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Resumen

En este documento, trabajamos con varios modelos: la ecuacién sine-Gordon, ademéas de una ecuacién
de onda no lineal con p dimensiones espaciales, amortiguamiento y derivadas espaciales fraccionarias
y finalmente el caso p = 2 para un método particular. El primer modelo tuvo fines practicos pues
sirvi6 de base para el desarrollo numérico de los siguientes modelos, sine-Gordon se caracteriza por
tener una funcién densidad de energia constante, usamos un método de discretizacién explicito que
nos permite conservar las cantidades antes mencionadas con un buen orden de consitencia, que ademés
es estable y convergente. Usando estas ideas, usamos la generalizacién de la ecuacién de onda con p
dimensiones espaciales y derivadas fraccionarias al estilo de Riesz de ordenes en (1, 2], una funcién de
densidad de energia propuesta en la literatura, ademéas del método de diferencias centradas fraccionarias
para aproximar las derivadas de Riesz y notamos que las propiedades descritas en sine-Gordon siguen
presentes, aumentando la disipacion de la energia si consideramos un término de amortiguamiento, un
orden cuadratico de consitencia, estabilidad y convergencia ademas de existencia de una solucién al ser
un método explicito, para este método se desarrollé un coédigo de Matlab en el caso unidimensional,
presentamos ademas algunas simulaciones. En el ultimo modelo consideramos la misma ecuacién con
p = 2 dimensiones espaciales, aplicamos un operador compacto en el sentido de andlisis funcional, el
cual acelera el método hacia la solucién, como el método es implicito demostramos existencia de una

solucién bajo ciertas condiciones, mostrando estabilidad, consistencia y convergencia.



Abstract

In this document, we work with several models: The sine-Gordon equation, a nonlinear wave equation
with p spatial dimensions and fractional derivatives and finally the case p = 2 for a particular method.
The first model has practical meaning, because it worked as inspiration for the following methods, the
sine-Gordon equation is characterized for having an energy density function which conserves the energy
through time, we use an explicit discretization method which allows us to keep such quantity with a
good order of consistency, besides it is stable and convergent. We use the ideas from sine-Gordon to
work with a generalization of the wave equation, considering p spatial dimensions and Riesz fractional
derivatives of orders in (1,2], an energy density function proposed in the literature, and an explicit
method with fractional centered differences for the Riesz derivatives, we notice that the properties
present on sine-Gordon still remain, besides when we add a damping constant, the energy dissipates.
We obtained a method with quadratic order of consistency, proved stability and convergence, and a
solution for the method always exist since it is explicit. For this method, we developed a Matlab
code for the unidimensional case and shown some simulations. In the last model, we consider the
same equation but with p = 2, we apply a compact operator, in the functional analysis sense, which
accelerates the method towards the solution, since the method is implicit we proved the existence of a

solution under some conditions, stability, consistency, and convergence.



Introduction

Humankind has the desire to predict, predict movement, reactions, events, and even life fit into the
description, mathematics help to fulfill that desire, with mathematics we can create a model, and
a model predicts. Differential equations have helped when algebraic and transcendental equations
could not keep going, an example of a model with differential equations is the wave equation, which
is represented mathematically with a partial differential equation described first by Jean Le Rond
d’Alembert in 1747 [1] and also developed by Euler, Bernoulli, and Lagrange. Ever since, waves have
been found in all kinds of physical phenomena.

In some cases it is complicated to find the analytical solution of a differential equation, which is why
there are some special techniques developed to approximate the solution, such techniques are called
numerical methods. Numerical methods have been used previous its formal definition by investigators
like Newton, Jacobi, Runge, and Kutta but some of the firsts researchers to talk about rounding errors
are John Von Neumann and Herman Goldstine in 1947 [2] they worked with the inverse of matrices of
high order. To find numerical methods that preserve some quantities is not an easy task, but definitely
worth, since some physical phenomena are easier to study by a special quantity that depends on the
system instead of the solution of the actual system. A good example of this is the phenomenon called
Supratransmission.

Nonlinear supratransmission is a physical phenomenon that has been investigated in various non-
linear regimes. This process consists in the sudden increase in the amplitude of wave signals that
propagate in a semi-infinite discrete nonlinear chain when one of the ends is perturbed by a har-
monic disturbance irradiating at a frequency in the forbidden band gap. The existence of a nonlinear
supratransmission threshold for the energy administered into finite chains has been established in
continuous-limit cases, though numerical predictions are also available for both continuous and dis-
crete systems. In fact, media governed by spatially discrete sine-Gordon and Klein-Gordon chains [3],
double sine-Gordon systems [4], Fermi-Pasta—Ulam discrete chains [5], Bragg media in the nonlinear
Kerr regime [6] and continuous media described by undamped sine-Gordon equations [7] have been
identified as systems that exhibit the presence of nonlinear supratransmission. In most of these cases,
the occurrence of this phenomenon has been predicted with a good degree of approximation.

Many of the partial differential equations that appear in the investigation of wave phenomena have
been extended to account for nonlocal effects. Problems that only considered local contributions to

the dynamics of discrete or continuous systems have been extended to account for global influences.



In such way, various classical models from mathematical physics that were traditionally described by
partial differential equations have been formulated using derivatives of fractional order under different
approaches [8]. As expected, among those models that have been extended to the fractional scenario
are the classical sine-Gordon and nonlinear Klein—Gordon equations [9].

Here, it is important to point out that the Riesz definition of spatial derivatives of fractional
order has been extensively employed in order to account physically for anomalous diffusion [10] and
to provide pertinent conservation laws and Hamiltonian equations [11]. In view of these remarks, a
natural question that arises is whether the process of nonlinear supratransmission is present in Riesz
space-fractional sine-Gordon equations.

The design of techniques to approximate the solution of physical systems has been largely enriched
with the study of partial differential equations of fractional orders. Indeed, fractional calculus has found
interesting applications in many fields of the natural sciences and engineering, including the theory
of viscoelasticity [12], the theory of thermo-elasticity [13], financial problems under a continuous time
frame [14], self-similar protein dynamics [15] and quantum mechanics [16]. Distributed-order fractional
diffusion-wave equations are used in groundwater flow modeling to and from wells [17]. A vast amount
of nonequivalent approaches have been followed, and new criteria of fractional differentiation have
been proposed constantly in the last decades. However, the problem in those cases is the common
lack of a physically meaningful formulation of the Euler-Lagrange formality for fractional variational
systems [18]. As expected, this has been a major problem in the design of energy-preserving method
for fractional partial differential equations.

This thesis starts with the non-fractional wave equation, studying a method first developed by
Véazquez, principal source of inspiration for the fractional wave equation method, this work had a warm
up purpose. Then we aimed to study the p spatial dimension wave equation with Riesz derivatives
in space, this method conserves the energy of the system which allows us to study even further the
properties of this particular equation. Last but not least we used a compact operator in the sense of
functional analysis to reach for the solution of the equation with much better accuracy. It is worth
mention that for practical reasons, some of the definitions in Chapter 1 and Chapter 2 will be written

again in Chapter 2 and Chapter 3, as well as some theorems.

Summary

This thesis is sectioned as follows.

e Chapter 1 provides a full development study of the well known Fei and Vézquez article [19] using
the sine-Gordon wave equation and an explicit method to solve it, such method preserves the
quantity of energy through time and also has a quadratic order of consistency, allowing us to

take this idea into the fractional system.

e In Chapter 2 we generalize the idea from Chapter 1, instead of using the sine-Gordon wave equa-
tion, we use a generalized equation, with p spatial dimensions, we also changed the differential
operators in time to Riesz operators of order @ € (1,2] this equation comes with an extension
of the energy functional proposed in the literature [9]. The Riesz fractional differential operator

has a square root, this is a cornerstone in our investigation, we study some theorems which allow



us to make sure that our discrete model has important properties like conservation of energy in
the damped scenario, square root of the discrete Riesz operator and a good enough order of con-
sistency, this model is based in fractional centered differences. Then we proved some important
numerical properties of our model such as the existence of a solution, (which was an implicit
property since the system is explicit) stability, and convergence. Finally, we provided a MatLab

code used for simulation.

e In Chapter 3, we investigate numerically a model governed by a two dimensional wave equation,
but in this case we used a compact operator to accelerate the method towards the solution, this
is a substantial improvement over the scheme proposed in Chapter 2, we did notice that the
use of this operator has an important impact on the properties of the solution to exist, also the
reason for two instead of p spatial dimensions is the complexity of the method every time we
added a dimension, we proved that this scheme preserves variational properties as in the previous
chapter and also the scheme is stable an convergent. Then we do simulations to illustrate the

preservation of the Hamiltonian in the equation, this last chapter is a continuation of Chapter 2.

e This thesis closes with a section of conclusions for each chapter and a list of relevant references.



Energy Conserving Scheme for the

sine-Gordon Equation

The sine-Gordon equation is a second-order partial differential equation which possesses an
important property: the energy of the system is constant through time, with that special interest,
in this chapter we developed a numerical method that preserves the energy, also we provide proof
that the method is second order consistent, stable and converges under suitable conditions, this
chapter is the base of our investigation, since further investigations and analysis are first used in

this part of the thesis.

1.1 Introduction

This chapter is motivated by the nonlinear sine-Gordon equation from quantum mechanics, which
is one of the basic equations of modern nonlinear wave theory and it arises in many different areas
of physics, such as Josephson junction theory, field theory, and lattices theory. This equation was
introduced and studied by Edmond Bour in 1862 [20], as the result of the study of deformation of
surfaces. The equation has constant energy through time under suitable conditions, one of our goals
is to find a finite difference scheme that preserves the energy, a pioneer in this topic is L. Vazquez and
coworkers, they proposed some schemes in 1991 [19], we used one of those schemes because it conserves
the energy and is also completely explicit. The reason for the development of the numerical analysis

of the scheme is as practice for the fractional scheme.

