L(U}, M"))jel for each n € In_1, and agree that
L(U,M) = (LU, M"™))nery_,- We also COHSlder the differential operator £ = L, x L,,, defined
for each pair (u,m) of functions and V(z,t) € €, by

2u(x “u(x
Ly(u(z,t), m(z,t)) = i 8(t2,t) - aali\;t) +u(x,t) + m(x, t)u(z, t) + |[u(z, t)|?u(z,t), (4.63)

2m X ﬂm T & u\xr 2
Lo (u(z,t), m(z,t)) = 2 87(52,75) 9 a|:£|ﬁ’t) 9 (|6|(:c|’5t)| ) (4.64)

Ifx € {zr, zr}andt € [0, T], then we let L(u(z,t), m(z,t)) = 0. Let L(u", m") = (L(u}, m])); 7

el
for eachn € Iy_1, and define L(u, m) = (L(u", m"))nery_,- In similar fashion, define L(u", m")

(L(u},mf)),c7, € Va for each n € Iy_1, and introduce L(u,m) = (L(u",m"))nery_,-

I

Theorem 4.4.1 (Consistency). Suppose that u,m € C54(Q), and let h < 1. Then there exist
constants C' and C' which are independent of T and h, such that |||(£— L)(u,m)|||cc < C(72+ h?)
and |||(H — H)(u, m)]l|oe < C'(T + h?).

Proof. To establish this result, we use the traditional approach using Taylor’s theorem, the mean
value theorem and the regularity of the functions v and m. Under those circumstances, it is
possible to prove that there exists constants C; € RT independent of 7 and h, for each i € I,
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with the property that

0u(z;, . ‘
E?tj?) — ol SO+ R, V(jim) el (4.65)
0u(x;, ty .
‘gﬁgé) — 5@ uNul| < Co(r? 4+ h?), V(jn) €, (4.66)
‘U(.Tj,t ) — Mgl) < 0372, V(j,n) €1, (4.67)
Im(aj, ta)u(@s, ta) = mpu | < Car?, W) €1, (4.68)
s to) Pty tn) = (ushu ) ()| < Csr?, WGim) € 1. (169

Using the triangle inequality, we verify that there exists a constant C* € R* which is independent
of 7 and h, such that |||(Ly — Ly ) (u, m)|||eo < C*(724+h?). Also, there exist constants Cg, C7, Cs €
R* independent of 7 and h, for which

2
ag()?) — 5V Aymy| < Co(r? + ), ¥(jm) €1, (4.70)
Bon(xs
m 5( )'ugl) 1 < 07(T2+h2), V(j,n) € I, (4.71)
0|x|B
07 (lulzj,ta)l®) (o)) np2 .
Bpp % 1l <Gk YU el (4.72)

are satisfied. Using the triangle inequality, we can readily check that there exists a constant
C** € Rt which is independent of 7 and h, with the property that |||(Lar — Laz)(u, m)|||oo <
C**(12 4 h?). Then the constant C of the conclusion is the maximum of C* and C**. The second
inequality of this result can be obtained in similar fashion. O

It is important to point out that the existence and uniqueness of solutions satisfying the
regularity conditions in the hypotheses of Theorem 4.4.1 have been established in the completion
of Cif (€2). This fact was thoroughly proved in reference [32] for the non-fractional scenario
a = = 2. However, to the best of our knowledge, the existence and uniqueness of sufficiently
smooth solutions for the fully fractional case is still an open problem of investigation.

Definition 4.4.2. If f : F — F and V € V), then we define g(f(V])) = f(V;) — f(V;), for each
jely_1and F=R,C.

The next objective is to prove the stability and convergence properties of (4.5). For that

reason and in the following, (u°, u!, m°® m!) and (@, u', m®, m') will represent two sets of initial

conditions of (4.5). We will assume also that the initial data for (4.25) are provided exactly.

Lemma 4.4.3 (Gronwall’s inequality [105]). Assume that N € N with N > 1. Let (w"), 7, and
(Cn)nery be sequences of real numbers, and let A, B and C,, be non-negative numbers, for each
n € Iy. Suppose that T € R is such that

W' —w" < Arw"™ + Brw" ! + Cpr, Vn € Iy, (4.73)
If (A+ B)Tr < (N —1)/(2N), then

n < Cy, | 2A+BIN 4.74
max " (w +7 > k) (4.74)

keln
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Lemma 4.4.4. Let ug, mo, Uo, Mo € HY(B) and uy,my,u1,my € La(B). Suppose that (U, M)
and (U, M) are the solutions of (4.25) corresponding to (u,u,m® m') and (@°,u*,m°,mt),
respectively. Let e" = un—un, "= M" — M™ and v" = V"™ — V™, for each n € Iy, and define
Vn € IN—l;

= (16”13 — 25 110,ee™ 13 + uall6S D3 + pelle™ (13 + 168720 15 — 25116,085/ D013 + el |13

(4.75)

For 1 sufficiently small, there exists C € R independent of h and 7, such that w™ < w® exp(CT),
for eachn € In_1.

Proof. Notice that the sequence (g, () satisfies the system
0 naey — 8 pVer + pVer + 8 [MppVur| +8 [ (nPlop ) (V)] =0, VG el

0
0 Ae() — 8P uVer = 6 (8P |UF1P) =0, W)€,
subject to e} =% =0and (f =3 =0, Vne€Iy.

Proceeding as in Lemma 4.3.2, we can readily obtain the following identities:
(i) 2Re(0 Agem, 51V = 6 [||ie" I3 — Fh?|ueHIF],

(if) 2Re(—05" uVem, 6Vem) = dupillos™Ven |,

(iii) 2Re(p (1)5 5(1) ") = S|,

(iv) —2(8 AaC™, 1) = & 1687013 = 5h2)|6,88" P o1 |3], and

v) 20081V, o) = SupuellC 3

Using the fact 5§B)v” = 0;¢"™ and Theorem 4.3.5, it is easy to show that there exist Oy, Cy, C3 € RT,
such that

Re (3 [M VU], 60em) < O (elle 13 + P (116713 + lle™ 13 + 105/ 3] )

(4.77)

Re (6 [(ut[U"P) (ui0m) | 8em) < Co (i €13 + pullde™113) (4.78)
(8 (610 P) ™| < Cs (Il + pell s/ Pom =3 4 66/ PemB) . (4.79)

Take the real part of the inner product of first equation in (4.76) with 25§1)5”, and calculate
the product between the second equation and 26;¢"~!. Use then the identities (i)-(v) and the
inequalities (4.77)-(4.79) to show that there exists Cy € RT, such that the following inequalities
are satisfied for each n € Iny_1:

n— 2 n— a n— n— 1 n 1 o n

0 (1186113 = B3 1100e™ 13 + pe (11697 D ™13 + [l M) | < Ca [V IS 13 + V16D em 3
(4.80)

+ 1Pl I3 + el e 3]

n— 2 n— n— n n—
0 [0/ 0m 3 = 220,08 0m 3 + U] < Ca [l 13 + e8P 0n 3
(4.81)
+ [la5/2em 3]
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Adding these last inequalities, we obtain that for each n € Iy,

W =" < Cor e (1073 + 18872 0m 1 13) + g (185213 + ™13 + 11¢™13)
+85/Dem 3 + [l 13 + 1C13]
< Cxt (w” + w"_l) .

(4.82)
If 7 is sufficiently small (namely, if C57 < (N — 1)/(4N)), then Gronwall’s inequality readily
establishes the conclusion of this lemma with C = 4C5. O

The following results are immediate consequences of Lemma 4.4.4.

Theorem 4.4.5 (Stability). If the initial data satisfy ug,mo € H*(B) and ui,my € Lo(B) then
the solutions of the numerical model (4.25) are stable for sufficiently small values of T. O

Corollary 4.4.6 (Uniqueness). Assume that the hypotheses of Theorem 4.4.5 are satisfied. If T
is sufficiently small then the numerical model (4.25) is uniquely solvable. O

Before closing this section, we would like to prove that the discrete model proposed in this
manuscript has quadratic order of convergence in both, space and time. To that end, we con-
sider the local truncation errors of the finite-difference system (4.25) at the node (x;,t,). More
precisely, we will let

= o0 hpup — 0@l + piud + PVl + (pPlep ) (nup), vGim) €1, (4.83)
= 6 A,m? — 6P uPmn — 5O, V(j,n) € I. (4.84)

According to the theorem on the consistency of the finite-difference scheme (4.25), |p}| + [o7}| =
O(72 + h?). In the sequel, we will use (u,m) to represent a solution of the differential model
(4.5), while (U, M) denotes a solution of the discrete system (4.25) corresponding to the same set
of initial data. Under these circumstances, let € = u] — UJ', nj = m} — M}" and (59(55 )6?;‘ = oy,
for each (j,n) € I.

Definition 4.4.7. If f : F — F is a function and V' € V}, then g(f(vj)) = f(v;) = f(V;), for each
jelj_1and F=R,C.

Theorem 4.4.8 (Convergence). Suppose that u, m € Ci’f(ﬁ) If T is sufficiently small, then the
solution of the problem (4.25) converges to that of (4.5) with order O(72 + h?) in the La-norm.

Proof. Throughout this proof, we will follow the notation and conventions mentioned in the
paragraph preceding Definition 4.4.7. As a consequence, observe that the ordered pair (e,7)
satisfies the discrete system

A )05 o (400)] 3 (1) ()] = i
t( n_5 :u(l) n_d((ﬂ)’u ’) :UT‘L7 V(j,n)e[,
0 _

=n’=¢c =n' =0,
subJecttO{ A== = =0, Vn € Iy.
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Proceeding as in the proof of Lemma 4.4.4, it is easy to show that there exists a common C; € R*
such that

Re(p", 87" e") < O ([lo"3 + pulldve™ lu) (4:86)

Re (8 [m" ()], 60} < O (palloe 15 + g [[ln"13 + Nl 13 + 185/ 13])
(4.87)

Re (3 [ (i 1u"?) (D)) 60y < O (V€13 + mellorem3) (4.88)
(0", w01y < Ca (o™ |3 + el 0™ 113) (4.89)

G (0P 2) 6"ty < O (1113 + mell 8PP0 13 + 0D em3) . (4.90)

Firstly, take the inner product between the first vector equation of (4.85) and 2(5251)6", and employ

next the inequalities (4.86)—(4.88). At the same time, we take the inner product of the second
vector equation with 240"~ 1, and use (4.89) and (4.90). It follows that there exists a constant
Cy € R, with the property that

n— 2 n— «a n— n— n— (1
0 [118e€™ 113 = 5 118ee™ 13 + pue (107D~ H3 + 1€ H13)] < Co [malldee™ 13 + 1113
1 (0% n n
" (olrDem 3 + fle13)]

+ 10"13]
(4.91)
and

h2
2 [Hé;ﬂ/%“*u% — 18P0+l B[ < Ca [0 I3 + Nl E + ol D 0m

H18E/2 13 + pellOm 3] -
(4.92)
Adding the inequalities (4.91) and (4.92), we can show that there exists C5 € RT such that, for
each n € Iy_1, the following inequality holds: & —¢&"~1 < Cs7(||p"||3 +||0™||3) + Csr (€™ +£771).
Here, Vn € In_1, we have

"= 03 = 2 (ll0uee™ 13 + 10208720 13) + s (116213 + €13 + I 13) + 19572673,
(4.93)

Finally, by Lemma 4.4.3, we know that there exists C' € Rt such that &" < C(72 + h?). In
particular, it is easy to establish now that ||€"[|2,[[n"|l2 < C (7% + h?), for each n € Iny_1, as
desired. ]

4.5 Computer implementation

We describe now the computational implementation of the scheme (4.25) and provide some illus-
trative simulations. About the computational implementation, it is important to point out that
the left-hand side of the first recursive equation of (4.25) is a function of the unknown complex
vector U™+, That function considers the presence of |U™*!| which, unfortunately, is not analytic
in the variable U™*!. As a consequence, the use of numerical methods to approximate the roots
of complex functions which consider derivatives of the functions of interest (including Newton—
Raphson techniques) is discarded. To avoid using such methods, we will employ an iterative
approach. More precisely, in the following discussion, we will assume that 7 is sufficiently small
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Figure 4.1: Results of approximating numerically the solution of the model (4.5) on the set
2 = (—10,20) x (0,15), with initial data (4.99)-(4.102). In our numerical implementation, we
used h = 0.1, 7 = 0.05, a tolerance of 1 x 107%, and a maximum number of iterations equal to 20.
In this simulations, we employed @ = § = 2. The graphs provide the approximate behavior of
(a) Re(u(x,t)), (b) Im(u(z,t)), (c) |u(z,t)|, (d) m(x,t) and (e) H(z,t) as functions of (z,t) € Q.
Meanwhile, (f) is the approximation to the total energy £(t) with respect to time ¢ € [0, 15].
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Figure 4.2: Results of approximating numerically the solution of the model (4.5) on the set
2 = (—10,20) x (0,15), with initial data (4.99)—(4.102). In our numerical implementation, we
used h = 0.1, 7 = 0.05, a tolerance of 1 x 1078, and a maximum number of iterations equal to
20. In this simulations, we employed o« = = 1.7. The graphs provide the approximate behavior
of (a) Re(u(w,t)), (b) Im(u(z,t)), (c) m(x,t) and (f) H(x,t) as functions of (x,t) € Q.

to guarantee the existence and the uniqueness of solutions, and we will employ the approach
followed in the proof of the theorem on the existence of solutions of our discrete model, namely,
Theorem 4.3.10.

Beforehand, notice that the initial approximations U° and M? are provided explicitly through
the initial conditions. In the general step, suppose that the approximations U"~!, M™~! U™ and
M™ have been constructed. As we pointed out in the proof of Theorem 4.3.10, the approximation
M"™1! solves the linear system A® = b, where A = C — D) and C, D® and b are given
respectively by (4.43), (4.44) and (4.53). This solution exists by virtue of the fact that A is
strictly diagonally dominant, so non-singular. To calculate the approximation U™, notice that
the first difference equation of the model (4.25) can be alternatively expressed, for each j € I;_1,
as

2

n+1 T n+1 n+1Y\ __ n—1 72 n—1 n—1
AU — 2 (30 — (1 MPUPTY) = 28,07 — AU 4+ 5 00U — (14 MU

-5 (TP o) (Ut U,
(4.94)
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Re(u(x,t))

m(u(x,t))

m(x,t)
H(x,t)

Figure 4.3: Results of approximating numerically the solution of the model (4.5) on the set
Q = (—10,20) x (0,15), with initial data (4.99)—(4.102). In our numerical implementation, we
used h = 0.1, 7 = 0.05, a tolerance of 1 x 10~%, and a maximum number of iterations equal to
20. In this simulations, we employed oo = 8 = 1.4. The graphs provide the approximate behavior
of (a) Re(u(z,t)), (b) Im(u(z,t)), (c) m(x,t) and (f) H(x,t) as functions of (z,t) € Q.

For convenience, let us define now the matrix F = C' — D@ + E, where D@ is given as in
(4.44) and E is the matrix of size (J 4+ 1) x (J + 1) defined by

0 0 0 0 0 0
0 1+Mp 0 0 0 0
, |0 0 1+ M3 0 0 0
E:% 0 0 0 1+ Mg 0 0 (4.95)
0 0 0 0 e 14 MP,0
0 0 0 0 0 0

In turn, let ¢ : V;, — Vj, be the function whose jth component is defined, for each ® € V;, by
n n— T2 a)yrn— n\yrn— 1 n 1) rrn
oj(®) = 28,U7 — AU + 5 [6@U7 " — (14 MPYUP| = 72 (u g |U72) (a7, (4.96)

whenever j € I;_q, and ¢j(®) = 0 when j = 0,J. The fact that U "+l gatisfies the system of
equations (4.94) can be equivalently written in vector form as FU™ = ¢(U"*!). Motivated
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Re(u(x,t))

m(u(x,t))

m(x,t)
H(x,t)

Figure 4.4: Results of approximating numerically the solution of the model (4.5) on the set
Q = (—10,20) x (0,15), with initial data (4.99)—(4.102). In our numerical implementation, we
used h = 0.1, 7 = 0.05, a tolerance of 1 x 10~%, and a maximum number of iterations equal to
20. In this simulations, we employed oo = 8 = 1.1. The graphs provide the approximate behavior
of (a) Re(u(z,t)), (b) Im(u(z,t)), (c) m(x,t) and (f) H(x,t) as functions of (z,t) € Q.

by the proof of Theorem 4.3.10, we will solve this problem recursively. Suppose that an initial
approximation (U"1)(©) to the vector U™*! has been provided. Inductively, assume that an
approximation (U"+1)(™) to the vector U™*! has been calculated, for some m € N U {0}. Then
(U™ H)(m+1) s the vector satisfying the linear system F((U™+1)(m+1)) = ¢((U™+1)(™), The pro-
cedure will continue until a stopping criterion is satisfied, say, when ||(U™+1)(m+D — (Unt1)(m)||,
is smaller than some tolerance, or when m reaches the maximum number of iterations.

Finally, our implementation of the numerical model (4.25) will make use of the following

recursive relation to calculate the values of the coefficients of the sequence (g,ga))zoz_oo, for each

a € (1,2].
Lemma 4.5.1 (Celik and Duman [13]). If 1 < a < 2, then the following recursive identities hold:

@  TI(a+1)

=g 4,
B T T2+ 12 (4.97)
(@) _ a+1 ) (a)
Fit1 = (1 a2t ha1) % VRENU{O}) (4.98)
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Before closing this section, we wish to provide some illustrative simulations in the fractional
and non-fractional scenarios. To that end, we will let B = (—15,20) and 7" = 15, and define the
functions ug, mg, w1 and m1 by

_V1I0-v2 [V |2
uO(az)—#sec 5 @ | exp (i r\/gaz ,

mo(x) = —2sech? (\/ 1—1_2\/5:5) , Vx € B, (4.100)

uy () = M(tanhx — 1) sech ( Lt \/53:) exp <z 2 x) , VxeB, (4.101)

Va € B, (4.99)

and

2 2 1++/5

my(z) = —4sech? (\/ 14-2\/51:) tanh ( ! +2\/5x) , Ve B. (4.102)

This functions will be employed next as initial data in our simulations. It is worth noting that
the exact solution of the model (4.5) on the set R x R, initial conditions (4.99)-(4.102) and
a = [ = 2, is given by the system of functions

(4.103)
and
1 M
m(x,t) = —2sech? ( +2\/533 - t) , VY(z,t) e R xRt. (4.104)

Let us consider the system (4.5) defined on the set Q = (—10,20) x (0,15), with initial data
(4.99)—(4.102). We approximate the solutions of this model using our computer implementation
of the finite-difference scheme (4.25), letting h = 0.1 and 7 = 0.05, using a tolerance of 1 x 10~°
and a maximum number of iterations equal to 20. Figure 4.1 shows the results of our simulations
for the non-fractional case a = 8 = 2. More precisely, the first five graphs provide surface plots
of the numerical solutions of (a) Re(u(z,t)), (b) Im(u(z,t)), (¢) |u(z,t)|, (d) m(z,t) and (e)
H(x,t) as functions of (x,t) € Q. Meanwhile, (f) provides the graph of total energy £(t) with
respect to time t € [0,15]. It is worth pointing out that the numerical approximations are in
good agreement with the exact solutions (4.103)—(4.104). Moreover, notice that the total energy
of the system is approximately constant, in agreement with the theoretical results derived in this
work. Finally, Figures 4.2, 4.3 and 4.4 provided illustrative simulations for the same experiment,
using a = =17, a=p =14 and a = § = 1.1, respectively.
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Two energy-preserving numerical
models

5.1 Preliminaries

This manuscript considers a nonempty and bounded spatial interval of R of the form B = (zr, zR),
where zr,zr € R satisfy x; < xi. Let T > 0 represent a finite period of time, and define
Q = B x (0,T). In general, for each S C R?, we let S be the closure of S with respect to the
standard topology of R%. Throughout, we will let  : Q@ — C and m : @ — R be sufficiently regular
functions, and let ug,u; : B — C and mg, m1 : B — R be smooth functions. We will define all
the relevant functions on Q and, for the sake of convenience, we will extend their definitions to
the set R x [0, 7], assuming them to be equal to zero on (R \ [z, zr]) % [0,T].

Definition 5.1.1 (Podlubny [78]). Let f : R — R be a function, and let n € NU {0} and e € R
satisfy n — 1 < o < m. The Riesz fractional derivative of f of order o at « € R is defined (when
it exists) as

dzl® — 2cos(Z2)I(n — @) da" J_oo [z — E[@F1N’

where I' is the usual Gamma function. In the case that u : R x [0,7] — R, and n and « are as
above, then the Riesz fractional partial derivative of u of order o with respect to x at the point
(z,t) € R x [0,T] is given (if it exists) by

0%u(x,t) -1 o" /00 u(&, t)dg

a° (@) -1 LY g 11 5.1)

Ozl 2cos(Z2)I(n — ) 2" J_oo | — ElotI—n

(5.2)

The Riesz fractional partial derivative of u of order @ with respect to x is also denoted by agE'u

in this work. In case that @« = n € NU {0}, then we agree that 8&|u denotes the usual nth-order
partial derivative operator with respect to x.

Definition 5.1.2. If z € C, then we will represent its complex conjugate by Z. Depending on
the circumstances, we will use F to represent the fields R or C. Let us define the set Lm,p(ﬁ) =
{f: Q—TF: f(-,t) € Ly(B), for each t € [0,T]}, where p € [1,00]. If p € [1,00) and f € L, ,(Q),

then we convey that
1/p
1o = ( [I5(ppPds) ) vee 0.1 5.3

In the case when p = oo, we set ||f|lz00 = Inf{C > 0 : |f(z,t)| < C for almost all z € B}.

Obviously, || fl|zp is a function of ¢t € [0,7] in any case. Moreover, for each pair f,g € L 2(€2),
define the following function of ¢:

<f,g>$:/§f(x,t)g(:c,t)dx, vt e [0, 7). (5.4)
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In this work, we fix «, 5 € (1, 2], and work with the fractional extension of the Klein-Gordon—
Zakharov model given by the following coupled system of fractional differential equations with
initial-boundary data:

Fu@) U@, |0 ) 4 mia, (e, t) + [ule, HPu(z, ) = 0, V(1) € 2,

ot? 0| z|™
P*m(x,t)  OPm(x,t)  0° (Ju(z,t)]?)
oz opp  owp 0 TO0Et oy
u(z,0) = ug(z), m(z,0) = mo(z), Vx € B,
subject to (%(8:?0) = wuy(z), i?n@(;at:,()) = mq(z), Va € B,

u(xp,t) = u(zg,t) =0, m(zp,t) =m(zg,t) =0, Vte|0,T].

It is important to point out that the case &« = § = 2 in (5.5) yields precisely the well-known Klein—
Gordon—Zakharov system. Moreover, as we mention before, the Klein—-Gordon—Zakharov system
describes physical phenomena, specifically the interaction between Langmuir waves in a high-
frequency plasma. Under this context, the function w represents the fast time-scale component
of an electric field raised by electrons, and the function m is the deviation of ion density from its
equilibrium. The model is given here in dimensionless form for the sake of convenience.

It is well known that the additive inverse of the Riesz fractional derivative of order o has a
unique square-root operator over the space of sufficiently regular functions with compact support

[46]. In fact, this unique operator is 8&{ 2

u and v (see [27]):

0% 0% aa/2u aa/Qv
T/, T\ o/, T vt € [0, 7). 5.6
<u’ 3\$!“>z < 8\x!a’v>x <8|$|a/2’3|x\a/2>$’ €0, (5.6)

For convenience, we will employ the function v :  — R defined as

, and satisfies the following, for any two such functions

Pv(z,t)  Om(z,t)
ozl ot

V(x,t) € Q. (5.7)
Definition 5.1.3. Let u, m be a pair of functions satisfying the initial-boundary-value problem

(5.5). We define the Hamiltonian of that fractional system as H(u(z,t), m(z,t)) = H(x,t), where

2
+ [ul® + mlul® +

2
e

98/2y |?
d|x|B/2

92y
a’x‘a/Z

du
ot

1

H(x,t) = 5

1 1
+ §m2 == §]u|4, V(z,t) € Q.

(5.8)
For simplicity, we obviated here the dependence of all the functions on the right-hand side of this
identity with respect to (z,t). Then, the associated energy of the system at the time ¢ € [0, 7] is
given by
2
2 2

+ [[ullz 2 + (m, [ul")e +

x,2

98/2y ||

a‘x‘ﬂﬂ

du
ot

1
2

1 1
&) - | b glml s+ gl .

2 804/2u
8’x‘a/2

x,2 x,2

(5.9)
Under this circumstances, we have the next results which were proved in [62].

Theorem 5.1.4 (Energy conservation). If u and m satisfy the problem (5.5), then the function
& is constant. O
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Theorem 5.1.5 (Boundedness). Let u and m satisfy the initial-boundary-value problem (5.5),

and let u,0u/0x € ijg(ﬁ). Then there exist a constant C such that
2

o 2

|5 HImiz < e (G510

Moreover, the constant function (5.9) is nonnegative. O

aa:2

9%/ 2y,
x|/

o],

7

We provide next the numerical nomenclature to build the some discretizations of (5.5). In
particular, we will focus on the concept of fractional centered differences, which allows us to
discretize Riesz fractional derivatives. We have opted to use fractional centered differences for
computational reasons. However, we must point out that there are other different numerical
approaches that can be followed, like the the use of weighted-shifted Griinwald differences [92].