1.2 Preliminaries

In this section we will consider 7' € RT, let us define the next system
0%u 0%u )
ﬁ(az,t) - @(Jc,t) +sin(u(z,t)) =0, VreR,
u(@,0) = 6(z), Vo €R, (L1)
such that ou
a(x,()) =¢(x), VreR.

For each pair f,g € L2(R), the inner product of f and ¢ is the function of ¢ defined by
()= [ @ tgtetids, vee 0.1) (12)

10



In turn, the Euclidean norm of f € Ly(R) is the function of ¢ defined by || f|lz.2 = +/{f, f). The set of
all functions f : R — R such that f(-,t) € Li(R) for each ¢t € [0,T] will be denoted by L, 1(R), and

for each such f we define its norm as the function of ¢ given by
flea= [ 17(blds, Vi€ 0.T) (13)

The literature on mathematical physics proved that the model (1.1) has an infinite number of conserved

quantities, among the conserved quantities is the Hamiltonian

) = 2 (L) + 1 (L) + Gute) (14)
DR TR 2\ 82" AT, B, '
which integrating in R gives us the energy of the system
11 [0ou 2 1 /0u 2
E(t) = /_Oo lz (&(x,t)> + 3 ((%(:c,t)) +G(u(x,t))] dx, (1.5)

with G(u(z,t)) defined as
G(u(z,t)) =1 — cos(u(z,1)). (1.6)

Here we provide a small proof for the conservation of the energy.

Theorem 1.1. The just defined functional of energy is constant through time.

E(t) = /Oo l; (27:(33715))2 + % (%(m))Q + G(u(a:,t))} dx = C. (1.7)

—00

— 00

%5@) h %/m [; <?Z(x,t)>2+% (gz(m,t)>2+G(u(:n,t))] o
9

- [ [ 05 e+ 525w )+ sintute 1) 5 ()
- [ e [FEen - G+ sintu(e.0) | as
_ /_Z %(m) (0] dz: = 0.

O

In the following sections, we will develop a numerical method to approximate both the solutions of
(1.1) and the energy function (1.5) in such way that the discrete version of Theorem 1.1 is still satisfied.

Various additional numerical properties of our methodology will be derived in the way, including the

11



consistency, the stability and the convergence of the method.

1.3 Numerical method

For the remainder of this chapter we let A > 0 and 7 > 0 be fixed step-sizes in space and time,
respectively, and assume that N = T/ and M = (b — a)/h are positive integers. Consider uniform
partitions of [a,b] and [0,T], respectively, given by z; = a + jh and t, = nt for each j € Jy =
{0,1,...,M} and each n € Ixy = {0,1,...,N}. In this chapter, the symbol v} will represent a
numerical approximation to the exact value of u} = u(z;,t,), that is, the solution of the initial-
boundary-value problem (1.1) at the point (z;,t,), for each j € Jy; and n € Iy. Moreover, we will

use the discrete linear operators

n+1 n
U, + uk
Iltu;'l = %7 (1.8)
n+1 n
U —u”
oM = L —1 1.9
t u] T ’ ( )
n+1 n n—1
2 wuy T = 2u" +u
5P = g, (1.10)
1, n _ u?‘i‘l B u;L
5; )Uj = S (1.11)
wry g —2ul +ul g
Pyt = L h2j ity (1.12)
Gui™) = GW) . i1,
(1) n n+1 n ’ fuj 7 &
6, G(uf) = ui T —uf 1 (1.13)
I (nm ; n+l _  n
G'(u}), fful™ =uf,

foreach j € Jyy and n € In_1.
After this, using the defined nomenclature, the finite-difference method to approximate the solution
of (1.1) is given by
ped it — 8@t 465Gl = 0. (1.14)
Note that the scheme is completely explicit, u;-H'B can be directly calculated from the difference equation
(1.14), and the starting data u} uf, and u? The scheme is also spatially and temporally symmetric,
and the consistency of the operators can be proved by Taylor expansion, which will be the next thing

we show.

Lemma 1.2. Let u € C}R) then

n+3 _ n+2 n+1 n 2
@), nt1 _ Y (W™ +uiT ) vl Pu 3 2
/,Lt(st ’LLJ = 27_2 = w jh, n -+ 57‘ —+ O (T ) . (115)

12



Proof. We use Taylor’s expansion

] 0° (tnts = tny3)?
n+3 _
u; = u(zj,tyys) + &U(ﬂfjvtn+g)(tn+3 —tpyz) + wu(%‘atwrg #
bE (tnts —tnp3)® o4 1o (tngg — £1)
+ %U(%‘vtwf%)TQ + @U(%‘,t )T’ (1.16)
. 0 02 (tnt2 = tny3)?
Uy o= u(xjvtn—i-%) + au(xjvtn—i-%)(tn-ﬁﬁ - t7z+%) + ﬁu(x_ﬂtn+%)f2
ok (tnt2 —tny3)® 9 oy (tng2 — t7%)*
+ %u(xjvthrg)Tz’ + @u( Gt )T’ (1.17)
- 0 82 (tTH-l b tvz+§)2
uj+1 = u(xj7tn+%) + au(xj,tn+%)(tn+1 = tn+%) o= @u(l‘j’tw‘%)#
o3 (tnt1 —tny3)® 0 3u (tng1 — £7%)°
+ @U(ﬂ%tw%)# + @“( it )T’ (1.18)
n 0 82 (tn = tn+§)2
5 (o= tusd)® 9 (ta £
+ ﬁu(fﬂj,twrg)#"' BT u(zj,t )T’ (1.19)
then substituting we get
U AR Y (- (' +1)+4)
272 = 5@“(%%@) 277
(tn — 7)1
tl* 1.2
+Z @ ) S (1.20)
82 84 . (t’I'L | ti*)4

= @u(mj,tw_%) + Z:ZI @u(mj’tl*)w7

finally using u € C} (R) we obtain

2 4 4 ik
(2) n+1 0 o 0 % (tn t )
(110, —@u(xj,tmr%) = 2 6t4( 1) 1872
1 3r\* | o4 » 4| ot 24
= 4872 ((2) g (@5t )+(§) e @)
1 —\*| ot 3n —37\*| o* ds
t e <<2> g @it )+<2) aa i)

IN
Q
\]

[\S]

(1.21)
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Lemma 1.3. Letu € Ci:? (R) then

n+2 n+2 n+2 n+1 n+1 n+1
ut5(2)u7~L+1 _ iy — 2u +uj Uik~ 2uj +u;y
T 27’2 272
0? 3
= a—xz (jh, <n + 27)) +0 (Tahﬁd) . (1.22)

Proof. We omitted the Taylor extension due the long terms in it, but after the eliminations and since
4,4
u € C,y (R) we get

8 U 3 1 T T 2
(2),n+1 _ < 4 3 2
,utéz U <jh (n+ 27))} 48h2 {4Clh + 40, (—2)h + 4C5 (2) h

b AC, <g>3h+402 (;)4] (1.23)

where we notice that the sum of powers in each term inside the brackets is equal to 4, and h? in the

denominator, using this

0%u 3
2), n+1 fo% -2
,utég(b)uj 2 (]h (n—&—y‘))] < Crt*hP (1.24)
with @ > 0, f > 0 integers, a + g = 4.
O
Lemma 1.4. Let G € C3(R), u € C? (R) and u” 2 # w1, then
t J J
Gum™) — Gu?
sGY) = ( %3 Tf . <u (jh, <n—|— ;))) +0(r). (1.25)
ui" —
Proof. We use Taylor’s expansions:
n n+2 n+2 n+3
Guj™?) = Gu; 2)+G'(u] )6t W oz —toig)
0 n+3 ntg, 0% nt3
+ G"(u <8t u; ) + G’ (u; )@uj (tn+2 = tnig)? (1.26)
1 a * * 8 *82 * * 83 * *
+ 6 G/N( J )(atujl ) +3G/I(UJ1 )au]l ﬁujl +G/(U/; )%U; ] (tl —tn_,’_%)g,
n n-‘r% n+2 a n+3
Gy = G + G () ) i (fgs — by y)
1 SN T ntd, 02 nid
+ 5 G" (u; )((%uj > + G (uy )@u] (tng1 —tnyz)? (1.27)
1 " 2% ’ 1 (2% 0 2% 2% 1 2% 2% 2% 3
+ 8 G (u5") Y +3G( )8tu] 52 Y + G (] )%uj (t tpys)”,
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then after some calculations:

5 :
3 ‘G///(ul*) (Qul*) + SG//(ul*)%u;*%u}* + G'(u;*)%;u}*

(1) +1 n+2 J ot J
0y G(uj ™) = G'(u; )| < 6 [ F2 — o]
J J
P 3 2 3
L e Gl + 36 ) e fr + G )

6 |un 2 — it ’
’U,] u]

(1.28)

finally if G € C?(Q), u € C} () and u}”z # u?“

2 ’G///(ul*) (@ul*)?’ o 3G//(u1*)gu1* 5?2 u]l* + G/(u%*)a—gu%*

1 ) +2 J at j j ) at"] a2 a3
5£72G(U?+1) =G )| < 6 EES
| 5ru; |
3 2 3
. 7_2 ‘G///(U?*) (%u?*) + SG”(U?*)%U?* %ui* L G’(u?*)%u?*
6 9, nt1l
6 |5y
< 3077 (1.29)

Therefore the truncation error for the system is O (7'2 + h2) provided 7 < C, C a constant.

1.4 Energy invariants

In this section we show that the finite-difference method (1.14) satisfies physical properties similar to
those satisfied by (1.1). More precisely, we will propose a numerical energy functional associated to the
scheme (1.14) that is preserved under suitable parameter conditions. For that reason we will suppose

that the initial boundary conditions satisfy

u(z,0) = ¢(x) =0, Vo € R,

%(m,O) =y(z) =0, VzeR. (1.30)

Throughout this section, we will employ the spatial mesh
Ry, {(z})|x; = kh, for each j € Jy—1}, (1.31)

Let V), be the real vector space of all real grid functions on Rj. For any u € Vy, and j € Jy—1

convey that u; = u(z;). Moreover, define respectively the inner product (-,-) : V, x V, — R and the

15



norm || - ||y : Vi — R by

(u,vy = h Z U;v;, (1.32)

JE€IMm -1

fully = Rk > ul, (1.33)

JE€EJIM -1

for any u,v € V. The Euclidean norm induced by (-, -) will be denoted by || - ||2. In the following, we

N
n=0>

will represent the solutions of the finite-difference method (1.14) by (v™) where we convey that

o™ = (v})jer,, for each n € Iy.