Definition 5.1.6 (Ortigueira [73]). Let (g,(C )) w2 . be the real sequence defined by
() _ (=1)*T(a + 8
Y TT(E—k+DI(S+k+1)

and assume that f : R — R is any function. If A~ > 0 and o > —1, then the fractional-order
centered difference of order a of f at the point z is defined as

Vk € NU {0}, (5.11)

S o\ f(z —kh), VzeR, (5.12)

k=—oc0
if the double series at the right-hand side of (5.12) converges.
Lemma 5.1.7 (Wang et al. [97]). If 0 < a <2 and o # 1, then

i) o >0,

(ii) g,(ca) = g(_ak) <0 forallk > 1, and

(iii) Z gk = 0. As a consequence, it follows that g(() @) _ _ Z glga) = Z |g](€a)\.

k=—o00 k=—00 k=—00
k#0 k#0

Theorem 5.1.8 (Wang et al. [97]). Let a € (1,2] and h > 0, and suppose that f € C3(R). If all
the derivatives of f up to order five belong to L*(R), then

hiaag ) = d;i ﬁf) +OR?), VzeR. (5.13)

For the remainder, we let I, = {1,...,q} and I, = I, U {0}, for each ¢ € N. Throughout, we
let J,N € N satisfy J > 2 and N > 2, and define the positive step-sizes h = (zg — xr)/J and
7 =T/N. We consider uniform partitions of the intervals [z, xr| and [0, T], respectively, of the
forms

Tp=20<21 <...<x; <...<ZTjJ =R, VjETJ, (5.14)

and
O=tg<ti <...<tp<...<ty=T, Vnéely. (5.15)
For each (j,n) € T;x 1y, welet U 1 and M represent numerical approximations to u? = u(z;,t,)
and mj = m(z;,t,), respectively. Also, we let Ry, = {z; : j € I;}, and represent by V, the vector
space over I of all F-valued functions on the grid space Ry, which vanish at xg and x 5. If V € Vy,
then we set V; = V(x;), for each j € I;. Moreover, we will let U™ = (U}') € V), and
M™ = (M}");c7, € Vi, and set U = (U™) and M = (M")

J€l;

TLGYN nGTN .
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Definition 5.1.9. Let p be any number satisfying 1 < p < co. The inner product (-, -) : V4 x V), —

C and the norms || - ||, || - |leo : Vi — R are defined, respectively, by
U, V=0 > UV;, YUV e, (5.16)
jely
IUIE=h > |UIP, VU € Vy, (5.17)
j€l
[Ulloo = max {|U;] : j €Ty}, U €V (5.18)
Additionally, we let |||V]||oo = sup{||V"||oc : n € In}, for each V = (V™) netn € V.

Definition 5.1.10. Let V represent any of the functions U or M, and suppose that o € (1,2].
We will employ the linear difference operators

n__yn _ _
5,V = % V(j,n) € Tj—1 x In, (5.19)
ﬂ+l __L/n
n _ _J J : T T
OVj' = ~———=,  V(n)el;xIn, (5.20)
and the linear average operators
Vn+1 r V]n _ )
eV = % Y(j,n) € I;x In_1, (5.21)
Vﬂ+1 + V'nfl B
ugl)Vj" = %, V(], n) € IJ X IN—l- (5.22)

If we omit the composition symbol for simplicity, we have the operators 6&2)‘/;’ = 5:55961/;11,

SV = oV 67V = 66V and pPVi = V) for each (jyn) € Iy x T
Moreover, using the notation in Definition 5.1.6, we define the discrete linear operator

@ n 1 (6% n - T
SV = 2 3 gV, V(in) € Iy x I (5.23)
kel

Lemma 5.1.11 (Macias-Diaz [49]). If o € (1,2] and U,V € Vi, then the identity <—5§«Q)U, V)=
62y, 61PVy holds. O

5.2 An implicit model

Using the nomenclature of the previous section, we have the following implicit model to approx-
imate the solutions of (5.5), which is described by the algebraic system of difference equations:

50 — 8 Up U [ M PSP =0, (G € Loy x Ty,
57 M7 — 6P My — 8P U =0, W(j,m) € Iyoy x Ty,
U =uo(x;), M) =mo(z), Vi€, (5.24)
subject to 5{1)U]0 = uy () 6§1)MJQ =mi(xj), Vjelj_,
Up=U%=0, My=M}=0, Vnecly.

Note that the numerical model (5.24) is a three-step implicit nonlinear technique. Indeed, if the
approximations at the times ¢,,_; and ¢, are known, then the difference equations of (5.24) have
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the vectors U™*! and M™*! as unknowns. In the following and for the sake of convenience, we
will let {V* : (j,n) € I; x In} be such that
SOV =5, M, V(jn) € Ij—y x In_1, (5.25)
Vir=Vy=0, Vnely. (5.26)
Under these circumstances, (U, M) will denote a solution of (5.24), and V' = (V"), 7 will satisfy
(5.25) and (5.26).

Definition 5.2.1. Let (U, M) be a solution of (5.24). We define the associated discrete energy
density of the system at the point z; and time ¢, as H(U”, M}) = H}, where

= (67 4+ l6IUP 4l U P 4 Ll U1 4+ Sl PP + S0PV 4 MPIUT P
(5.27)
where (j,n) € I;—1 x In_1. Meanwhile, the discrete energy of the system (5.24) at the time t,
and Vn € [ _1, is defined by
— 1813+ e (162U Z + U3+ ST 14+ SIMPIE + (M7, [ B)) + 18872V 3.
(5.28)

Here, we employ the notation |U"|? = (‘Uﬂ2>jefJ'

Definition 5.2.2. Given any arbitrary U,V € f)h, we define their product point-wisely, that is,
Lemma 5.2.3. LetU = (U"), 7, and M = (M"), 7 be sequences in Vh, and assume that U is
a sequence of complex functions while the functions of V' are real. Suppose additionally that there
exists (V"),c1 € Vi such that (5.25) holds. Then the following are satisfied for eachn € In_1:

(a) 2Re(d; Ay )U"> = &:16:U™ M3,
(b 2Re< (5(11) Un 5(1)Un> — 5tﬂt‘|59(ca/2)Unil”%7
(c

)
)
) u(l)U" DUy = s U3,
(d)
)
) -
) 2

2 Re(
2 Re((p M™) (VU™ 680Uy = (i M, 53U 2y,
(e) 4Re((u{ UM (uNU™), 5T = 6ol U4,

(f < Mn,lutvn 1> _ 5 ||5(5/2)Vn 1||2

(g
() (0 uPUm2, pvrty = (uiM o2, 68 mmy.

Proof. The first five identities are trivial. For the remaining identities, notice that Lemma 5.1.11
and (5.25) imply that

1 n n— n—
206 u) M, VY = S| M 1!15,

—2(6M™, V) = 280V s PV = 60V 3 (5.29)
G M V) = M sV = (g e 6“’M">=15tut||M”—1u§, (5.30)
P U2, vty = (U2, s MY = (Vo P, a1 M. (5.31)
This completes the proof of this result. O
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Let (U™)nery_ s (M™)nery_, C V.. For convenience, we define L = Ly X Ly : Vi X Vi, —
f/h X Vh by

Lo(Uf, M) = 8707 = 8@ UP + VU [1 4+ M+ uDJUPP] L VGin) e 1, (5.32)
Ly (U}, M7) = 6 M7 — 6P My — 6P |UTP, W(jm) € 1. (5.33)

As expected, we define L(U", M") = (L(U}", M}")) 7, for each n € Iy_y, and let L(U, M) =

(L(U™, M™))nery_,- Let us introduce also the continuous operator £ = L,, X Ly, defined for each
(u,m) and V(z,t) € Q, by

Pu(x,t) 0%z, t)

Ly(u(z,t),m(z,t)) = +u(x,t) + mlx, thu(z, t) + [u(z, t))?u(z,t), (5.34)

o2 Ozl
Pm(x,t IPm(z,t 8 (|u(z,t)|?
Lfula, ) m(z, ) = 22 2D O (D) (5.35)

Also, for each z € {zp,zr} and t € [0,T], we let L(u(z,t),m(z,t)) = 0. Let L(u",m") =
(L(uj,mf)),c7, for each n € Iy_y, and define L(u,m) = (L(u",m"))nery_,- Similarly, let
L(u®,m") = (L(uj,mf));c7, € Wy for each n € Iy_y, and L(u,m) = (L(u", m™))nery_,-

Theorem 5.2.4 (Energy conservation). If (U, M) is a solution of (5.5), then the quantities (5.28)
are constant.

Proof. We only need to apply Lemma 5.2.3 to obtain 6;£"~! = 0. The conclusion follows by
induction. O

Lemma 5.2.5 (Young’s inequality). Let a,b € RT U {0}, and let p,q € (1,00) be such that
}% + % = 1. For each € > 0, the following inequality holds:

lafP e[bl

ab< - 4 (5.36)
pe q
Definition 5.2.6. Let (Un)ndN be any sequence in Vy, let & € V}, and assume that g : R — R
is a function. We define
1 _ ‘ - =
ualoUM] = 3 [9(@)) + 90|, VG,m) €Ty x Ty (5.37)
Lemma 5.2.7. Let U = (U"), 7, and M = (M"), 7, be sequences in Vu, and assume that U

s a sequence of complex functions while the functions of M are real. The following identities are
satisfied, for each n € In_1 and &,V € Vy:

(a) 4Re<(u£’1q))|Un\2)(MSq)>Un),q) - Un_1> = |lo|3 — U3

(b) 4Re ((uy M™) (U™, @ — U") = (¥ + M1 @ — (U1 ).
(c) 2Re (pgU", @ —U"") = [[B|5 — [U™[5.

(d) 2Re (=6 pigU", @ —U"1) = ||6l/D @[3 — |5l DU 3.

(&) 2 (=81 g M" 0 — M) = |8} — 5D 2

Additionally, the following inequalities are satisfied for each X € [0,1]:
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() Re(=2AU", @ — U"") > —3]|@[|5 —
(8) Re(® + AU L, & —U"1) > (1 X1 @3 -

() (@ = 2AM™ + AM"~L 0 — ML) > [1— 13X+ 1)] 12 -

_ A2 )\T €
(i) A2~ pl QU 2, W — Mty > elhgol [®[l7 — 1g° |¥|j3 — Cu, for each e > 0.

() Ar2 Re<<u£$M">< U, @ — Uy > A2 (14 LY w3 - 22 (e + 1) [|@[}4 = Cs, for
each €3 > 0.

Here, the constants C1,...,C5 € RT depend only on U™, U1, M™ and M™'. Additionally, C,
depends on €1, and C5 depends on es.

Proof. The proofs of most of these relations are straightforward. To prove (i), notice that

)\T

=8P g [UT P, 0 — M) > S [P (|2 + U, 68w — )|

=y )\T €1 n—
> _Euagﬁ/mqn%w PIE — = 16872 (@ — M )13
A2 n—
> 5 (1882115 ~ 15/ |0 1|2||%]
€1
AT2€; -
- =5 (1P w3 — 1882 M ]
_)\7_29(()5) 4 i AT 619(6) o 2_0
8 W” [ WH 12 4,
(5.38)
72q8)
where Cy = )‘hﬁg_ol <%HU”_1H§11 + €1||Mn_1||%)- .

Lemma 5.2.8 (Leray—Schauder fixed-point theorem). Let X be a Banach space, and let F :
X — X be continuous and compact. If the set S = {x € X : A\F(z) = x for some X € [0,1]} is
bounded, then F has a fixed point.

Theorem 5.2.9 (Solubility). The numerical model (5.24) is solvable for any set of initial con-

ditions whenever )
B—1
2 <mind 2 1 (8 : (5.39)
55 4g( )

Proof. The approximations (UY, M?) and (U!, M!) are defined through the initial data, so assume
that (U™ L M™ 1) and (U™, M™) have been already obtained, for some n € In-1. Let X =
Vh X Vh and define the functlon F:X —>XasF=GxH, where G,H : X — Vh In turn, for
each j € I;_ 1 and &,V € Vh, we let

Gj(®, W) = 207 — UP~t 4 7260 p QU — 72U [1 4 iy MI + g U], (5.40)

Hj(®,) = 2M — M1+ 72600 g M2 + 7260 ) [um 2. (5.41)

xT

In the case when j € {0, J}, we let G;(®, V) = H;(®,¥) = 0. It is obvious that F' is a continuous
and compact map from the Banach space X into itself. We will prove next that S of Lemma 5.2.8
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is a bounded subset of X. Let (®, V) € X and A € [0, 1] satisfy A\F(®, V) = (&, V). Equivalently,
the following identities hold for each n € In_1:

0= = 20U" + AU = AP u{ QU™ 4+ Ar2 U™ + Ar? (U™ [ M + g |U™ 2],
(5.42)
0= —2AM" + AM" ! = A2ty M — 726001y U, (5.43)

16" h8—1 572 1 :
Note now that (5.39) assures that 30+ < e and °g- < 5. Take the real part of the inner
729,

product of both sides of the equation 0 = ® — A\G(®, ¥) with & — U""1. At the same time,
take the inner product of both sides of the equation 0 = ¥ — AH(®, ¥) with ¥ — M1, Add

(8) _
both results, use the identities and inequalities of Lemma 5.2.7 with ¢; € <1}163901, 5}‘:(15)> and
49,

€9 € ( p 5) rearrange terms and simplify to obtain

AT? n—1)4 AT? n—12 AT’ (/2) &112 (a/2)7n—1)|2
0> = (llelf - 1o=13) + - (1213 — 10" 718) + 55 (16223 — |8/ v"13)

e a2l Ar?
20 (1w — 152 18) - 20 (L4 1) g - 23 (e 5 ) i
€9 8

A+1 A 3 + 1 Ar2gP) A2erg”
(1 - 6) 25— 1203 + ( ) 1915 = 5aer 1203 = =55 —1¥15 — o
(5.44)

where Cg = C; + Cy + C3 + C4 + Cs, and the constants C1,...,C5 € Rt are those of Lemma
5.2.7. Rearranging terms and using the fact that A € [0, 1], we obtain that