It is important to note here that the operator 5:5;2)1;? has the next property:

Lemma 1.5. The operator 65,2)1%? satisfies
<5;1>u;,5;1>v;> = <—5;2>uy,u;>, (1.34)
when uf; = ug = u”; = 0.
Proof.
M=1 , n _ ;2
(60 oMur) = b (“J“h = )
j=0
1 [M—1
=7 (wfr = uf) (ufye) = (Wfn — uf) (uf)
_'j:()
1 [hr—1
= = (i = i) (uf) = (Wi = 20f + i y) (uF) + (= +uy) (uf)
_JZO

7=0
1 M-1
i > (i — ) (wf) + (~uf +ufy) (uf) (1.35)
7=0
1 [x M-1
= (P o 13 (i) () + D (e ) ()
j=1 j=0

= (—0Pup )+ (i) = ()? = gy +

by making uf; = ug = u”; = 0 then we get:

1), n 1), n\ __ 2), n n
<5§; )uj,ég )uj> = <—53(c)uj,uj>. (1.36)
O
Following the same idea, then <(59(51)u?, 5;1)U§L> = <—6§2)uy, U§L>, finally we can assure (5;&1)71}‘ is the

n

square root operator of fég(gz)uj

16



For the scheme there is a discrete Hamiltonian operator foreach 1 <n< N —-land 1 <j< M —1:

2
n 1(uf =) (wp —uf ™) 1 (ufyy —uf) n
Hy = 57— +5| ) t6W)
1 1
= 5 (6eu™ * Su™t) + 5(5mu”)2 + G (u}), (1.37)

subsequently summing over j and multiplying by h, we get the also constant discrete energy operator
foreach 1 <n <N —1:

M-—1 n+1 n n n—1 m m 2
L™ ) (f — w3 ™) 1 ()
EY — h - J J J - Jt+ J G(um
7=0 2 72 +2< h? - (UJ)
1 n n—1 1 ni2 n
= 50", ) + 8" 3 + G . (138)

Now we calculate the next inner products:

(1) ! (2) n+1 _ L) nan (2 (a2 n+1
<(5 T, ey > = §<5t ui", o (uj + u; )>
+3 +2 +1 n
_ 4 syt upt — (u T+ uf ) +uf
2\t 7 a2
n+3 n+2 n+1 n
2 t A 72 72 !

1 ) n D n 1
= o <6t( )ujﬂ,ét( )uj+2 —(5,5 )u?>

5ugt, 50wty — (50wt s un)]

J J

6,51) (u?”—i—u?“) 5(1 ( n+2 u;”+1)>

<5§1)U?+1, _ut5£2)u?+1> < dt( ) ( ;H—Q + U;H_l) ) (un+2 o un+1)>
1) n 1) n 1) n 1) n
= 102 s — (ot 6wty (1.40)
1) n 1) n 1) n
+1’5t( )uj+2> _ <5( )uj+1’5t( )Uj+1>}

_ Lo n+2H H (1) n+1H
27 [H5 0

17



) ) M-—1 ur_z+2 _ ur_LJrl
(5 n+1 ) n+1> — A J J
< y Mt u, tu Z T

=2 j “j
M—-1 G n+1 G 'LL M—

- %Mm%“wfwmwrﬂm}

The next theorem establishes the existence of invariants for the discrete system.

Theorem 1.6 (Dissipation of energy). Let (v*)_, be a solution of (1.14), the energy of the system

18:
M— n+1

— ™) (v — 'UT.L_I s — 7 §
_ Z 1 J)(] J )+1<(7+1J)> +G)| - (1.42)

2 2
:02 T 2 h

Then §;E"t1 =0 forn € In_1.
Proof. Let 9;‘“ represent the left-hand side of the difference equations in (1.14) for each n € Iy_1,

and let ©" ! = (®?+1)jeJ]\4. Suppose that (v*)Y_, is a solution of (1.14). Calculating the inner
product of O"+! with (5751)11"4'1, using the identities above and collecting terms, we note that

0= (O™, 6001y = (8P ot — p st 4 NG, 6 v )
_ (M (5(2) n+1 5(1) ntly 4 <_Mt5§2)vn+1’5£1)vn+1> + (58263(1}""'1),(59)1)"‘*‘1)
— 27 |:<6(1) n+2 5(1) n+1> _ <5(1) n+175§1)vn>:|

4L {H(gm n+2H H‘S(l) nHH ]
2

L e, - [6erh,] = 6B e Iy,

(1.43)
so the conclusion of this result is obtained. O
Theorem 1.7. The discrete quantities (1.38) may be rewritten alternatively as
n (1) n—1 T2 (2), ny2 1 ni2 n
E" = -ut||5 15— 71070 2 + Sllosv™l2 + IG@™)Iy,  Vn € In-1. (1.44)
Proof. Note that
<5tvn;5tvn_1> = |6 (1) nHQ < n+1 vn,vn—&-l " + Un—l)
15207 8 = 216 13- S@m =0t — 2t ety (149)
1) n 1) n— 2) n n n—
o R R i [ I EE T T B
holds for each n € In_1. It follows that
2
(B0, 60" ) = a5 0" = 60, Ve Iy, (1.46)
whence the conclusion of the theorem is reached. O
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1.5 Auxiliary lemmas

In this section, we prove some propositions needed to establish the properties of numerical efficiency
of the finite-difference method (1.14), we will use the fact that nT < T. To start with, we will require

the following elementary facts which will be employed in the sequel without an explicit reference:
(A) If v and w are real vectors of the same dimension then [2(v, w)| < ||[v||3 + ||w||3.

(B) As a consequence, ||v + w||3 < 2||v]|3 + 2||w||3 for any two real vectors v and w of the same

dimension.
(C) More generally, if k € N and vy, ..., v, are real vectors of the same dimension then
k e k
S wa| <£Y fonl (1.47)
n=1 2 n=1

n—1
(D) If (v™)N_, is a finite sequence in V;, and n € Iy then v =" + 7 Z 5t(1)vk. It follows that

n=0
k=0
n—1
lo™13 < 2010°l13 + 27 3 15vF 13, vn € In. (1.48)
k=0
Proof. (A) We notice that:
o +wl* = (v+w,v+w) = (v,v) +2(v,w) + {w,w) >0,
v —wl* = (v—w,v—w)=(v,v) —2{v,w) + (w,w) >0
Then
loll® + llwl® > —2(v,w),
loll® + llwll® > 2(v,w)
By the definition of absolute value we get the result
20w, w)| < [[0ll3 + lwl3 (1.49)
(B) Now by using (A), we obtain
lv+wl® = (v,0) +2(v,w) + (w,w) < 2[|v|* + 2||w||*. (1.50)

(C) By generalizing like in (A), we obtain

2 k
= > lvill* + 2 [(ve,v2) + .. + (01, 0) + (v2,v3)

i=1

+ o+ (v2, o) + .. + (v, vp)] (1.51)

k
D v
i=1
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we notice that each v; appears exactly k — 1 times inside the brackets, by applying (A) in every
one of them we get

2

levzll + (k-1 ZH%II *kZHszI (1.52)

k
D v
i=1

(D) Finally we just make some calculations:

S]
Il

n—1
v° +TZ(5§1)’U}€, (1.53)

using (C)

2
< 2Hv0||; +2
2

2
0"l

n—1 2
T Z 5t(1)vk
k=0 2

n—1
W4T Z 5,51)1%
k=0

n—1
2 1y
< 2[ufl+20m 3 5 -
< 2o, + 2072 Y |16, vk ) (1.54)
k=0
but in our hypothesis we have nT < T so
n||2 012 2
lo”lz < 2{]°|; kaz. (1.55)
k=0
O

Lemma 1.8. Let G € C3(R) and G” € L®(R), and suppose that (u™)N_,, (v*)N_, and (R™)]_,

are sequences in V. Let €™ = v™ —u™ and le. = 0yt G(V") — 64t G(w™) for each n € In_1 and let
k € In_1. Then the following is satisfied.

(a)

IG™3 < 2(e™ 13 + e~ 113),  ¥n € In_1. (1.56)
(b)
k k
n 1 n n 1) n—
23 R aen ) Z(HR I3+ 1607 13) vk € Inoa. (1.57)
n=1 n=1
(c)
k—1
22’071 ‘<8k\|e°|\2 + (872 +1) S [I6Vem3, Vhe Iyt (158)
n=0

Proof.
(a) As a consequence of the Mean Value Theorem and a direct integration we obtain that |(~¥;’\ <
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(|€;‘+1\ + [e}]) for each j € Jy and each n € In—1. Raising both sides of this inequality to the
second power and using the inequalities at the beginning of this section we readily reach.