K[| @[3 + K| @])5 + K3 )5 < C, (5.45)
with
R, 1
K ™ _ - 4
A7? ! NN 1 1\ _ A2
K=" 1- (o) > (1-2-2) =22 5.47
’ 4{ e h1 2<€2+2> ~ 4< 1 2) 16’ (547)
(8)
1 1) 3r+1 11 1y e
Ky=1-X2 (204 — 1) SSihed 2( )- = (5.48
’ ! <h5—1+862+8 o > \sEteets) 5w O
7—2 1 n— n— «@ n— n—
€= Cat T (G0 + 107 + 62U + 62 1 B ) (5.9

The inequalities were obtained using the ranges of €; and €9, and that A € [0,1]. It follows that
K1, K3 and Kj are positive and, moreover, that $[®[|3 + || ¥[|3 < C. As a consequence, the set
S is bounded, and the Leray—Schauder theorem guarantees that the system (5.24) has a solution
(U™, M™*1). The result follows now by induction. O

Theorem 5.2.10 (Boundedness). Let ug, mg € H' and ui,m1 € L, and suppose that (U, M) is
the corresponding solution of (5.24). Then there exists C € Rt such that

max { [ 8,07 |12, [/ 2 U™ o, | U™ lo, 1M |2, |U" |4, [0/2V" |2} < €, ¥neTn.  (5.50)
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Proof. By Theorem 5.2.4, for each n € In_1, the quantities £™ are all equal to a constant Cjy € R.
Notice that

1 1 1
Co > 8.0 34| DU B4l B | U -4 el o4 5 108 2V B[ (M7 1072
(5.51)
Applying Young’s inequality, we have

1 1 1
(M7 |UP)| < Spull M+ SpllUME and [ (M7 UMPY| < Sal| M + | U7

(5.52)
Using the first inequality of (5.52) in (5.51), implies
1
Co > 16:U™ |15 + pel |65/ U™ |15 + pel|U™15 + §H5§f/2)V"H3~ (5.53)

In particular, ||[U"||2 is bounded and, as a consequence, ||[U™||4 is also bounded. Now, removing
some terms in (5.51) and using the second inequality of (5.52), it follows that C' > Co+pu|| U™ || >
shell M3 O

Theorem 5.2.11 (Consistency). Suppose that u,m € Cif(ﬁ) Then there exists a constant
C which is independent of T and h, such that |||(£ — L)(u,m)|||cc < C(7% + h?) and |||(H —
H)(u,m)|||oo < C(72 + h?).

Proof. Using the classical argument based on Taylor approximations, the mean value theorem
and the smoothness of u, it is easy to prove that there exists constants C1,Cy € RT, such that

O*m(z,t 1
Tgif’) — 6P Mmnl < Cy (72 + h?), Y(,n) € Ty x In_y (5.54)
0? (Ju(z, t)|? n : =+
‘W — P UMl ?| < Co(r? + 12), V(j,n) € Ty x In—1. (5.55)
The conclusion is obtained in similar fashion as in [35], considering the above inequalities. O

Next, we prove the stability and convergence properties of (5.5). For that reason, in the
following, (u°, u', m®,m') and (a°,u', m°, m!') will represent two sets of initial conditions of (5.5),
and we will assume that the initial data for (5.24) are provided exactly. Moreover, if f : F' — F
and V € V, then we define 8(f(V, 7)) = f(Vj) — f(V;), for each j € Iy and F = R,C. The

following results will be crucial to establish the remaining numerical properties.

Lemma 5.2.12 (Macias-Diaz [49]). If V € V}, and o € (1,2] then
(a) 852V [3 < 26§ ni=e V|13,
(b) 16V([3 = 167268/ P V|13, and
(© I8V3 < 20§ m=e 67D V3 < 4 (g ni=) " V2.

Lemma 5.2.13 (Gronwall’s inequality [105]). Assume that N € N with N > 1. Let (w"), 7.
and (Cp)nery be sequences of real numbers, and let A, B and C, be nonnegative numbers, for
each n € In. Suppose that 7 € RY, and that

W' — WP < Arw" + Brw" ' 4+ Cpr,  Vn € In. (5.56)
If (A+ B)T < (N —1)/(2N) then
n 2(A+B)N
max lw™| < (w +7 Z Ck) (5.57)
keln
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Lemma 5.2.14. Let ug, mo, o, Mo € HY(B) and u1, m1,u1,my € La(B). Suppose that (U, M)
and (U, M) are the solutions of (5.24) corresponding to (u,u',m°,m') and (a°,ua',m°,m'),
respectively. Let € = U™ — U™ and (" = M™ — M™, for each n € I, and define

= 16ee" 13 + pell 87D + pelle™ 13 + 168 D0 E + pellCMIE, V€ In-a. (5.58)

If T is sufficiently small, then there exists a constant C' € R independent of h and 7, such that
w" < wlexp(CT), for eachn € In_q.

Proof. Tt is easy to check that the sequence (e, () satisfies V(j,n) € I, the following system
2) n @) (1) n Dom, 7 1) rn y J— 5 ) Jp— y J—
0 e () 03] 3 07 o) =
2) rn Don % 1 n
()C _ ( ) ( C _ (;B),U,)(f )‘Uj ’2) :O7
subjecttoegzsf}:OandCO—CJ—O, Vn e Iy.
(5.59)

For each n € Iy, define the difference v" = yn_yn and, as a consequence, we have (53(65 Dy = 0:C™.
The following identities are obtained using similar arguments to the Lemma 5.2.3

(i) 2Re(5Pen, 6Mem) = 6,16, 1|2,

(i) 2Re(—35 u{Ven, 5Vem) = Gy ||55/Den=1)3,
(iii) 2Re(uiVem, 6Mem) = Sy llem 112,
(iv) —2(6& ¢, o=ty = 5,68/ Pun=1|12, and
) 20081V ¢m, ™ty = Syl

Since the set {||U"||o, [T |2, | M"||2, |M"||2 : n € In_1} is bounded, we can show that there
exist C1,Co € RT, such that

Re (5[(1207) (u00™)] 50"y = Re ((uf¢") (007) + (uf0a) (1D, o0
< 5 (689" (0T 2+ (s 2a) e )
+ (16013

< (IC 5 4 1M E + e 3 + [l 13)

FJ;[Q

1 _
+ *Mt”5t5n "3

< Cy (utH5t€” B+ gD ISP I3 + 1™ 13 + 16 Pem 1)) -
(5.60)

In similar fashion, it is also easy to prove the existence of C3, Cy € R, such that

Re (8 [(uP 0" P) (P um)] o<y < O (w113 + mllde"B) . (5.61)
(5 (8PP P) me 1) < Cu (VM3 + B M3) . (5.62)

Take the real part of the inner product between the first equation in (5.59) and 25151)5”, and
compute the inner product of the second equation with 26;¢"~!. Using identities (i)~(v) and
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inequalities (5.60)—(5.62), simplify algebraically and rearrange terms we show that there exists
C5 € RT such that the following inequalities are satisfied for each n € Iy_q:

0ul10ue™ 3 + 0P [0 Dem 3 + lle™13] < Cs (P [llC™ I3 + 107D e (3 + lle™13] + mell ™ 113)
(5.63)

01887 Dun 13 + 61V ™3 < Cs (V1™ I3 + el 113) - (5.64)
Adding these last inequalities, we obtain that for each n € Iy,

W — @ < Csr (Y 1CMIE + 08B+ 2V ™ 13 + pallone™ M I3 + w0 13)

< Ce1 (w" + w"il)

(5.65)
where max {2, 2géﬂ)h1’ﬁ} = C4/C5. If 7 is sufficiently small, namely, Cgm < (N —1)/(4N), then
Gronwall’s inequality establishes the conclusion of this result with C' = 4Cs. 0

The following results are immediate consequences of Lemma 5.2.14.

Theorem 5.2.15 (Stability). If the initial data satisfy ug,mo € H*(B) and uy,m; € La(B),
then the solutions of the numerical model (5.24) are unconditionally stable. O

Theorem 5.2.16 (Uniqueness). Assume that the hypotheses of Theorem 5.2.15 are satisfied. If
T is sufficiently small, then the numerical model (5.24) is uniquely solvable. ]

To establish the quadratic order of convergence of our finite-difference method, we take the
local truncation errors of the equations in (5.24) at the point (x;,t,), this is

oy = 0% = 8 i+ (i) (i) + (Pl ?) (i) s W) € 2,
(5.66)

= (5(2) 5(B)u( )m (5(5)/1121)\71;‘]2, Y(j,n) € I. (5.67)

By Theorem 5.2.11, it is clear that [p}|+[07| = O(72+h?). Again, (u, m) will represent a solution
of the continuous problem (5.5), while (U, M) will denote the solution of (5.24) corresponding to
the same set of initial data. Under these circumstances, let €7 = uj — U}, n? = mj — M} and

53(55)0’7 = &, for each (j,n) € I. Also, if f: F — F is a function and V € Vh, then we define
g(f(vj)) f(v;) — f(V;), for each j € I;_; and F =R, C.

Theorem 5.2.17 (Convergence). Suppose that u,m € sz(ﬁ) Then the solution of the problem
(5.24) converges to that of (5.5) with order O(1? + h?) in the Lo norm for (U™) and in the

n€7N7
Ly norm for (M™) when the numerical initial conditions are exact.

HETN’
Proof. In light of the exactness of the initial conditions, notice firstly that (e, n) satisfies V(j,n) €
I, the discrete system

=60 0+ [(405) 0)] 3600 (40) =
5152)?7?—5955%1)77] 5 (0 uPun?) = on,
subject to { z;zzg :anzné;:: 6, P
(5.68)
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Let n € In_1. Following the argument used in the proof of Lemma 5.2.14, there exists a common
C, € RT such that

Re(p", 8 e") <
Dy ofer

< G ("3 + melldrem13)
)<
D] Lsher) < ¢
) < Ch
) < Cy

( (5.69)
(munm+muwm+mmwww (5.70)
(1€ 13 + el e M3 + 882 3) - (5.71)
(0", 0" ( (5.72)
(0 (0P M 2) o= (5.73)

lo™ 13 + pello™13) .

(1€ 13 + el o™ 13 + P flof/Den 3)
Again, we take the inner product of the first vector equation of (5.68) with 25§1)6” and use
the inequalities (5.69)—(5.71). On the other hand, take the inner product of the second vector

equation with 21,6"~! and use (5.72) and (5.73). In such way, one can show that there exists a
constant Cy € R such that

n— 1 « n 1 n 7 n—
Sull3ee™ 13 + 6 11652 e 13 + 5t e 13 < Co [I17 15 + pellore™ 3

5.74)
+ " (™13 + 1672 € (3 + le™113) |

8u18P/D0m 113 + 5t 13 < o [llo™ 15 + it (€13 + 16D en3)

e (163 + 116" 13)]

respectively. Multiply (5.74) and (5.75) by 7, and adding both new inequalities, it follows that
there exists C3 € RT such that " — "1 < Cs7(||p™||3 + [|o™]13) + C37(£" + €"1), for each
n € In_1. Here,

(5.75)

" = 16" l13 + pell 8PN A pell€ I3 + 16 D0ME + pelln® 3, Yn € Iy (5.76)

Finally, as a consequence of Lemma 5.2.13, it follows that there exists C € RT such that " <
C(7% 4 h?). In particular, note that ||€"||2, [|[7"||2 < C(7%+ h?), for each n € Tn_1, as desired. [

5.3 Explicit Model

Now, in this section, we are going to study the finale scheme. This time, an explicit model to
approximate the solutions of (5.5), given by the following algebraic system, for each V(j,n) € I:

2)rn a)rm D7 n, (Drm 1 n Dymn
o )Uj NY + g Uy + My U + (“g u; ‘2) ( s ) =0,
5(2)Mn _ 5(/3)M]n _ 5;ﬂ)|U]ﬂ|2 =0

U<70 = UO( ) MJO = m()(.%'j), Vj € TJ, (577)
such that ¢ 500 = (l‘j) 01 MY = my(z)), Vje L1,
UO_UJ 0, MP=M}=0, Vnely.

Note that the numerical model (5.77) is a three-step explicit technique. The first equation of
that system yields an expression with complex parameters in which the only unknown is Uj’-“'l.
Moreover, the second equation of (5.77) is a fully explicit difference equation which can be easily
solved for M ;LH, for each (j,n) € I. Using then the initial data, we readily obtain that for each
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j € I;_1, the following identities hold:

2Uj1 — 2uo(w:2) — 271 () :53(604)(]]0 _ (Ujl — ruy (2;)) {1 + M]Q + % (\U}\Q + \Ujl — 2Tul(xj)‘2):| 7
(5.78)
M} =mo(x;) + Tma(x;) + 7225993) (M;.J + ij0|2) : (5.79)

Again, we will let (V"), 7 be a sequence in Vy such that
PV =6 MP, V(j,n) € Iy—1 x In_1, (5.80)

Under these circumstances, (U, M) will denote a solution of (5.77), and V' = (V"), .7 will satisfy
(5.80).

Definition 5.3.1. Let (U, M) be a solution of (5.77). The discrete energy density at the time ¢,
is given by

n n s(a n n 1 n
= 6072 = UF8{0UF* + | U P + 516,V

Lt 1 4, 1 +12 +1 2 . (5:81)
+ S MPPIME + Sl UFI o+ 5 [MpUPH 2 4 MPURR] L WG € Iy
The total discrete energy at the time ¢, is defined, for each n € In_1, by
= [16.U™3 + Re(s{*/ DU, 5(a/2)U”> +uellUM3 + 5 ||5(5/2 V3
(5.82)

(ML M)+ ZpllOME + 5 [ 0T + (e o)

Here, we employ the notation |U"|? = (|UJ”|2) for each n € Iy.

jely’
There are equal terms in both schemes (5.24) and (5.77), nevertheless, we need to estimate
some new quantities in view to establish the energy conservation for (5.77).

Lemma 5.3.2. The following are satisfied for each n € In_1,
(a) 2Re(—6Um, sVUny = 5, Re(s\/PUn, 5P -1y,
(b) 2Re(M U™, 670") = (M7, 5 U™ P),

(c) 2(Mm,601Um2) + 20U 2,680 Mmy = 6, [(MPL, |U2) + (M™, [UmL2)],

)
)
)
(d) Re(U™1,U™) = ul[U™|3 — Lr2I0,U 3. ¥n € Tn_1,
(o) \<M" UPH2) + (ML [UP2)] < | MP3 + e[ U1
(£) 2068 M7, eV ty = (M, M),

(8) (8 |UT2, vty = (U2, 81 M),

Proof. The identities (a)—(d) are straightforward and (e) is obtained applying Young’s inequality.
Finally, to prove (f) and (g), we use the property (5.80) (see [60]). O

Theorem 5.3.3 (Energy conservation). If (U, M) is solution of (5.77), then the quantities (5.82)

are constant. Moreover, if g((;’)Tth_'y < 1 holds for v = a, and v = 3, then the constants are
nonnegative.
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Proof. The first part of the proof is very similar to that in [60], but this time using the quantities
with the term 3, then, we will focus only in the second part. By Lemma 5.3.2 (d) and (e), we
have

1 1 1
B> |80 3 4 50U - L2l UmE + U7 + L1 v3 - Loz
(5.83)
and, from Lemma 5.2.12, it follows that ||5éa)5tU”||% < 2géa)h1_a||5tU”||% and ||6;M"||3 <

Qgéﬁ)h1*5\|5g(cﬁ/2)V”H§. Using these inequalities in (5.83), we conclude that Vn € Ty_1,

g((]a)Tz 2 2 2 9, 1 9(()’8)72 2 2
E" > (1 ~ e ) ||5tU”||2+ut|\5§:a/ )Un||2+utHUn”2+5 <1 - h5—1> ||59(66/ V™5 > 0. (5.84)

O]

For this explicit scheme, also we have consistency of order two. In fact, the proof is similar
as in Section 5.2, but this time, we are going to use

Lo(Uf, M}) = 807 = 807 + pVUp + M7 P07 + (VU7 ?) (iP07), YGim) € 1,

(5.85)
Ly (U}, MP) = 6P MF — 6P MP — s|UP 2, V(j,n) € 1. (5.86)

where L({U", M") = (L(U}', M})) ¢z, for each n € Iy_y, and L(U, M) = (L(U", M"))nery_, -
In similar fashion, the continuous operator £ = £, X L,,, defined for each (u,m) as in (5.34)
and (5.35). Also, for each x € {zp,zgr} and t € [0,T], we let L(u(z,t),m(z,t)) = 0. Let
L(u",m") = (L(u},m})),c7, for each n € In_1, and define L(u, m) = (L(u",m"))nery_,- Sim-
ilarly, let L(u",m") = (L(uj,m})),c7, € Wy for each n € Iy_j, and introduce L(u,m) =
(L(un7 mn))nEIN—l ;

Theorem 5.3.4 (Consistency). Suppose that u,m € Cif(ﬁ) Then there exists a constant
C which is independent of T and h, such that |||(£ — L)(u,m)|||ec < C(7% 4+ h?) and |||(H —
H)(u, m)|||loe < C(T + h?). O

Theorem 5.3.5 (Boundedness). Let ug,mo € H' and uy, m; € L*(B), and suppose that (U, M)
is the solution of (5.77) corresponding to the initial data ug, mg, up and my. If g(()AY)Tth_“Y <1
for v = «, 8, then there is a common bound C € Rt for (||6:U"||2) (||5§;a/2)U"H2)

nETN_l’ TLE?N_l’
n 2 n n n
(0™ nery - ULV ) ez o UM 2)ner, and ([U™a) et -
Proof. Let n € Iy_1 and € > 1. Proceeding as in [60] is easy to see that
1
18:07 13 + Re(3L/2 U™, 582U = = (18U 3 + el 82 U™ 3) (5.87)
and 1
182V 3 4+ (M Mm) > = ([68VRN3 + | M73) (5.88)
€

On the other hand, applying Young’s inequality we have

(MU < MG+ 210G and (ML U] < e IMPHE + ellUT G, (5.89)
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for each n € Iy_1. By Theorem 5.3.3, we know that the quantities (5.82) are equal to some Cy >
0. Then, let Cf' > 0 be a common bound of |[M™||3 and ||[U"||1, and define C = Cy+ (e +1)C§.
Using inequalities (5.87), (5.88) and (5.89), we obtain

Ct =L (100715 + mills/> U3 + H10L DV 3 + Sue| M™3) + e U™ 3 + el U™ 4
= S M3 = AU = IME - IO+ Se+ 1) (I3 + 0™ 14)

> L1607 13 + el 82U 3] + 11682V 3 + | U5 + = pell M3 + e[0T
(5.90)

for each n € Ty_1. As a consequence, there exists C§ > 0 such that
16:U0™ 13, 165/ U3, U™ I3, 188V 13, 1|75, [U™ 1 < ¢, (5.91)

for each n € Iy_1. Moreover, by hypotheses there exists a common bound C§ > 0 for |5, U3,
18520018, 10O, 182V 13, 11MO]3, U°]14 and U°]3. Let n € Ty~ and suppose that

6.0 13, 11652 T |3, 1T 13, 16872V =13, 1™ 13, 11U 13, 1U™5 < CF, (5.92)

for some Ci > 0. The proof follows by induction using C' = C"+1 Cy. In fact, it is possible to
show that there exists C§ > 0 such that ||[U" ||, < CF (see [35]) and take Cf 't = max{Cy, C}}
O

In the following, (u®,u!,m® m!) and (a°,u', m", m!') will represent two sets of initial condi-

tions of (5.5), and we will assume that the initial data for (5.77) are provided exactly. Again, if
f:F — FandV €V, then we define §(f(V;)) = f(V;) — f(V}), for each j € I;_1 and F =R, C.
One more time, we are going to use Lemma 5.2.13 and proceed as in Lemma 5.2.14.

Theorem 5.3.6 (Stability). The method (5.77) is stable under the hypotheses of Theorem 5.3.5.

Proof. Let (u®, u',m® m') and (a°,a', m°, m') be sets of initial data of (5.5), and observe that

the assumptions of Theorem 5.3.5 hold for both (U, V) and (U, V). On the other hand, note that
(¢, () satisfies the following with (j,n) € I:

e o+ M >e +3 LM’n (utV0r) + (" op) (Pup)] =0,
o =00 -3 (8P pR) =0, (5.93)
subject to e = €5 =0and ¢ =(7 =0, Vne€ly.

We want to compute the real part of the inner product between the first difference equation of
(5.93) and 25,51)5”, and the inner product of second difference equation of (5.93) with 20",
where v = V" — V" and 5&3)1)” = §;(", for each n € ITn_1. As we mention before, this is the

same idea that was used in Lemma 5.2.14, but with some different quantities, for instance, notice
that

(5 [ (P om)] S otem)| < € (uVNCm 1B + i 108D 13 + gDl 3 + pelloe113)
(5.94)
and

(5 (8P, o) < € (el 8PP0 + 16D |3+ €3)  (5.95)

which are obtained in the same way that they were calculated in (5.60). Also, recall (5.87)
and (5.88) to compute the terms Re(ég(ﬁa/2)£”,5§ca/2)e”_1>x and (¢", (" 1),, respectively. The
conclusion is follows using again, Gronwall’s inequality of Lemma 5.2.13. In fact, the quantity
" is defined as in (6.71) to obtain the inequality (5.65). O
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The argument to prove our final proposition is similar to that of stability, like in Theorem
5.2.17.

Theorem 5.3.7 (Convergence). If u,m € Cif(ﬁ) solves (5.5), then the solution of (5.77) con-
verges to that of the continuous problem with order O(72 + h?) in L> for (U™) and in L?
for (M™) O

'I’LGYN’
TLETN :

The remainder of this section will be devoted to study computationally the performance of
the methods proposed in this work. Our study will focus firstly on the capability of the schemes

to preserve the discrete energy throughout time. In all of our simulations, we let B = (—20, 20),
and define the functions ug, mg, u1 and m; by

up(x) = Wsech (\/ L +2\/5x) exp (i, / 1—i—2\/5x> , Vx e B, (5.96)
mo(z) = —2sech? (\/ L +2\/5$) , ¥z € DS (5.97)

V10— V2 1++/5 2
= ————(tanhx — 1) sech i ———= B .
up(x) 5 (tanh z — 1) sec 5] exp (/7 i \/ga: , VzxeB, (5.98)
1 1
my(z) = —4sech? (\/ 2\/5:1:) tanh ( +2\/5x) , VxeB, (5.99)
where 72 = —1. As a matter of fact, it is worth pointing out that the exact solution of (5.5) when

o = f3 = 2 is given by the following exact traveling-wave solution on R x R+ (see [45, 44]):

u(x, t)

V10 — /2 1+ 6 . 2 =
:25ech< 5 x—t) exp lz( mm—t)], V(z,t) € R x Rt,
(5.100)

/1 _
m(x,t) = —2sech? ( 4_2\/537 — t) , V(z,t) e R x RT. (5.101)

We consider the system (5.5) with a = /5 and the initial data (5.96)-(5.99). Computationally,
let us fix h = 0.025 and let 7 = 0.004. This study concentrates on the capability of the schemes to
preserve the energy throughout time. To that end, each experiment will determine the deviation
of the total energy of the system with respect to the energy at the initial time, and the results
will be presented as a function of the discrete time. The results of our simulations are shown in
Figure 5.1 for « = = 1.2 (top row), o = = 1.5 (middle row) and o = § = 1.8 (bottom row).
The graphs on the left column were obtained using the implicit scheme (5.24), while those on
the right column correspond to the explicit model (5.77). The results show that both methods
approximately preserve the energy of their systems. This is in agreement with the theoretical
results derived in this work. It is worth pointing out that the variation in the total energy
associated to the explicit scheme is smaller. However, we are convinced that this phenomenon is
due to the computational implementation of our techniques.
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Figure 5.1: Graphs of the numerical deviation of discrete energy versus discrete time. The

simulations correspond to numerical solution of (5.5) subjected to the initial data (5.96)—(5.99),
on the spatial domain £ = (20,20). Left column: implicit model (5.24); right column: explicit
model (5.77). Weused a = 8 = 1.2 (top row), « = § = 1.5 (middle row) and o = 3 = 1.8 (bottom
row). The deviations were calculated with respect to the initial energy. Computationally, we used
h =0.025 and 7 = 0004.
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Zakharov equations

6.1 Preliminaries

Let I, ={1,...,q} and I, = I, U {0} for ¢ € N*. We use the symbol X to denote the closure of
a set X C R? under the usual topology of RP, where p € N* is a fixed natural number. For the
remainder, we will suppose that 7" > 0 represents a fixed period of time, and B = (z1,xRr) is a
nonempty interval in R. Define Q = B x (0,7, and agree that all the functions of this study will
be defined on the set Q C R?. Moreover, we may extend the domain of definition of our functions
to R x [0, 7] whenever needed, and by allowing them to be equal to zero on (R\ [z, zRr]) x [0,T].

Definition 6.1.1 (Podlubny [78]). Let I' denote the usual Gamma function which extends the
factorial function. Suppose that f : R — R is any function, and assume that n is a non-negative
integer and « is a real number, with the property that n — 1 < a < n is satisfied. Whenever it
exists, the Riesz fractional derivative of f of order a at © € R is given by

d*f(z) —1 d" /°° f(§)dg

dzl® — 2cos(Z2)L(n — @) da" J_oo |z — E[aT1n

(6.1)

When u : R x [0,7] — R, the Riesz fractional partial derivative of u of order av with respect to z
at (x,t) € R x [0,7] is given by (when it exists)
0%u(z,t) -1 o" /0o u(&, t)dg

Ozl  2cos(Z2)[(n — ) Bz J_oo |z — £lot1—

(6.2)

For any z € C, we will represent its complex conjugate using the standard notation z. Let us
define the set L, ,(Q) = {f: Q@ — F: f(-,t) € L,(B), for each t € [0,T]}, where p € [1,00) and
F =R,C. On the other hand, for any f € L, ,(Q), we convey that

1/p
9o = ( [ 17 ypas) " vee .1, (63)

which is a function of ¢ € [0,7]. Moreover, for each pair f,g € L;2(f), define the following
function of ¢:

<f,g>$:/§f(x,t)g(x,t)dx, vt € [0, 7). (6.4)

For the remainder of this work, we fix o, 5 € (1,2]. Assume that u and m are a complex- and a
real-valued functions, respectively, whose domains are both equal to Q. Moreover, let ug : B — C
and mg,m1 : B — R be sufficiently smooth functions. Under these circumstances, the fractional
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extension of the Zakharov problem investigated in this work is given by the system

Z,(‘)u(m,t) + Oulw,t) u(z,t) — m(z, tu(z,t) — |lu(z, t)Pu(z,t) =0, VY(z,t)€Q,

ot O|z|*
*m(z,t)  OPm(z,t)  0° (|u(z,t)?)
- - = t) e
or P oap 0 E0ER
u(z,0) = up(z), m(z,0) = mo(z), Vz € B,
subject to 8771((;;,0) = my(x), Vx € B,

u(zr,t) = u(zgr,t) =0, m(xr,t) =m(xg,t) =0, Vte|0,T].