(b) Note that for each n € In_1,
n 1 n— n 1 n—
2(R", 6™ Y| < |IR™|3 + |63, (1.59)

then summing from 1 to k we get:

k k
n 1) n— n 1) n—
23[R, 8 ) < 3 (IR + 18 13) (1.60)
n=1

n=1

(¢) Using the inequality (2.2) and the remarks at the beginning of the present section we obtain that

n—1 n—2
~n n n— 1 1
IG™13 <2 (I3 + e 13) < 22013 + 277 > 16:V<¥ 13 + 213 + 227 > [l k13

k=0 k=0
n—1 n—1
1 1

< 2 (4”5%% +2Tr > [16Vek |3 + 277 Y ||o >sk||%>

1k:O k=0

1
= 8)%3 +8Tr Y [I6tVeR|3,
k=0
(1.61)

for each k € In_1. Now we evaluate the sum:

=

> |6, 6| (1G> + 13" 13)

n=1 n=0
k n—1 k
<y <8||e°|% +8IT > ||6§”el§> + 37 18" 3
n=1 =0 n=1
k—1n—1 k—1
1 n
= 8k[%I3+87r Y S (16 + D (1613
n=0 [=0 n=0
k—1k—1 k—1
< 8k[CZ + 877 D DT 8V + Y 1013 (1.62)
n=0 [=0 n=0
k—1 k—1
= 8k + 877k Y [I65VE3 + D [1dee 13
n=0 n=0
k—1 k—1
= 8k[%3+ 872 3 (1802 + D 1013
n=0 b1 n=0
= 8k + (872 +1) Y [IotVEl3,
n=0
which is what we wanted to prove. O

Let G € C%(R) and G” € L>=(R), and suppose that (u™))_,, (v*)_, and (R™)N_, are sequences
in Vj,. As in our last result, let €” = v — 4™ and G = Jp 1 G(V™) — 6yt G(w™) for each n € In_;.
Suppose also that

626 — 1,026 + GP = R, Vnely_,. (1.63)
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Using this identity and mathematical induction it follows that

k
Sk = (~1)F el 4 62k 4 (~1)F a2t 423 (— 1) [wt(”e” e R"} . Vke Iy

(1.64)
Moreover, calculating the square of the Euclidean norm of §; 2 , using the inequalities at the beginning
of this section
2
16713 < allorell3 + 4llo2e I3 + )02k |3 + 4(4) ZG“
k 2 k 2
< 4573 + 402 I3 + 4lloze 5+ 16 | 2|[Do G| +2| > R
n=1 n=1 Iz (1.65)
k k
< 46PN + 462 I3 + dlloZe 13 + 32 ( Z \G“\ +h IR
k : ~
= 48P + 42" 3 + dlloZ 1F + 326 Y (HG" Lt ||R"||§) .
n=1
Multiplying by %2, applying some definitions and simplifying
| s 5
SH6P 3 < 2r e 13 + 27026 I3 + 27262 3 + 16k72 Y (||G"||% + IR 13)
0
eh_gk '
< oo (= ) 2rs o (25| 2o (252) )
2
Hok? S (NG 13 + 1B 13)
5 i (1.66)
< 2 (2H<51 IS+ 2016:<°013 )+2* (252 6’“||2+2||5 e|3) '
(26t + 206,13 )+16k722 (NG 13 + IB"13)
< 4||<51 1||2+4H51 °l13 + 2al|6.¢ H2+2aH5 <3
+67r Y (0613 + 17"13)
n=0
Applying Lemma 1.8 (a) and simplifying we readily obtain that
< 4)|o;e 1H§+4H51 OII§+2aH5 €13 + 2al|0." |13
n—1
+16T7’Z |R™||2 + lGTTZ <8||50||2 +8T7 Y 5t512>
n=0 n=0 =0
< 406/t 3 4 4016/°15 + 201622713 + 2a|0.M |13
- 2 012 . (1.67)
+16T7 Y [|R"||5 + 16T | 8Kk[|e°]3 + 8Tk > _ [|6:2"3
n=0 n=0
< 406/t 3 + 4016/°15 + 201622713 + 2a|6. |13
k k
+16T7 Y [|R™[3 + 128723 + 128757 > [|dre™ 3.
n=0 n=0

22



This inequality will be used in the following section to establish the stability and the convergence of
the finite-difference method (1.14).
The following result will be useful to prove the stability and convergence properties of (1.14). It is

obviously a discrete version of the well-known Gronwall inequality.

Lemma 1.9 (Pen-Yu [21]). Let (w™)Y_, and (p™)2_, be finite sequences of nonnegative mesh functions,

and suppose that there exists C > 0 such that

k—1
W <P+ O Wb, Vke Iy (1.68)
n=0
Then w™ < p"eC™ for each n € Iy. O

1.6 Numerical results

The main numerical properties of the finite-difference method (1.14) as well as some illustrative com-
putational simulations are presented in this stage. Here we show that our scheme is a consistent, stable
and convergent technique under suitable conditions on the parameters of the model. In a first stage,
we show that (1.14) is a second-order consistent technique, and that the discrete energy density (1.37)
also provides a consistent approximation to the continuous Hamiltonian (1.4). For practical purposes

we define the following continuous and discrete functionals:

0% 0%y

Lu? = pd 0wt - d@utt 4 ola ), V(in) € J x In_a. (1.70)

Theorem 1.10 (Consistency). Ifu € C*(R) then there exist constants C,C" > 0 which are independent
of h and T such that for each j € Jy; and each n € In_o,

|Luff — Lu(zj,tn)] < C(r* + 1), (1.71)
|Hu} — Hu(zy,ta)] < C'(7+17). (1.72)

Proof. We employ here the usual arguments with Taylor polynomials shown in Section 1.3. Using the

hypotheses of continuous differentiability, there exist constants Cy,Cs, C3,Cy € R such that

/,Ltét(z)u? - %(arj,tmr%) < Cy7 (1.73)
pedut} — %(Ijatn+%) < Co(T? + B2, (1.74)
oy — %(%‘Jmﬁ) < G2 (1.75)
SNG WD) = G (ul(wy tyyy))| < Car?, (1.76)

for each j € Jy; and each n € In_o. The first inequality in the conclusion of this theorem is readily

reached using the triangle inequality and defining C' = max{C}, Cy,vC3,Cy4}. To establish the second
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inequality, note that the consistency of the forward-difference operators, the Mean Value Theorem and

the smoothness of the function v guarantee that there exists a constant C5 independent of 7 such that

2
1) nel) n— ou 1) pe 1) . Ou
515 )’U,](SE )uj b (at(xjvtn)> | < ‘615 )Uj 1‘ 525 ) Y E(Ijﬁtn)
Ju D no1 Ou
+ ‘at(xmtn) (5£ )uj L E(CEj,tn) S 057', (177)
for each j € Jy; and each n € Iy_. Likewise, there exist constants Cg such that
2 ) 2
ujopul — u(xj,tn)@(xj,tn) < Cgh?, (1.78)

for each j € Jy; and each n € Iy_1. The second inequality of the conclusion follows again using the

triangle inequality and letting €’ = max{Cj, Cs}. O

We turn our attention to the stability and the convergence properties of (1.14). In the following,
the constants Cy, Cy and Cj are as in Lemma 1.8, and (¢, 1,) and (¢, ¥y, ) will denote two sets of

initial conditions of (1.14).

Theorem 1.11 (Stability). Let G € C?>(R) and G € L*=(R), and suppose that T and h satisfy

=vw<YS, a<l. (1.79)

PN

Let v = (v")N_, and w = (w™))_, be solutions of (1.14) for (¢y,vy) and (¢w, by ), respectively, and
let e® = v™ — w™ for each n € Iy. Then there exist constants Cy,Cs € RT independent of v and w

such that

1813 + 21 — )10k 13 < Ca (13 + 1003 + 1158V I3 + 1632 13) €7, ¥m € Iy-a.
(1.80)

Proof. Let £ =70 < @ with @ < 1. Obviously, the sequence (¢")Y_, satisfies the initial-boundary-

value problem

8l — 18 Pe? + 650G () — 8, G(w) =0, V(j,n) € J x In_o,
59:¢1J($j)—¢w(xj)7 Vj € J,
such that ¢ 019 =, (2;) — Yu(z;), VjeJ,
et =0, V(j,n) € 0J x Iy.

(1.81)

For the sake of convenience, let é;’ = (575126'(1);‘) — 0w +G(w}) for each j € J and each n € Iy_;. From

the identities preceding Theorem 1.6 and those after its proof, we readily obtain that

2) n (1) n 1 @ 1) e 2 (1) «(2)
(moP=m 60em) = SoP o - T 5P e 3,
1 .
(udie", 60em) = SoVl6e" 3, Vi Ino, (1.82)
Nn 1 n n n 1 n
26" 00 < 2 (eI + Nl 3 + o) (1.83)

24



for each n € In_q and for some C; € R™. Let k € Iy_,. Taking the inner product of 5t(1)5" with both

sides of the respective difference equation of (1.81), substituting the identities above, calculating then

the sum of the resulting identity for all n € I}, multiplying by 27 on both sides, applying Lemma 1.8

and simplifying algebraically yields

16V ER |13 + 2|61k |13

IN

IN

—[10e" 713 + 72 167" 13 + lldee 13 + [10ee”13

k
~n n 1) _n
—7203e 3 + 16,2 3 + 27 3 (6" - R, o(Ve")

n=1
T2|GFER 3 + 16eet 13 + 106013 + 162113

k
+2r ‘(é", sV eny
n=1

k
+2ry ‘<Rn,5§”en>
n=1

2a]|0,¢" 13 + 8118 13 + 8l10¢e®lI3 + 2alldee I3 + [1dee’ 13 + 1102”115
k k—1

+16261 |13 + 25672 (|2 + 327 > [|R™|)3 + 256T37 > _ ||6:™ 3

k—1 I
+27 <8/~€|€OII§ +(BT*+1)) ||5t6"|§> + 27 ( I R™MI5 + |I5t€”_1||§> :
n=0 =il

(1.84)

Now taking the derivate with respect the space to the other side of the inequality, with R™ = 0 and

simplifying we get:

1
18R ]2 +2(1 — a)|02e12

where

< 9]|6:et13 + 9]10:€°)|2 + 2(1 — a)|6z€t||2 + 16T (16T + 1)1€°]2
k
+ T(128T°% +2T° +1) > " ||6ee™3
n=1
< Ca (16113 + 10:°113 + 16213 + 11°112)
k

+ G5 Y (71613 +2(1 — a)16.2"]13) ,

Then we can rename elements

where

n=1

(1.85)
Cy = max{9,2(1 —2a),16T(16T — 1)}, (1.86)
Cs = 2(1287° +2T7%+1). (1.87)
(1.88)

k—1
wh < p+C5TZw", (1.89)

n=0
po= Cu(llec |3+ 1615 + N6z 13 + 1€°]l2) » (1.90)
W'o= 62 4+ 2(1 - a)||6," |2, Vn € In_1. (1.91)

We note that the hypotheses of Lemma 1.9 are readily satisfied with C' = C5 and p* = p for each

k € I, whence the conclusion of Theorem 1.11 follows. O
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Note that the inequality (1.79) is satisfied for sufficiently small values of 7 and of the components
of h. Finally, we tackle the problem of the convergence of the numerical method (1.14). The proof of
the following result is similar to that of Theorem 1.11. For that reason we provide only a sketch of the

proof.