Notice that the case o« = = 2 is precisely the well-known Zakharov system [102, 103]. For
convenience, we define the function v : © — R in such way that

OPu(z,t)  Om(z,t)
olzlf ot ’

Y(z,t) € Q. (6.6)

Definition 6.1.2. Let u, m be a pair of functions satisfying the initial-boundary-value problem
(6.5). The mass density of the system is given by the expression M(z,t) = |u(z,t)|?, for each
(x,t) € Q. In turn, the total mass at the time ¢ € [0, 7] is calculated through M(t) = ||u||§72 Let
us define the Hamiltonian of our fractional Zakharov equations as

B 2
H(z,t) = ai: +Hp(z,t), Y(zt) e (6.7)
Here,
2 | , 182 1, 1, .,
HF({E,t)— ‘a’x’a/z -|—|u| +m|u\ +§ W +§m +§|U‘ 5 V(CL‘,t) e (68)

denotes the Higgs’ free local energy density component, and v satisfies Equation (6.6). For the
sake of simplification of the nomenclature, we obviated the dependence of all the functions on the
right-hand side of this identity with respect to (x,t). In turn, the associated total energy of the
system at the time ¢ € [0, 7] is provided then by

Ou ||

£(t) :/ H(z,t)dx = H +Er (1), (6.9)
— Ot |z 2
where
9°/2y | ) oo 1P 1, . 1,
Er = H8|xla/2 y + [Jullz2 + (m, [ul*) s + 2 | 0P ) + 5”7” |22+ 5”“’ 4 (6.10)

represents the Higgs’ free energy at the time ¢.

Theorem 6.1.3 (Conservation of mass). If u and m satisfy the problem (6.5), then the total
mass is conserved.

Proof. Take the imaginary part of the inner product between the first equation of (6.5) with u
to obtain that

Ou 0% 1d
0= Im <zat + g ]u|2u,u>w = S olule Ve D). (61)
The property of conservation of mass readily follows now from these identities. O
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Theorem 6.1.4 (Conservation of free energy). If u and m satisfy (6.5), then the free energy is
non-negative and constant.

Proof. Using the first equation of (6.5), it follows that V¢ € (0,7),

Ou Ou\ 0%u 2, ou
0= Re< T 8t> Re< Bl |a+u+mu+|u| 8t>

0 I st et L 2220 [
2dt Blafer? |, T2 T g | T

(6.12)
H 152+ 5 HUIIiA)-
2

We conclude from this that 5 (t) = 0, for each ¢ € [0, 7], as desired. The non-negativity of the
function £ readily follows from its definition and the fact that (m, |u|?), < %HmH%Q +1
by Young’s inequality. O

Corollary 6.1.5 (Boundedness). Assume that u and m satisfy the initial-boundary-value problem
(6.5). Suppose also that u,0*u/dz* € L, (). Then there exist a constant C which depends only
on the initial conditions, such that

Moreover, the functions (6.9) and (6.10) are both non-negative.

ou ||

— +|mll2, < C, Vte[o,T]. (6.13)
ot z,2 i

8%y
8|x’a/2 x,2

/%
O|xz|P/2 .

Proof. Notice that Theorem 6.1.4 assures that there exists a constant Cy € R such that Ep(t) =
Cy, for each t € [0,T]. It is worth pointing out that Cp = Er(0), which is entirely expressed in
terms of the initial conditions. On the other hand, observe that |(m, |u*)| < Z(||m|13 + |lull})
holds for all ¢ € [0,T]. Therefore, it follows that

2

9%/2y a8/2y 3

3Co 2 H8|x‘a/2 1 ”uHi,z - ‘(m, ul*)e H‘W §||m||§,2 5 ||U||

T2 ,2 (614)

8/2y ||? 9 95/2y || 9 4

W + [Jullz2 + W +Imllz2 + [Jullz 4
x,2 z,2

Finally, we readily reach the conclusion of this result by letting C' = 3C. 0

Theorem 6.1.6 (Dissipation of energy). The total energy of the system (6.5) is dissipated.

Proof. We compute firstly the derivative of the first equation of (6.5). Next, we take the imaginary
part of the inner product between that derivative and % to obtain, for each ¢ € [0,T7], that

D% 0 [ 0%y 9 ou
0=1Im <Z(9t2 + En (8|x|°‘ —u —mu — |ul u) 73t>m

_1d‘3u2 7 <u(3m+u8“> 8“>
“odt o), " ot ot) ot/

(6.15)

Using the property on the conservation of free energy and the last identity, we notice that

om Ju\ OJu
/
= — . 1
0 2Im<u(at +u 8t>’8t>x’ vt € (0,7) (6.16)
We conclude that the total energy of the system (6.5) is dissipated, as desired. O
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Before we close this section, we introduce the concept of fractional centered differences which
will be the cornerstone to provide consistent a discretization for Riesz-type fractional partial
derivatives. For the remainder, we will employ the discrete spatial step-size h = (zg — z1)/J.

Definition 6.1.7 (Ortigueira [73]). Suppose that f : R — R is a function, and let a and h be

real numbers such that « € (0,1) U (1,2] and A > 0. Let (g,ga))zi_oo be the two-sided infinite
sequence given by
(a) _ (—D)*(a +1)
e TG —k+ DS+ k+ 1)

When it exists, the fractional-order centered difference of order o of f at the point x is defined
as

VEk € Z. (6.17)

wf(x) = i g,(ca)f(ac —kh), Vz€eR, (6.18)

k=—o00

0o
k=—o00

It is well known [97] that the sequence (g,ga))
a€ (0,1)U(1,2]:

satisfies the following properties when

(ii) ¢! = ¢'?) <0 for all k> 1, and

o~ ()
(i) Y g =0.

k=—00

Moreover, if all the derivatives of the function f : R — R up to the order five are integrable over
R and h > 0, then the following consistency property holds true [97]:
_ df(z)

1 a 2

6.2 Numerical model

For the remainder, we will use the symbol F to denote any of R or C. Let J and N be arbitrary
natural numbers, and introduce the computational constant 7 = T/N. Fix regular partitions of
[zr,zR] and [0, T}, respectively, in the following way:

rp=20<21 <...<72;<...<ZTJ=2TR, VjGTJ, (620)

and
O=tg<ti <...<tp<...<ty=T, Vnéely. (6.21)

Let us set u? = u(w;,t,) and m? = m(x;,t,), for each (j,n) € I; x Iy, and agree that Uy
and M} denote computational estimates for the exact values of uy and mj, respectively. We
employ the notation V} to represent the vector space of all F-valued functions defined on the
set {z; : j € I;} which vanish at z¢p and ;. If V € V,, we agree that V; = V(x;), for each
j € I;. Finally, set U™ = (Uf)jer, € Vi and M™ = (M} € Vi, and let U = (U"), 7, and

J )jEYJ
M=, e,
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Definition 6.2.1. Let 1 < ¢ < oo. The functions (-,-) : Vi x V), = C and || - [|¢, || oo : Vo = R
are defined by

(U V)=h> UV;, VYUV €V, (6.22)
i€l

1UNE=n " (U9, VU € W, (6.23)
j€ly

1Ullso = max {|Uj| : j € Ts}, U € Vi (6.24)

Moreover, for any V = (V") C VW, we define |[|V]|]oo = sup{||V"||oc : m € In}.

nGTN
Definition 6.2.2. Let V be U or M, and assume « € (0,1) U (1,2]. Introduce the discrete
operators

® =\ _ _
SV = % V(j,n) € Ty_1 x In, (6.25)
n+1l n
oV = u V(] TL) & TJ X TN—I (626)
] T ) ) 9
n+1 n
Vvr = Eigggjlfﬁ, V(' I T 6.27
:ut]_ 9 ) ]7”)6 J X AIN-1, ( )
A .
pOve = S, VGn) eIy x Iy, (6.28)

Using these definitions, we introduce the operators (59(02)1/}” = 0500, V"4, (5t(1)1/;~" = 0 5th"_1,
5t(2)an =0; 0 5t‘/j”_1 and ,LL?)VJ.” = g 0 Mth"_l, for each (j,n) € I;_1 x In. Moreover, let

o] n 1 o n . T

VP = -2 Y Ve, V(Gn) € Iy x Iy. (6.29)
k‘EIJ

Lemma 6.2.3 (Macias-Diaz [49]). Assume that a € (1,2] and U,V € V. Then (—5U, V) =

62y, 62V, O

With this nomenclature, the discrete model proposed in the present manuscript to approxi-
mate the solutions of (6.5) is summarized as the following coupled system of algebraic equations:

i VU7 + 8 Moy — pPup — Mruuy — (pP|opR) (uup) =0, VG el

oI MP — oMy —sP\UTE =0, Y(jn)el,
U]O = UO(SU]'), M]O = mo(.’E]’), Vjely, (630)
such that § VU9 = g (), 0f"M? = my(x)), Vje€ Ly,

Up=U7=0, M}=M?=0, Vnéely.

The first equation of this system yields an expression with complex parameters in which the only
unknown is U ;Hl. Moreover, the second equation of (6.30) is a fully explicit difference equation
which can be easily solved for M ;‘“, for each (j,n) € I. Using then the initial data, we readily
obtain that for each j € I;_4, the following identities hold:

e 1
Ujl =ug(z) + it (5§ )uo(xj) — up(xj) (1 + ]\4jQ + 5 (\Uj|2 + [2uo(z5) — U]-1|2>>} ; (6.31)
1 72 5(5) 2
Mj =mo(z;) + mma(e;) + 503 (mo(%’) + [uo(zy)| ) (6.32)
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nely in f/h which
satisfies 5;(36)‘/3-” = 6: M7, for each (j,n) € I;—1 X In_1. Under these circumstances, (U, M) will
denote a solution of (6.30).

For the remainder of this manuscript, we will employ the sequence (V™)

Lemma 6.2.4 (Macfas-Diaz [49]). If V € V},, and o € (1,2] then
(a) [85/2VI3 < 2057 n1=e |V |3,
(b) [167V][3 = |65/ 88D V|3,
© 18V3 < 20§ m=e 6D VE < 4 (g ni=)" V2.

In a first stage, we will prove the existence of solutions for the numerical model (6.30). The
cornerstone in our proof will be the following fixed-point result from the standard literature.

Lemma 6.2.5 (Browder fixed-point [26]). Let (H,(-,-)) be a finite-dimensional inner-product
space, let || -|| : H — H be the norm induced by (-,-), and suppose that F : H — H is continuous.
Assume that there exists X\ > 0 such that Re(F(z),z) > 0, for all z € H with ||z|| = X\. Then,
there is z* € H, such that F(z*) =0 and ||z*|| < A.

Theorem 6.2.6 (Solubility). The model (6.30) is solvable for any set of initial conditions.

Proof. Notice that the approximation (U°, M?) is defined by the initial conditions. Proceeding
inductively, suppose that (U™, M™~!) and (U™, M™) have been already obtained for some n €
In_1. In a first stage, observe that the second equation of (6.30) can be written as AV = b,
where W is the unknown vector of approximations at time %,.1, and the matrix A and the vector
b, are given by

2 000 --- 000 O
0100 --- 000 0
10010---0000
A=ﬁ T (6.33)
0 000 010 0
0 0 0O 001 0
0 000 00 72
and
0

sPNOpR w6 My + & (2Mp — M
5;5) Un 2 + 5;5)Mn e pe 2IMI — Mnfl
U3 d M — M (6.34)
0PN A2+ 0 My + 2 (20— M)
0

Since A is nonsingular, there exists a vector M™* ! which satisfies the system consisting of all the
second difference equations of (6.30) at time ¢,. On the other hand, observe that we can rewrite
the first equation of (6.30) as

w0y = Urt i (=8 pVUp + o+ My o+ (uP o) (stur)] = 0. (6.35)

Now, let us consider the function F' : V, — V}, where each of the component functions of F' is
given by

n n— . (e} n n n,n 1 n n -
Fy(n) =nj = U7~ ir | =507 4 nf + My} + () |UPP) 0] . ¥n € Vaj € L1 (6.36)
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Then, taking the real part of the inner product between above identity and 7, we obtain

n— n— 1 n—
Re(F(n),n) = |In]3 — Re(U"™",n) 2 |3 — (U 1,77>!25(H77||3—||U '13) (6.37)

Applying Browder’s fixed-point theorem with A\ = ||[U"71||3 + 1, it follows that there exists a
vector U™ € V), which satisfies the remaining equation of (6.30). O

Definition 6.2.7. Let (U, M) be a solution of (6.30). The discrete mass density of (6.30) at
the point x; and time t, is given by /J,t|U]n|2, for each (j,n) € I;—1 X Iny—1. In turn, the total
discrete mass of the system at time t, is given by ju||U™|]3, for each n € Iy_1. The discrete
energy density at the point z; and time ¢, is given by

n n « n ” 1 7
H = |5,U7 + 1] /Q)Uj ?+ weUFP? + §|5a(cﬂ/2)vj B

1 1 1 .
+ S MEPUME + U+ 5 [MPUPHR 4 MPFURR], W(5n) € Iya x Ina.
(6.38)
In turn, the total discrete energy at the time t,, is defined, for each n € Iy_1, by
E"=hY_H}'=|&U"3+ Ep, (6.39)
jeJ
where
1 1 1
Ef = | 887U™ 3 + s |[U™5 + 518872 VR3 4+ 5 (M7, M™) + [T
2 2 E (6.40)

1
+ 3 [ o Py + o)

Here, the nomenclature |U"|* = (|U}'[?) is observed, for each n € Ty.

j€ly
Theorem 6.2.8 (Conservation of discrete mass). If (U, M) is a solution of (6.30), then the total
discrete mass is conserved with respect to the discrete time.