Theorem 1.12 (Convergence). Let u € C3(R) be a solution of (1.1) with G € C*(R) and G” € L>(R),
and let (v™)N_, be a solution of (1.14) for the initial conditions (¢,1)). Assume that €* = v™ —u™ for
eachn € Iy. If (1.79) holds then the method (1.14) is convergent of order O(t% + h?).

Proof. Let a be as in the proof of Theorem 1.11, and let R} be the truncation error at the point (;,%,)
for each j € J and each n € Iy. Then (e")Y_, satisfies

n=0

02l — o2l + 080G u)) — b Glwl) = B2, ¥(j,n) € T x In o,
e = (5te(; =0, Vje (1.92)

such that J .
=0, Y(j,n) € 0J x Iy.

€

Following the proof of Theorem 1.11, let é? = 5£{2G(U?)—5w7tG(w?) for each j € Jand eachn € In_;.

Proceeding as in the proof of that theorem, we readily obtain

k—1
16V R (12 +2(1 — a)[|62e* |3 < p+ Cs7 Y W™, (1.93)
n=0
where
k
p = Cy <|5t61|§ + 116:€°113 + 16215 + 1%l + 7 ) IIR"H%) : (1.94)
n=1
w' = [6Me™2 +2(1 — a)||0.™ |12, Vn € In_1. (1.95)

then the hypotheses of Lemma 1.9 are satisfied. Using the conclusion of that result, the consistency
property of our method and the homogeneous initial-boundary conditions of (1.92) we obtain that
k—1
16k |12 + 2(1 — a)||6Le" |12 < Cue3h7r S IR < Co(r® + 1*)?, VE € Iy_a. (1.96)

n=0

Here Cg = C4,C?e“*T'T and C is the constant of Theorem 1.10. The conclusion of the theorem readily

follows from the last inequality. O
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Energy Conserving Scheme for the

Fractional Wave Equation

In this chapter, we investigate numerically a model governed by a multidimensional nonlinear
wave equation with damping and fractional diffusion. The governing partial differential equation
considers the presence of Riesz space-fractional derivatives of orders in (1,2], and homogeneous
Dirichlet boundary data are imposed on a closed and bounded spatial domain. The model under
investigation possesses an energy function which is preserved in the undamped regime. In the
damped case, we establish the property of energy dissipation of the model using arguments from
functional analysis. Motivated by these results, we propose an explicit finite-difference discretiza-
tion of our fractional model based on the use of fractional centered differences. Associated to
our discrete model, we also propose a discretization of the energy quantity. We establish that
the discrete energy is conserved in the undamped regime, and that it dissipates in the damped
scenario. Among the most important numerical features of our scheme, we show that the method
has a consistency of second order, that it is stable and that it has a quadratic order of convergence.
Some one- and two-dimensional simulations are shown in this chapter to illustrate the fact that
the technique is capable of preserving the discrete energy in the undamped regime. For the sake of

convenience, we provide a Matlab implementation of our method for the one-dimensional scenario.

2.1 Introduction

In the last decades, the investigation of physical media described by systems with long-range inter-
actions has been a fruitful avenue of research. In particular, a wide variety of physical phenomena
described by linear systems with long-range interactions have been reported in the literature. One of
the typical examples in classical physics is the linear interaction of particles in a three-dimensional
gravitational system [22]. Other examples are the interactions of vortices in two dimensions, engi-
neering problems on elasticity arising from the study of planar stress, systems of electric charges and
systems that consider dipolar forces [23]. Moreover, there are several well-characterized cases of long-
range interactions involved in the activation and the repression of transcription in chromosomal and
gene regulation [24], and many other applications have been proposed to polymer science (including
some applications to microscopic models of polymer dynamics and rheological constitutive equations),
to regular variations in thermodynamics and to Hamiltonian chaotic systems [25]. It is worth pointing
out that various works have been devoted to the physical and mathematical investigation of generalized

forms of these models [26, 27], including systems which exhibit the presence of the phenomenon of non-
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linear supratransmission of energy in fractional sine-Gordon-type equations [28], models of Josephson
transmission lines [29] and extensions of the Fermi-Pasta—Ulam chains [30]. Additionally, some mod-
els of oscillators with long-range interactions possess conservation laws that resemble those quantities
preserved by classical systems [31, 11].

It is important to recall that certain long-range interactions (namely, the so-called a-interactions)
yield fractional derivatives in some continuous-limit process. This process involves the Fourier series
transform, the inverse Fourier transform and the limiting process when the distance between consec-
utive particles tends to zero [32]. In such way, {ractional models in the form of ordinary or partial
differential equations are obtained from discrete physical systems. In fact, there are various types of
long-range interactions which lead to systems that include fractional derivatives of the Riesz type.
From this perspective, the use of the Riesz differential operator is physically justified, at least as the
continuous limit of physically meaningful discrete systems appearing in various branches of sciences.
Obviously, this fact has encouraged the mathematical modeling using fractional differential equations,
as well as the analytical and the physical investigation of these models. Needless to mention that
the specialized literature has benefited from the investigation of fractional equations. Indeed various
interesting reports have been published on the existence and the uniqueness of solutions of fractional
forms of parabolic models, like the porous media equation [33], the nonlinear diffusion equation in
multiple dimensions [34] and nonlinear degenerate diffusion equations in bounded domains [35].

On the other hand, the recent advances of fractional calculus have led to the development of numer-
ical techniques to approximate the solution of fractional partial differential equations. As examples,
numerical models have been proposed to solve a time-space fractional Fokker—Planck equation with
variable force field and diffusion [36] and nonlinear fractional-order Volterra integro-differential equa-
tions [37]. Some fractional models that extend well-known equations from mathematical physics have
been the motivation to develop suitable numerical schemes. For instance, some highly accurate nu-
merical schemes have been proposed for variable-order fractional Schrodinger equations [38], a new
technique based on Legendre polynomials has been reported to solve the fractional two-dimensional
heat equation [39], some improvements of the sub-equation method have been designed to solve a
(3 4 1)-dimensional generalization of the Korteweg—de Vries—Zakharov—Kuznetsov equation [40] and
some novel methods have been constructed to approximate the solutions of a two-dimensional variable-
order fractional percolation equation in non-homogeneous porous media [41]. Like these reports, the
literature shows that the numerical investigation of fractional partial differential equations has been
a fruitful avenue of current research in numerical analysis [42]. However, it is important to point out
that the design of structure-preserving methods to solve such models is still a direction of research
which has not been sufficiently exploited.

In this context, the notion of structure-preserving method refers to those numerical techniques
which are capable of preserving physical features of the solutions of interest. As opposed to numerical
efficiency which is typically associated to the computational properties inherent to those techniques
(consistency, stability and convergence), the properties of preservation of the structure of solutions
depend on each physical problem itself. As examples of those properties, we can quote the conservation
of physical quantities like energy, momentum or mass [43]. Mathematical characteristics such as
positivity, boundedness, monotonicity and convexity are also considered in this chapter as structural

properties [44]. Some structure-preserving methods have been designed for the numerical solution of
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partial differential equations of fractional order. For instance, some energy-preserving schemes have
been proposed for the nonlinear fractional Schrodinger equation [45], and some finite-difference scheme
based on fractional centered differences has been used to approximate positive and bounded solutions
of a fractional population model [46]. However, it is important to note that there are very few reports
in the literature on energy-conserving methods for fractional partial differential equations which are
consistent, stable and convergent. In particular, fractional extensions of hyperbolic models like the
sine-Gordon and the Klein—Gordon equations have been practically left without investigation. This is
a topic that merits deeper investigation in view of all the potential applications of those equations to
the continuous mathematical modeling of nonlinear systems with long-range interactions [32, 47, 48].

The purpose of the present chapter is to study numerically a multidimensional Riesz space-fractional
generalization of the nonlinear and damped wave equation that extends various models from math-
ematical physics, including the sine-Gordon and the Klein—Gordon equations. It is well known that
these two models possess an energy functional that dissipates or is conserved, depending on suitable
analytical and parameter conditions. Thus the design of dissipation and conserving schemes to approx-
imate its solution is pragmatically justified. The method reported in this chapter has some associated
energy density functionals along with a function of total energy which is capable of resembling this
property of the continuous model. Moreover, we will show that our methodology is an explicit tech-
nique which is second-order consistent, stable and quadratically convergent. Some simulations will be
provided to illustrate the capability of the scheme to preserve the energy when the damping coefficient
is equal to zero. Evidently, the explicit nature of our approach makes the technique an ideal tool
in the investigation of multidimensional systems governed by Riesz space-fractional nonlinear wave

equations.

2.2 Preliminaries

In this chapter we let p € N, T € RT and v € RT U {0}. Let us define the set I,, = {1,...,n} for
each natural number n, and let I,, = I,, U {0}. Suppose that a;,b; € R satisfy a; < b; for each i € I,.
Throughout we will assume that 1 < a; < 2 for each i € I,,, and we let B = [[5_;(a;,b;) C R¥ and
Q = B x (0,7) C RPFL. We introduce the symbols B and (2 to denote the closures of B and ) in
RP*+! under the standard topology, respectively, and let B represent the boundary of B. Assume that
G : R — R and that ¢,9 : B — R are sufficiently smooth functions that satisfy ¢(z) = ¢ (z) = 0 for
each = € 9B. Additionally, we will suppose that G is nonnegative and that u : Q — R is a sufficiently

smooth function that satisfies the initial-boundary-value problem

0%u P92y ou
(0,0) = 30 o)+ 1) 4 1)) = 0, (1) €,

o2 — Oz
u(z,0) = ¢(z), Vx € B, (2.1)
such that %(9@ 0) =v¢(z), VzeB,
u(z,t) =0, Y(x,t) € 9B x (0,T).
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Here we assume that ¢ = (21,22,...,2,) € RP, and the Riesz differential operators are defined for

each 7 € I, by

0%u -1 92 (b WLy oy i1, & i1y ey Ty T)
TN (at) = . e T LS i b I e y(g ) e Q. (2.2
e = e a2 . PErT & Vet 2

Let L, () denote the set of all functions f : Q — R such that f(-,t) € La(B) for each t € [0, T].