Proof. Rewrite the first difference equation of the discrete model (6.30), compute the inner prod-

uct on both sides with ,ugl)UJ" and take imaginary parts. As a consequence, we readily check

that
. n n 1 n 1 n
0 =Tm (—io{U", U = 559)”(] I8 = S0umellU™3,  ¥n € Iy, (6.41)

which yields what we wanted to prove. O

Theorem 6.2.9 (Conservation of discrete free energy). Suppose that (U, M) is a solution of

(6.30). Then the discrete free energy E% is constant. Moreover, if 7'29((]6)/11_5 <1, then E% >0
and E™ >0, for eachn € In_1.

Proof. Notice that, for each n € In_1, the following identities are satisfied:

0=Re (60", 50U ) = Re (=0 VU™ + VU™ (14 M™ 4 (U 2) 50U (6.42)

0= (=@M + 5O M + 5OU™ 2, 1, VL) + (U260 My (6.43)
1 n— n n—
+ 50 (1072V S 4+ (M, A ) (6.44)
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Using identities of [63] and calculating the right-hand side of the first of these identities, we obtain
that

1
Sum (18P0 + 0B+ SIUE) + 050U =0, Ve Iy (645)

Observe that the identity (M™,6)Um) 4 ([U|2, 680 M™y = L5, [(M™=1,[U™|2) 4 (M™, |U™1[2)]
is satisfied, for each n € Iy_;. Finally, sum (6. 44) and (6. 45) to reach (5tE” ' = 0. For the

second part, notice that Lemma 6.2.4(c) implies that h%~1(|6, M"|]3 < 290 Hézﬁm V"||3. More-
over, rearranging terms, using some algebraic simplifications and applying the Cauchy—Schwarz
inequality, we may observe that

2
.
(ML M™) = | MO )5 = 10 M™ 5, ¥n € Ina,  (6.46)
(M" U 2) + (MUY < el MO + el U7, V€ Ina (6.47)

As a consequence,

1 (hP!
Efs > p| 5 UM3 + pe| U3 + 5 (w - T2> 16:M™ 3 >0, Vn € In-1. (6.48)
90
Moreover, E" = ||6;U"||3 + E% > 0, whence the conclusion of this result readily follows. O

Theorem 6.2.10 (Boundedness). Let ug,mg € H* and u1,my € L*(B), and suppose that (U, M)

is the solution of (6.30) corresponding to the initial data ug, mg, uy and my. If g(()ﬁ)Tth_ﬁ <1,
a/2)rm n 2)yn n

then the sequences (052U |2),cz,, . (U 2dnery_,» 1672V )z s (M 12)ez

and (||U"|4)

= are bounded by a common constant.
neln_1

Proof. Proceeding as in Theorem 6.2.9, we have Vn € Iy_1,
1 ny2 T @2, 1, 8 L o 8),1-8s8/21nl2 L L/ a1 am
Sl M = T [8OVNB 4 S (M MY < S0P S| 4 S ). (6.49)

From the previous theorem, we know that there is a constant Cp such that E% = Cp, for all
n € Ix_1. Then

1 1
Co > ull S PUM B+ ol U™ + 18PV B+ (M, M)

" ) (6.50)
+ o ml[U7IE = 5 |, [UmR] —  [oaam, omR)
Applying Young’s inequality two times, we obtain
1 1 -
o | U+ 5 LU < Sl MR+ Sul UM, vne T, (65)
1 -
3 | B 4 3 [ 0B < el MU+ O, VmeTw (65)

Using (6.51) in (6.50) and simplifying algebraically, it is easy to see that
pe| 65/ U"HerMtHU”Hfr 165772V ™3+ (M”+1 M2 Sl MMl < Co, Vn € In—1. (6.53)

Now, take the sum between both sides of (6.49) and (6.53) and simplify again. As a consequence,
it follows that

1 _ . -
Co > 8T 3+ | U3 + 5 (1= 7206”0 =0) [8PPV7I3, ¥n e Tyor. (654)
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Using Lemmas 4.3 and 4.4 of [60], it readily follows that
n n n 3 n n
1872V 3 4+ (et ™) < = (188 2V7 3 4+ e | M3 (6.55)

Removing now the first two terms of right-hand side of (6.50), and using (6.52) and the previous
remark yields

Co > S IPAVIE+ Sl M — ZIMIE — Sl UM, V€ T, (6.56)

Since g ||U™||2 is bounded, then 1 ||U™]|4 is also bounded. Therefore, there is a constant C such
that

1 1 _
C1 > ullU™3+ Co = gmllM™[3, ¥n € Ty (6.57)
The conclusion of this theorem is obtained now by letting C' = Cy + 20C}. 0

6.3 Numerical properties

In this section, we establish the main properties of the finite-difference method (6.30). More
precisely, we prove the consistency, the stability and the convergence of our numerical model.
Some additional nomenclature will be required to that end. For example, we will employ the
continuous differential operators

Lul@, ) = 8“&; 8y 86;,‘;7;” _ u(z, 1) — miz, Dulz, t) — |u(z, ) [Pulz, ), Y(z,t) € Q,
(6.58)
O Fmlz.i)  Omizt) & (EERHRF | g (6.59)

otz Olzlf Qzf

Set L(z,t) = (Lu(z,t), Lim(z,t)), for each (z,t) € Q. Moreover, define L7 = L(z;,t,), for each
(j,m) € I; x In. For the sake of convenience, we let L = (L)
E — (En)nETN'

On the other hand, let us introduce the discrete difference operators

eI for each n € I, and convey

Lu(xj, tn) = 6 UR + 5;@ o — i up (14 M7+ pVUPPR) =0, V(m) €1, (6.60)
Las(wj,tn) = 80 M — 8P MP —sP|UP =0, Y(j.n) €I (6.61)
As in the continuous case, we agree that L(z;,t,) = (Lu(zj,tn), Lm(zj,tp)), for each (j,n) €
I; x Iy, and define L} = L(xj,t,). Let us set L™ = (L%) for each n € Iy, and let

jely’
L= (L")

TZETN'

Theorem 6.3.1 (Consistency). Suppose that u,m € Ci”f(ﬁ) Then there exist constants C and
C' which are independent of T and h, such that |||£ — L|||co < C(12 + h?) and ||H — H|||o <
C'(12 + h?).

Proof. Using Taylor’s theorem, the mean value theorem and the regularity of the functions u and
m, it is possible to show that there are constants C; € RT independent of 7 and h, for each i € I,
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such that

ou(zj, tn .
“(?t’) — st <O+ k%), Y(in) €, (6.62)
0%u(x;, ty o n )
‘a(pfya) — 5@ uNul| < Co(r? 4+ h?), V(jn) €, (6.63)
ey, t) = nug| < Cor?, W(Gm) e, (6.64)
‘m(:):j,tn)u(xj,tn) m”,u,(fl) < Cyt? Y(j,n) e, (6.65)
(e tn)Putag tn) = (1 ) (i) | < G, (im) € 1 (6.66)

From the triangle inequality, there exists a constant C* € R which is independent of 7 and h,
with the property that |||Ly — Lyl|lee < C*(72 + h?). In similar fashion, there exist constants
Cs, O7,Cs € RT which are independent of both 7 and h, for which the inequalities

2
% —omy| < Co(r> + W), V(im) €1, (6.67)
Fm(jstn) _ 58)m| < Co(r 4 12), W) € 1, (6.68)
il
aﬁ u x‘,tn 2 n y
(I (‘)(\;,;]|5 )I%) _59(65)‘%,‘2 < Csh?, V(j,n) €1, (6.69)

are satisfied. Again, we use the triangle inequality to show that there is a constant C** € R*
which is independent of 7 and h, with the property that |[|[Las — Las||lec < C**(72 + h?). The
conclusion is follows letting C' as the maximum of C* and C**. The second inequality of this
result can be obtained in similar fashion. O

In view to show the stability and convergence properties of (6.5), assume that (u®, u!, m® m?!)

and (a°,u', m° m') are two sets of initial conditions of (6.5). Moreover, suppose that the initial

data for (6.30) are provided exactly.

Definition 6.3.2. If f : F — F and V € V), then we define 6(f(V;)) = f(V;) — f(V;), for each
JE€ L.

Lemma 6.3.3 (Pen-Yu [75]). Let (w™)X_, and (p™)2_, be finite sequences of monnegative real
numbers, assume that 7 > 0 and suppose that there exists C > 0 such that

k
Wk <pF+Crd W, Vkely. (6.70)
n=0
If T is sufficiently small then w™ < p"eC™ for eachn € Iy.

Theorem 6.3.4 (Stablhty) Let ug, mo, Ug, mg € HY(B) and ui,my,t1,m; € La(B). Sup-
pose that (U, M) and (U, M) are the solutions of (6. 30) correspondmg to (u®,u',m®,m') and
(@°,ut, m°, m'), respectively. Let " = gr—Un, ("= — M"™ and o™ = V"™ = V" for each
n € In, and define

"= g ("B + 1CIE) + 1P, i€ T, (6.71)

For 7 sufficiently small, there exists C € RT independent of h and 7, such that w™ < w €™, for
eachn € In_1.
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Proof. Clearly the sequence (g, () satisfies the system
isVen 4+ 60 pVen — yuMen — 5 [(M" + u§1)|U”|2> (utVur)
2

o —6P¢y — 5 (3|
subjecttoegzej—OandCO ¢7=0, Vn

= 07 v(]? Tl) € I7
0, V(G,n eI, (672

Solving the first equation of (6.72) for idgl)ay, computing the inner product on both sides of that
(1)

identity with 2u, '™, taking imaginary parts, and using algebraic arguments, there exists C; > 0
such that, for each n € In_q,

16| |% = 2Im <5 [(Mn + Mo ) ( (”Un)] ,u§1>s">

—12 +1 -1 2 +1)12 (6.73)
< Cr (Il M3 + ™13 + le™ 13 + 1S™ M3 + 1™ 13 + 11<™13) -
Now, since §;(" = 6;5? Ju™ for each n € In_1, is easy to check that
2 (=6, 1) + (3P, o] = 6, (11682 + (¢ ¢m) -
6.74

1 n— n—
> 50 (IBEA0" 5 + ")

Take the inner product between the second equation of (6.72) and ;0™ !, use the above inequality

and the fact that ||6;¢"[]3 < Qg(()ﬁ)hlfﬁHch(cﬂ/%v"H%. It is possible to show then that there is a
constant C5 > 0 such that

by llC" 1 + 88D B < o (€13 + e8P/ 20m 1 3) (6.75)

Adding (6.73) and (6.75), and taking the sum from n = 1 to m on both sides of the resulting
inequality, we obtain that

e (1™ 13 + <™ 13) + 1682 0™ 3 < pe (11113 + 1C°13) + 1872113

m

+Cor Y (Il 13 + mello/Pom 1 3)
n=1
m

+ 1 > (Il HIE + 1™ 13 + ™13
n=1

+ 1M B + 113 + ¢+ 113)
< (14 (661 +202)7) [ (%13 + IC°13) + 1072°|13]

+(6C1 +2Co)7 Y [ (11”13 + 11€™13) + 158720 13]

n=1
(6.76)
Let now C' = 6C1+2C5 and p = (1 + (6Cy + 2C5)7) [,ut (11€°013 + 11<°13) + 1163 (B/2) 0||%}, and apply
Lemma 6.3.3 to reach the conclusion of this theorem. O

The following is a straight-forward consequence from the stability property of (6.30).

Corollary 6.3.5 (Uniqueness). Let (ug, ui, mg, my) be a set of initial conditions satisfying uy, @, €
Lo and ug, g, mg € H'. For sufficiently small values of T, the finite-difference scheme (6.30) is
uniquely solvable. ]
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Figure 6.1: Approximate solutions for (a) Reu(z,t), (b) Imu(z,t), (c) |u(z,t)| and (d) m(z,1)
versus x and ¢t. The approximations were obtained using the finite-difference method (6.30) with
parameters h = 0.5, 7 = 0.01, Q = (=50, 50) x (0,10) and a = = 2. Computationally, we used
a tolerance in the infinity norm equal to 1 x 107!2, and a maximum number of iterations equal
to 30.

Definition 6.3.6. If f : F — F and V € V), then we define g(f(vj)) = f(v;) — f(Vj), for each
j € I;_1 and ]FZR,(C.
We establish next the convergence property of our numerical model.

Theorem 6.3.7 (Convergence). Suppose that u,m € Cgf(ﬁ) Then the solution of the problem
(6.30) converges to that of (6.5) with order O(7% + h?).