For each pair f,g € L, 2(f2), the inner product of f and ¢ is the function of ¢ defined by
(f9), = [ f@tg(wt)dz, Ve 0.7). (23)
B

In turn, the Euclidean norm of f € L, 2(f) is the function of ¢ defined by || f||z.2 = \/(f, f). The set
of all functions f : © — R such that f(-,t) € Ly (B) for each t € [0, 7] will be denoted by L, 1(0), and
for each such f we define its norm as the function of ¢ given by

I£lea = [ 17(@blds, ¥t € 0,7). (2.4)
B
The literature on mathematical physics has proposed various functionals to calculate the energy of

one-dimensional systems governed by (2.1) when v = 0 (see [11], for instance). For purposes of this

chapter, we will use the following dimensional extension of the energy integral employed in [9]:

1 || 0u

: 1 ¢ 0%u
22 3 ; <u7 Bz >w + G, VtE,T] (2.5)

It is important to note here that the Riesz fractional derivative of order «; in the ith component is a
self-adjoint and negative operator [49] for each ¢ € I,,. This fact implies that the additive inverse of
the Riesz fractional derivative has a unique square root operator [50] which will be denoted by =g7.

Moreover, the following holds for any two functions u and v:

<—$,v> = (EYiu,Eyiv) . (2.6)

The next result is now easy to verify.

Lemma 2.1. The energy function (2.5) may be rewritten alternatively as

1~ (s
Sl et
i=1

for each t € (0,T). O]

2

ou

ot

=3, G, (2.7

x,2

Obviously, the associated energy density is defined for each (z,t) € Q by

2 p aig,
Hx,t) — ;[({;;(x,t)] —;Zu(x,t)a'(axw(x,t)—i—(?(u(x,t))
> ' (2.8)
- ;m(x,ﬂ] +;; (22 u(z, 1] + Glu(z, ).
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The following result is the cornerstone of our investigation. It is a generalization of Theorem 1.1 of
[51], which is a result valid for fractional wave equations in one spatial variable. A proof is provided

here for completeness.

Theorem 2.2 (Macfas-Diaz [51]). If u is a solution of (2.1) then

ou||?

/ _— PR
£(1) = 7‘& -

, Vte (0,7). (2.9)

Proof. Note that the following hold:

Tl (o ; - s L (Gen) df=§/§%(2—?(§,t>)2df

= 1 [2(Ben) (Gren) - [ (Fen) (Gren)a

(52 o
sz, = 55 [ G0y =3 [ 2 ()’

- 3 /;(Egzu(at)) (grzsmuten) de = (5 (E20) =)

- <Eg (?:),E‘;;u> :<%,—%>7 Vie I, (2.11)
Lol = & [ Genn= [ 2atuie e

/G’ (€0 (guten) de - < ). (2.12)

Taking derivative with respect to ¢ on both sides of (2.7), using the identities above and the partial
differential equation of (2.1), and simplifying algebraically we obtain

d (1||ou]]> 1S, _,

Z, =1
oul|® il & o
i e e 3

:/B(?Z(g,t)> ((?;Z(S,t)) d¢ — B?Z(&t)ia?;a (&:1) d£+/ 5 (& DG (u(E ))d¢

U 2u u Yiy U
- [ G [fw(s,t); S (£,t>+G’(u<s,t>>] dg=- | [gt@,t)} e,

2
|a;,2 at |G(u)||m,1>

| 2

d
+ S G,

(2.13)
whence the result readily follows. O
Corollary 2.3. If u is a solution of (2.1) then
oul?
Et)=E(0)—~ — dt, vtelo,T]. (2.14)
o 110t]l,2
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In particular, if v = 0 then the system (2.1) is conservative. O

In the following section, we will propose an explicit numerical method to approximate the solutions
of (2.1) and the energy function (2.5). Our numerical technique will satisfy discrete versions of Theorem

2.2 and Corollary 2.3, along with the numerical properties of consistency, stability and convergence.

2.3 Numerical method

For the remainder of the chapter we let h; and 7 be positive step-sizes for each i € I, and assume
that N = T/7 and M; = (b; — a;)/h; are positive integers for each i € I,,. Consider uniform partitions
of [a;, b;] and [0, T] given by

Tij, = G +]2h“ Vi € Ip,Vji c TMN (215)
tn, = nr, Vnely. (2.16)

Let J = []7_, Ins,—1 and J = [[}_, I, and let O.J represent the boundary of the mesh J. Define
v = (T14,,...,%pj,) for each multi-index j = (j1,...,7p) € J. In this manuscript, the symbol vy
will represent a numerical approximation to the exact value of u} = u(z;,t,) for each j € J and each

n € In. Define the discrete linear operators

un+1+un
poip = A (2.17)
n+1 n
ull T —
oy = L — (2.18)
T
n+1 n n—1
2 u;" T = 2ul +u
5wy = et (2.19)
n+1 n
Gl )= C0) i m1
shawn) = utl—yp 7 3 (2.20)
n : n+l _ . n
G'(u}), if u; ™ =,

for each j € Jand n € In_;.

Definition 2.4. For any function f : R — R, any h > 0 and any a > —1 we define the fractional

centered difference of order « of f at the point x as

sf@)= > g\ f(z—kh), VzeR, (2.21)

k=—o0

where
(—l)kI‘(a +1)
I‘(% —k—i—l)f‘(%—l—k—&-l)’

gl = vk € NU{0}. (2.22)

Lemma 2.5 (Celik and Duman [52]). If 1 < a < 2 then
() 95” >0,

(ii) g,(f) = g(_ak) <0 forall k>1, and
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(i) 350 o9t = 0. O

Proof. We first notice that:

@ _ (=) T (a+ 1)
% T TE_GrD+UrE G rENUiD
(-D(=D)*T(a+1) (-1 (=) (a+1)
T8 _RL(E +k12) T(2 k(S +kt DTG kTl
(& —k)(-1)(-DFT(a+1) B (k—9)(-1)* T (a+1)

(2 —K(2 —k)(S+k+DD(2+k+1) D2 —k+1)(2+k+1)I(2+k+1)

- (k*%) g(a):(2+k+1)(a+1)g(a):<1_ a+1 ) ()
(2 +k+1)7" ($+k+1) § 24 k+1

(2.23)
(i) We know y(z) > 0 for z > 0, and 1 < a < 2 then 3 < % +1 < 5 because of that I' ($ +1) > 0,
with this in mind we calculate g§':

—1)0 « «
O (—1)"I(a+1) e I

+1)
T(2-0+1)0(2+0+1) T(2+1)2 2 0. (2.24)

. (o),
(ii) Now we evaluate g_°:

(@ _ (=1)*T(a+1)
- 0(§ = (k) + DI(§ + (=k) + 1)
(=)FP(a+1) _ (@

=g VkeNuU{0}. 2.25
T(E+k+ )T —k+1) ok {0} (2.25)

We notice that 1 < o < 2 then 2 < o+ 1 < 3, after some calculations

k-1, e+l k-l
2k +3 Stk+17 k+2

(2.26)

With the last inequality, when k& = 0 then 1 — 2+1— is bounded between —% and —1, and when k& > 0

T k+1 2
it will be bounded by positive numbers, in that way
(@  _ atl (N
Gt = (“m G’ ==
1 1 1
_ (1 _ a+) <1 _ a+> <1 _ a+> 4, (2.27)
Lt k+1 241+1 240+1
_ _a+l fps (o) — (c) < 3 >
where only (1 7%+0+1) < 0 and all other terms are positive, so 9 (kt1) = Ih1 0 with £ > 0.
(iii) from Celik and Duman [52] we get the next equation:
kr(a+1) ikz
2sm( )‘ , 9.98
‘ Z I‘f—k—ﬁ- DING +k+1) ( )
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tpt2 X O
thi1 [ ) e 6 0 0 O e o 0
tn e o e o 0 0 o e o 0
tp—1 [ ] @)
)

)

‘ T ‘ "'l‘j_g‘ ij ‘$j+2"' ‘xM—l‘
To T2 Tji—1 Tjt+1 TM—2 TM—2

Figure 2.1: Forward-difference stencil for the approximation to the exact solution of the one-
dimensional form of (2.1) at the time ¢,, using the finite-difference scheme (2.33). The black cir-
cles represent the known approximations at the times ¢,_1, ¢, and t,,1, while the cross denotes the
unknown approximation at the time ¢,o.

substituting g,(ca) and z = 0,

0=

Z g(a) ihx0 _ Z g(a). (229)

k=—o0 k=—o0

()] -

O

As a consequence, the series on the right-hand side of (2.21) converges absolutely for any f €
L1(R) N Lo (R). Tt is easy to see that any f € C5(R) for which all of its derivatives up to order five
belong to L;(R), satisfies

L Aop(z) = a(;J; (If) +O(h?), VreR, (2.30)

whenever 1 < a < 2 (see [52]). Moreover, if u € C°(B) then

a?xfﬁ (25, tn) = 8CDu? + O(h2), Vi € I,,¥(j,n) € J x In, (2.31)

where

@i),,n __ (i)
59(61 )uj - hOﬁ Zg] —ku Lljrs - LTi=1,5i 15 Liks Tit1l,g,11) - - "Tp»jp7tn)' (2'32)
1

With this nomenclature, the finite-difference method to approximate the solution of (2.1) on 2 is
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given by
p
b0 =" 6ot + 8 v + 58 G0) =0, V(jn) € J x In_a,

i=1

0= gay),  Vied. (2.33)
such that (M)? =(x;), VjEJ,

U;L:O, V(],n) €8JXTN.

For illustration purposes, Figure 2.1 shows the forward-difference stencil in the case that p = 1 using

the conventions M = M; and z; = x1 ;. Note in general that this scheme is an explicit four-step

method, so we can calculate the numerical approximation ’U;H_Q if we have the values of v;"'H, vl and
v;-’_l, because:
pt2 _gntl _gn + p1 p
J g . 3 s + 4o er + 685Gl =0, W(jin) € J x Iy_a. (2.34)
i=1

so the numerical approximation to the solution at the node x; and time ¢,9 is given by the formula

P

U;L+2 = v;’H + vl — v;kl +27 Zptég(c‘j‘i)v;‘ — 7(59)@? — 51(,12G(v§l) , Y(j,n) €JxIn_s. (2.35)
i=1

2.4 Energy invariants

In this section we show that the finite-difference method (2.33) satisfies physical properties similar to
those satisfied by (2.1). More precisely, we will propose a numerical energy functional associated to the
scheme (2.33) that is preserved under suitable parameter conditions. For the remainder of this chapter
we will let h = (hy,...,h,) and h, = [[\_, h;, and employ the spatial mesh R; = {z;};e; C RP.
Let V}, be the real vector space of all real grid functions on R,. For any u € V, and j € I convey
that u; = u(z;). Moreover, define respectively the inner product (-,-) : V5, x V — R and the norm
[ 1l1:Vh—Rby

(u,v) = h*Zujvj, (2.36)

jeI

lully = ke lugl, (2.37)

JeI

for any u,v € Vj,. The Euclidean norm induced by (-, -) will be denoted by || - ||2. In the following, we

N
n=0»

will represent the solutions of the finite-difference method (2.33) by (v™) where we convey that

v = (v});es for each n € In. The next theorem will be helpful in the demonstration of (2.38).

Theorem 2.6 (Gershgorin’s Circle). If R; = 2., |ai;| and D(a;j, Ri) = {z € C : |a;; — 2| < R;}

then each eigenvalue is inside the set D(ai;, R;) for a, € {1,..,m} .
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Lemma 2.7 (Macias-Diaz [51]). Ifi € I, then the following are satisfied for the matriz

P
ao | A AT (2.38)
ails ol e gh™
(a) A&‘” is Hermitian.
(b) Agf;i) is strictly diagonally dominant.
(¢) All the eigenvalues of Aé“) are positive real numbers bounded from above by 2980”).
(d) A;f.‘” is positive-definite. O
Proof.
(a) We know Ai‘f) = [a;] is a real matrix, we then just have to prove that a;; = aj;, Vi # j, but

aij = gi; if7>j and a;; = 95— if i < j we also know by the previous lemma gir; = gf(i_j) =

g5_; then a;; = a;i, Vi # j, so A is an Hermitian matrix.
(b) The proof continues straight forward from lemma (2.5).

(¢) For this part of the proof we need Theorem 2.6, then we define R; as in the theorem

Ri=2 layl =) ot ;1 <D -9 = g5 = lgg, (2.39)

J#i J#i J#

if A is an eigenvalue of Af(ﬁa) then |A — ¢g§| < R; and

0<go—Ri < A<go+Ri <25 (2.40)
A> 0. (2.41)

(d) Ag;of) is a symmetric matrix with positive eigenvalues, then Agf:"') is a positive matrix.

O

Before we state our next result, we require some additional notation. Let v be a grid function,
let j € Jand i € I,. If k € Ipn;,—1 then we define respectively the real constant and the (M; — 1)-

dimensional real vector

'Uj\ji:k = U(-Tl,jl yee axi—1,47‘i71 s J,‘i7k, l‘i+17ji+1 gee ,l‘p)jp), (2.42)

Vi, = (Um0, Vilii=2> - - Vjlji=Mi=1) |- (2.43)

These conventions will be required in the next lemma, whose proof will require a well-known result on

the existence and the uniqueness of square-root operators from functional analysis [50].
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Lemma 2.8. For each i € I, there ewists a unique positive linear operator A;a) 2V, =V, such that
<—6(mf‘i)u,v> - <A<;fz‘>u,Agji>v> : (2.44)

for each u,v € Vy,.

Proof. Note firstly that if u,v € V}, and if i € I, then

h M;—1
a; * o
e = h ey = 253
jeJs Jed k=1
h M;—1 M; 1—1M;y1—-1 Mp—1 M;—1 M;—1
*
il D DD DD DERED DI DR WL e U PR (2.45)
J1=1 Jl 1=1 .71+1 1 ]p—l Ji=1 k=1
h M;—1 M;_1—1M;1—1
- TR T Z AL v
B u]lm dlgi:
Ji=1 Ji—1=1 jJiy1=1 Jp=1

Using the symmetry of the matrix Aé?i) we observe that

(u, =000y = (u,—5Lv)T
Mi—1  M;—1—1M;41—1  M,—1
- hal Do D > D v ARy = (-8 ), (246
Jji=1 Ji—1=1 jiy1=1 =1

holds for each u,v € V}, which means that 75;53") is a self-adjoint operator for each i € I,. On the
other hand, the fact that the matrix A" is positive definite implies that ujleiA(a‘)um > 0 for each

weRM:i=1 gnd j e I,. As a consequence we note that (u, —(5(0”) )

> 0 for each u € V}, which means
that —(59(0/) is positive. We conclude that there exists a unique positive linear square-root operator

Agj") for —5&?” which satisfies the conclusion of the theorem. O

The next theorem establishes the existence of invariants for the discrete system (2.33).

Theorem 2.9 (Dissipation of energy). Let (v*)Y_ be a solution of (2.33), and define

1 & _
B" = (00, 601+ =37 A0 F 4 Gy, Vi€ Ivo, (2.47)

=1l

1
2

Then 6 E™ = —’y||5t(1)v”\|% for each n € In_s.

Proof. Recall that G is a nonnegative function and note that the following hold for each n € In_o:

R TL 1
(a8 07, 5100 = (51 e, 6 ) = (617 () 600y = 6P 4 5P, 60w

2
1 ,UnJr2 _ 2Un+l + " ,Un+1 — 2™ + ,Unfl (1) N
_ + L0
2 T2 T2
1 n+2 _ ,n+l _ . n n—1 1 n+2 _ ,n+l1 n_ ,n—1
_ 7<v v v+ ,(5,?”11") _ 7<v v v v ,6§1)v">
2T T 2T T T
1 1
= 5o (6ot oDt gy = o [V s ) — (g oo

(2.48)
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o) n n o n n oy [T 4o pntl gy
(8D 60y = (=50 g, 5oy = <—5;;>< )( )>

1
_ 27( (5;‘3” (Un—i-l _’_Un)’(vn—&-l_vn»
1 [0 7 n n [0 7] n n
— A () ALY (T =)
1 [e 7} n (e 7} n (e 7} n «; n
= o _<A§c;>v ALyt (Aledyntt Aledyn)
(ALY, AL — (AL, AL
1
= - [(ALum T ALy — (Als)yn ALy
~ 1 ,
1 « n (e 7} n .
= o [IAE A 3], vie,
(2.49)
+1 ny ,n+l n
W ony sy G = G™) v 0" vi ) = G(of) o —vj
(0, :G(v™), 6, v™) = | RS SR _hz n+1 an J = j
jel .7 J
n+1 Gy 1
— hz ) ©f _1 he > G —h, > G})
jel T jelI Jjel
1 n n
= = (G @™ )l = 1G(@™)]] -
(2.50)

Let ©F represent the left-hand side of the difference equations in (2.33) for each 7 € J and each
n € IN—2, and let ©" = (O7);c;. Suppose that (v ™)V, is a solution of (2.33). Calculating the inner

product of ©™ with 5§1)v , using the identities above and collecting terms, we note that

0 = (0,600 = (670" — bl + 8 G(w n) o)
= (0P, 8 om) 4 (—p08 o, 6 00m) + (80 G(om), 80

)t

= o [0, 600 — (50w, 00 + o Z [1AG w113 ~ A9 B] (2.5
b IC ) ~ 1G]
= &E" +'y||6t(l)v”||%, Vn € In_o,
whence the conclusion of this result is obtained. O
Corollary 2.10. If (v*)N_, is a solution of (2.33) then
E"=E'— Wi 168072, Vn € In_a. (2.52)

In particular, the quantities E™ are invariants of (2.33) when v = 0.

Proof. Tt readily follows from Theorem 2.9. O

Theorem 2.9 and Corollary 2.10 are clearly the discrete counterparts of Theorem 2.2 and Corollary

2.3, respectively, and they indicate that our method is a dissipation-preserving technique. Moreover,
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it is important to point out that the energy quantity E™ defined in Theorem 2.9 has associated the

following discrete energy density functions:

o= g (o) (a0 ) -5
. . L (2.53)
= 5 (o) () + 3

2
+ G(’U?), V(], n) e JxIn_s.