Proof. Consider the local truncation errors of the finite-difference system (6.30) at (z;,t,), given
by

—

a)

8

Py = iét(l)un +

1), n 1), n n, (1), n 1) n 1) n .
] ,UJE )Uj —Mg )Uj —m; Mg )Uj - (,UJE )|“j’2) (Mg )Uj) , VY(in)el,

Am? — 6P ul> =0, Y(jn) el

(6.77)

—~

O';L = 5§2)m}l -9

8

By Theorem 6.3.1, we know that [p?| + |o7] = O(7% + h?). Then, let (u,m) be a solution of 6.5

and (U, M) a solution of 6.30, and define e =uy = U nf =mj — M} and 0} = v} = V",
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Figure 6.2: Left column: approximate solutions for (a) Mu(z,t) and (c¢) Hpu(x,t) versus z
and ¢t. Right column: approximate solutions for (b) M(¢) and (d) £r(t). The approximations
were obtained using the finite-difference method (6.30) with parameters h = 0.5, 7 = 0.01,
Q = (—50,50) x (0,10) and o = § = 2. Computationally, we used a tolerance in the infinity norm
equal to 1 x 1072, and a maximum number of iterations equal to 30.

Y(j,m) € I. Notice that, 5;(56)9}7” = 0w}, ¥(j,n) € I. Moreover, the pair (e, 7) satisfies the system

iV + 0@ per — pPen — 5 [(my + uPlun?) ()| = pp, W(Gm) €1,

o — o0y =5 (0P Nupl?) = o, W(myer,  (678)

]7
n __

subject to €f =€} =0and nj =71} =0, Vn€ In.
Proceeding as in Theorem 6.3.4, we can check that there exist constants Cs and Cy4 such that
el €3 < Cs (11" 13 + e 13 + e 13+ €15 + 11"~ 15 + ™[ + ™+ 13) - (6.79)

and
pede|n 13 + ll6PD0m 13 < Co (o™ I3 + €3 + el s P0m13) . (6.80)
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Figure 6.3: Approximate solutions for (a) Reu(z,t), (b) Imu(z,t), (c) |u(z,t)| and (d) m(z,1)
versus x and ¢t. The approximations were obtained using the finite-difference method (6.30) with
parameters h = 0.5, 7 = 0.01, Q = (=50, 50) x (0,10), « = 1.2 and 8 = 1.8. Computationally, we
used a tolerance in the infinity norm equal to 1 x 1072, and a maximum number of iterations
equal to 30.

For each k € Iy_1, take w® = (||ek||§ + ||77k||§) + ||5g(c’8/2)9k||§ and

m

PP = (14 (6C5 +2C)7) e (€13 + [°113) + 168°/26°113] + (G5 + Com > (0" 13 + llo™113)
n=0

(6.81)

It follows that there exists a constant C' > 0, with the property that w® < Cp¥*, for each k € In_;.

As a consequence, ||€" |2, [|77|l2 < V/C(72+h?), which implies that the solutions of (6.30) converge
quadratically to those of (6.5). O

6.4 Computer simulations

The purpose of this section is to provide computer simulations using a Matlab implementation of
the numerical model (6.30) to solve the Zakharov system (6.5). The computer code was employed
a fixed-point approach to approximate the solution of the first discrete equation of (6.30) at each
iteration. Meanwhile, the second equation of our numerical model was solved explicitly and
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Figure 6.4: Left column: approximate solutions for (a) Mu(z,t) and (c¢) Hpu(x,t) versus z
and ¢t. Right column: approximate solutions for (b) M(¢) and (d) £r(t). The approximations
were obtained using the finite-difference method (6.30) with parameters h = 0.5, 7 = 0.01,
Q = (—50,50) x (0,10), « = 1.2 and 8 = 1.8. Computationally, we used a tolerance in the infinity
norm equal to 1 x 107'2, and a maximum number of iterations equal to 30.

exactly.
To produce our simulations, we will impose homogeneous Neumann conditions on the bound-
ary of B, along with the following set of initial conditions:

up(r) = \/1»2_\/5 sech ( ! +2\/5x) exp (z 1+2\/5$> , (6.82)
mo(z) = —2sech? ( ! +2\/5£U) , (6.83)

mi(z) = —4sech? (\/ Hz\/gm) tanh ( ! +2ﬁx> . (6.84)

As a matter of fact, it is worth pointing out that these functions are initial conditions for an exact
solution of the well-known Klein—-Gordon—Zakharov equations which describe the propagation of
Langmuir waves in plasma physics. That exact solution is actually provided by the set of functions
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(see [45, 44])

u(z,t) = Wsech( 1+\/gac—t> exp lz(

2 _
1+\/ga:—t>], V(z,t) € R x RT,
(6.85)

14+5
2

m(z,t) = —2sech? ( x — t) , VY(z,t) € R x RF. (6.86)

In a first approach, we consider the system (6.5) with o = § = 2, and defined over the space-
time domain 2 = (—50,50) x (0,10). Computationally, we let h = 0.5 and 7 = 0.01. As we
mentioned previously, the mathematical model will be solved using the finite-difference scheme
(6.30), which will require a computational implementation of a fixed-point method to solve the
first difference equation at each iteration. To that end, we will set a tolerance in the infinity
norm equal to 1 x 107'2, and a maximum number of iterations equal to 30. In the absence
of a known exact solution for the Zakharov system, we will obtain the first approximations of
our methodology using the exact solutions (6.85)—(6.86). Under these circumstances, Figure 6.1
provides the approximate solutions for (a) Reu(x,t), (b) Imu(z,t), (¢) |u(z,t)| and (d) m(x,t)
versus z and t. In turn, Figure 6.2 shows graphs of the approximate solutions for (a) Mu(x,t)
and (¢) Hpu(z,t) versus x and t, and for (b) M(t) and (d) Ep(t) versus t. From these results, we
can readily observe that the total mass and the Higgs’ free energy are approximately conserved
in the discrete domain, in agreement with the theoretical results presented in this work.

Before closing this section, we will provide a new set of simulations using now a = 1.2
and § = 1.8. All the initial and boundary conditions along with the model and computational
parameters are as before. With these conventions, Figure 6.3 shows the approximate solutions
for (a) Reu(x,t), (b) Imu(x,t), (c) |u(z,t)| and (d) m(z,t) versus = and t. On the other hand,
Figure 6.4 shows graphs of the approximate solutions for (a) Mu(z,t) and (c) Hpu(z,t) versus
x and t, and for (b) M(t) and (d) Ep(t) versus ¢. The results show again the capability of the
finite-difference scheme to preserve the total mass of the system and the Higgs’ free energy in the
discrete scenario. Again, this is in agreement with the theoretical results provided in this work.
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Conclusions

Chapter 1 In this work, we investigated the numerical solution of a fractional extension of the
Klein—-Gordon—Zakharov equations from plasma physics. The model considers the presence of
space-fractional derivatives of the Riesz type, together with homogeneous Dirichlet data at the
boundary and initial conditions. The fractional model has an invariant energy functional, and we
propose an explicit numerical model to approximate the solutions using fractional-order centered
differences. A discrete energy functional is also proposed in this work and we prove rigorously
that, as its continuous counterpart, it is preserved at each iteration and, in that sense, the present
work reports on a conservative finite-difference scheme to approximate the solutions of hyperbolic
systems [36, 42, 38]. Among the most important numerical properties established in this work, we
show that the model is a consistent, stable and convergent technique. Additionally, we propose
some bounds for the numerical solutions, and provide some computer simulations which illustrate
the fact that the numerical model is quadratically convergent.

Chapter 2 In this note, we have provided an accurate statement of an existence of solutions of
the implicit finite-difference model (2.2), along with its proof. This result corrects the statement
and the proof of [35, Theorem 5.3] of our published manuscript. It is worth mentioning that the
actual statement to guarantee the existence of solutions requires additional hypotheses, and that
the proof is more complicated that the wrong demonstration given in our former article. We
took this opportunity to introduce an explicit variation of the finite-difference model investigated
in [35]. In accordance with the aims of this letter, we establish the unconditional existence of
solution for the new scheme. The argument of the proof is similar to that of the implicit scheme,
that is why we only provide a shortened demonstration in this manuscript. The authors would
like to apologize for any convenience caused by the wrong proof in our previous paper. Finally,
we would like to point out that the first author was who first pointed out the error in the proof.

Chapter 3 In this work, we investigated the numerical solution of a fractional extension of the
Klein—Gordon—Zakharov equations from plasma physics. The model considers the presence of
space-fractional derivatives of the Riesz type, together with homogeneous Dirichlet data at the
boundary and initial conditions. We proved in this work that the fractional model has a positive
invariant quantity, which we identify as the energy of the system. Motivated by this fact, we pro-
pose a numerical model to approximate the solutions of the Klein—Gordon—Zakharov equations,
which is based on the use of fractional-order centered differences. A discrete energy functional is
also proposed in this work and we prove rigorously that, as its continuous counterpart, is preserved
at each iteration. In that sense, the present approach reports on a structure-preserving technique
for a complex system [55, 24]. Among the most important numerical properties established in
this work, we show that the model is a consistent, stable and convergent technique. We establish
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also that the numerical model has solutions for any set of initial conditions, and that they are
unique for sufficiently small values of the temporal step-size. The existence is a consequence of
the Leray—Schauder fixed-point theorem, while the uniqueness follows from the stability of the
method. Additionally, we propose some bounds for the numerical solutions, and provide some
computer simulations which illustrate the fact that the numerical model is quadratically conver-
gent. It is worth pointing out that the advantage of the discretization proposed in this work lies
in that the difference equations to solve the component equations are decoupled. This implies
that the numerical schemes can be solved separately at each temporal step. Obviously, pertinent
physical applications are expected as a consequence of the completion of this work [53].

Chapter 4 In this work, we investigated numerically a generalization of the well-known Klein—
Gordon—Zakharov system which considers two fractional derivatives of the Riesz type. The frac-
tional derivatives are not required to be of the same order, but they belong to the interval (1,2].
It is known that the system considered in this work has a conserved energy-like quantity, and that
the solutions are uniformly bounded. Motivated by these facts, we proposed a finite-difference
discretization of the the system under investigation which has associated conserved energy-like
quantities. In that sense, the present work proposes a structure-preserving scheme to solve a
system of partial differential equations [54]. The discretization is based on the use of fractional-
order centered differences to approximate the Riesz-type fractional derivatives. In turn, we prove
thoroughly that the energy-like quantities are conserved throughout time, and that they are non-
negative as their continuous counterparts. As a corollary, we establish the uniform boundedness
of the numerical approximations. The properties of consistency, stability and convergence were
theoretically established, also. In particular, we show that our approach yields second-order con-
sistent approximations to the exact solutions of the continuous model. Using a discrete form of
Gronwall’s inequality, we prove that the finite-difference model is stable and quadratically con-
vergent. As a corollary of stability, we proved that the numerical model is uniquely solvable.
Some numerical simulations were presented using a computer implementation of our numerical
methodology.

Chapter 5 In this work, we investigated the numerical solution of a multi-fractional extension of
the Klein—-Gordon—Zakharov equations from plasma physics. The continuous model considers the
presence of space-fractional derivatives of the Riesz type, together with homogeneous Dirichlet
data at the boundary and initial conditions. It is well known that the system investigated in
this work has an energy functional which conserved through time. Two nonlinear finite-difference
schemes were proposed in this work to solve the mathematical model, one is implicit and the other
is explicit. Our discretizations are both based on the use of fractional-order centered differences.
Discrete energy functionals are proposed for both models, and we prove prove rigorously that,
as their continuous counterpart, they are preserved throughout the discrete time. Among the
most important numerical properties established in this work, we show that both models are
consistent, stable and convergent techniques. We establish also that the numerical model has
solutions for any set of initial conditions under suitable circumstances, and that they are unique
for sufficiently small values of the temporal step-size. The existence properties are consequences
of the Leray—Schauder fixed-point theorem, while the uniqueness follows from the stability of
the methods. Additionally, we propose some bounds for the numerical solutions, and provide
some computer simulations which illustrate the fact that the numerical models are quadratically
convergent, and are capable of preserving their energy functionals.

Chapter 6 A space-fractional extension of the Zakharov system was introduced and inves-
tigated in this study from analytical and numerical points of views. The system consists of
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two partial differential equations with nonlinear coupling, and initial and boundary conditions
are imposed on a bounded interval of real numbers. It was proven that the fractional system
is capable of preserving the mass and Higgs’ free energy throughout time, and that the total
energy is dissipated. Moreover, the total mass, the total free energy and the total energy are
non-negative functions of time. Consequently, the boundedness of the solutions of the system
we established. Motivated by these results, we proposed a finite-difference scheme to solve this
system via fractional-order central difference approximations. The discrete model proposed is a
three-level scheme whose implementation was implemented by using both vector equations and
fixed-point techniques. The existence of solutions was proven rigorously through Browder’s fixed-
point theorem, and proposed discrete expressions for the total mass, Higgs’ free energy and the
total energy. It was shown theoretically that the numerical model is capable of preserving the
discrete mass and the discrete Higgs’ free energy. Moreover, the positivity of the mass, the free
energy and the total energy was also verified. From the numerical analysis point of view, we
proved systematically properties of consistency, stability and convergence of the algorithm. As
a consequence of these investigations, the uniqueness of the numerical solutions was also vali-
dated. Computer simulations based on the discrete model were presented. The computational
experiments illustrate important properties of our numerical solution, including its capability to
preserve the mass and Higgs’ free energy.
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