Theorem 2.11. The discrete quantities (2.47) may be rewritten alternatively as
L s) 7 5) BN
E" = Sl 600 3 = S0P B + 5 Y IAGI B IG@N ], Ve Iyoa (254)
i=1

Proof. Note that

3 1 1;”+1 — " " — vn—l ,Un—‘rl — " Un—l—l — "
(0", 071y = (180" A (e ) — e )
1
_ ||5£1)UnH§ -5 [(,UnJrl e ’Un,Un+1 _ Un> IR <,Un+1 — o " — ,Un—1>]
1
_ ||5£1)UTLH§ _ 72<Un+1 _ Un’ ,Un+1 — 0" 4 ,Un71>
T
1
_ ||(5t(1)'UnH§ _ 7'2”(5,52)’()”“% _ 7<Un+1 _ ,Un,vn—&-l — %" 4 Un—l)
T
1
+§<Un+l - QU’IL _|_ Unfl’ Un+1 _ 2’0” + ,Un71>
1
= [losv" )13 — 726 v" I3 — =5 ™ — v e — 20" 4 0 (2.55)
= 157" 3+ 100G = 70 e 3 1 1
1 n_ ,n— n_ ,n—
_72<,Un_,vn—17vn+1_2vn+vn—1>_<U ¢ ”U ¢ >

T T
1) n 1 — 2) n
= o v 13 + (16013 — 72|80 13

[<,Un . ,Un—17vn+1 — 0"+ ,Un—1> 4 <Un _ Un—17vn _ Un—1>]

=
n n—1 n+1 n
1) n 1) n— 2) n v — 0 v —v

= 18703 + 160" B = 72167073 — (s )

= (1603 + (|80 Y3 — r2 68013 — (0, G™y,
holds for each n € Iny_1. It follows that

2
— n— T n

(0", 80" = |60 B = 8P B, W € Iy, (2.56)

whence the conclusion of the theorem is reached. O

2.5 Auxiliary lemmas

In this section, we prove some propositions needed to establish the properties of numerical efficiency of
the finite-difference method (2.33). To start with, we will require the following elementary facts which

will be employed in the sequel without an explicit reference:

(A) If v and w are real vectors of the same dimension then [2(v, w)| < ||[v||3 + ||w||3.
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(B) As a consequence, |[v+ w3 < 2|[v||3 + 2||w||3 for any two real vectors v and w of the same

dimension.
(C) More generally, if k € N and vy, ..., v, are real vectors of the same dimension then
k 2 k
Do val| <ED a3 (2:57)
n=1 2 n=1
n—1
(D) If (v™)N_, is a finite sequence in V), and n € Iy then v" = v° + 71 Z 5(1) k1t follows that
k=0
n—1
o™ 3 < 2010°113 + 277 Y7 160F]3,  vn € Iy. (2.58)

k=0
The following lemma summarizes some important properties of the operators 5,&?“ introduced in
Section 2.3 along with their respective square roots.
Lemma 2.12. Letv € V), and i € I,,.

(a) A5 0]I3 < 205° ho e

vll3-

(b) [18520)13 = [|AS AL w3,
(i) (:) (@:) (i) P
() 1889012 < 268 h, hmi A2 §4( D hh az) [v]|2. It follows then that
p

P
382 < 2h, " gl R

=1 i=1

Aledy2 < 4h3||vu22 h g (2.59)

Proof.

(a) The properties of the matrix A(a") summarized in Lemma 2.7 guarantee that ’U;T jiA;‘j“vmi <

290%)”1}]' ;: I3 holds for each j € J. Moreover, Lemma 2.8 yields

IA& ol = <A<“% M) = (o, —&7)
M;—1 M;_1—1M;41—-1
haz Z Z Z Z V5, A8 0515,
1 ic1=1 jip1=1 =1
( j)lh M1J1 . LJJlrl 1 M Jli (260)
S =D IED DD S 3
Ji=1 Ji—1=1 jJiy1=1 Jp=1
= 29" )2
(b) Using Lemma 2.8 we readily check that
160903 = (=500, ~800) = (Ale o, ~6(e) AL )
(ALIAL 0, ALDALv) = [JALD AL 3. (2.61)
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(¢) This property is a consequence of (a) and (b), it is easy to verify

(o) (o) 2
66 0]3 = [ALOALD 0l < 268" huh = AE 0] < (208 hah ) ol (262)
We get the desired result by taking the sum over . O
For the remainder of this chapter, we let & = (ai,...,,), and define the constant géa) =
2N max{g(()ai)h_o‘i 24 € I,}. In light of the last lemma, it is clear that g,(la) is a positive number
such that
e @)\ 2 (@)
ST I3 < g ST 1ALl < (957 lz) (263)
i=1 i=1

Lemma 2.13. Let G € C*(R) and G" € L= (R), and suppose that (u™)N_,, (v, and (R™)N_, are

n=0’
sequences in Vy,. Let e = v™ —u"™ and G™ = §,,G(v™) — 6, G(w™) for each m € In_1. Then the

following are satisfied.

(a) There ezists a constant Cy € Rt that depends only on G such that

IG™[13 < Collle™ 15 + le"[13),  ¥n € Tn-1. (2.64)

(b) There exists Cy € RY depending only on G such that

2[R" — G, 6™ < 2R3+ Cr (I3 + e 13 + 100" 3) , WneTwor.  (2:65)

(c) There exist Cz,C3 € RT that depend only on G such that for each k € In_1,

k k k
n N 1) n n 1) n
2r Y (B = G0 < 27 DD IRME + Calle®l3 + Cor Y 10" 3: (2.66)
n=1 n=0 n=0
(d) For each k € In_1,
k . k
k121G 3 < 4CoT?|[€I3 + 4CoT3T S 16V em 3. (2.67)
n=1 n=0

Proof. Let C} = sup{|G" (u)| : u € R}.

(a) As a consequence of the Mean Value Theorem and a direct integration we obtain that |CN¥?\ <
C(/)(|8;-l+1| + |e7]) for each j € J and each n € Ix_;. Raising both sides of this inequality to the

second power and using the inequalities at the beginning of this section we get
IG™13 < 2C5(lle" 13 + [le™[13), (2.68)

the result is reached with Cy = 2CY,.
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(b) Note that for each n € In_1,

T ~n 1 n

< R —GM3+ 16013
n ~’IL 1 n

< 2|RMB+ 2G5+ (16 em 3 (2.69)
7 1) »n

< 2R3+ 2Co (le"H)1E + [l€™12) + 16:em|3,

2|(R" — G, 61 em))|

then we choose C; = max{4C{,1}

2R = G o] < 2R+ Oy (G + eI + 168V 3) (2.70)

(c) Using the inequality (2.65) and the remarks at the beginning of the present section we obtain
that

k
o Z ‘(R” — G, 6Weny

k+1

<o YIRS [l 213 + le™ 13 + 6 13]
n=1 n=1
k k+1 k
T n 1 n
<2r Y RME+ 2017 | lle ||§+Z||6§ e ||%]
n=1 Ln=1
N o1 (2.71)
n 1 1) n
<2r > |RM3 +2Ci7 2<2||s°||2+2T Zué“ l||2>+2|6“ ||2]
n=0 ln=1 =0
- -
n 1) n 1) n
<2r > ||RM3 +2Ci7 2<k+1>\|s°||%+2TTkZ||6§ s \|§+Z||6§ ' ||§]
n=0 L n=0 n=1
k
<27 3" R + 4C1T )3 + 201 7(2T2 + Z 16012,
n=0

for each k € Iy_1. The conclusion of this result follows for Cy = 4C,T and Cs = 201 (272 + 1).

(d) Note that (2.64) and the remarks at the beginning of this section imply that for each k € Iny_1,

ko k41 k41 k41
kT IGM3 < Cokr? Z (™ H13 + lle™13) < 2Cokr Y " [le™13 < 2CoTT Y lle" |3
n=1 k+1 n=1 n=1
< 20,T7 Y <2|s°||2 + fmz [RRE l||2>
n=1 1=0
k
< 4GOI + 4CoT3r Y (|6 Ve 3.
n=0

(2.72)
Which is the stated in the Lemma. O]

Let G € C%(R) and G” € L*(R), and suppose that (u™))_,, (v*)_, and (R™)N_, are sequences
in Vj,. As in our last result, let €” = v — u" and G" = §p tG(V™) — 6,y 1G(w™) for each n € Ty_1.
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Suppose also that

P
p02e™ — Zutég(ﬁ?i)sn + 761?1)5" +G"=R", VYnely_. (2.73)

i=1

Using this identity it follows that

BT = ok 4 T a0t 4 T 606k — 2 [q0f ek + GF — R (2.74)
5£2)6k _ 7552)&71 L3 5:5;?7:)51@ +3 53(6?1:)51{71 _9 {76,51)5’“’1 LGk kal} . )

Substituting 5£2)€k from the second equation into the first one:
6£2)€k+1 a, 5(2 k=14 3P oeb) gitl 5o 5;?i)8k—1 .15
[ (6151 B 5§1 k- 1) (Gk _ ék—l) i (Rk _ Rk—l)} 7 .75)

with this idea, we apply mathematical induction:
5t(2)€/e+1 5(2)51 i Z(;(m k1 k+1 25(%
. (2.76)
+23 (-1 [wsg”g” HE R"] . Vke Iy_o.
n=1

Moreover, calculating the square of the Euclidean norm of 5t(2)5k+1, multiplying by 72 and simplifying

2

7_2”5)52)5/6-1-1”% 5(2)51 + Z 6(a1 k+1 + Z(S(al el 12 Z [75(1 e 4 Gn Rn]

i=1 2
2
< 57287 e 3 + 57 Z(S(al k4 5r2 25@
=1 2
k 2
+5(2y7)? Za“’ o+ s(2r)? ZCNJ”—R" (2.77)
n=1 2 n=1 2
< 5773 k| |]2
1 ~ 2
—1-20727%2;1 H6§ )5" i * 42072 lzkzl HG" i +21cZ:1 IR
Using (2.63) we get
(2) (2) @Y a)
6P B < et 3+ sprey” D IIALIE 3 + sprigy” X:IIA 3
= (2.78)

k k
+207°T 3 ||6tV e |2 + 40k72 Y (llG"II% + IIR"IIS) :
n=1

n=1
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Then the inequalities at the beginning of this section, applying Lemma 2.13 (a), we readily obtain that

7|67 3

2
5t(1)51 _ 5,51)80

T

< 572

p p
+ 572y 3T IALD 3 + 5prigi® ST (AL R 3
2 =1 =1

k k k
+209277 Y 163 + 407 > B3 + 40 (400T2||50||§ +4CoT Ty ||5,£1>s”||§> (2.79)

n=1 n=1 n=0

p P
< 160CT2[|€0]12 + 201|603 + 5pr2g'™ D IALOE 3 + 5prgl® > ALk 3
i=1 1=1

k k
+40T7 Y ||R™|12 +20(8CoT? ++2)T7 Y |6{Vem|3.

n=1 n=0

This inequality will be used in the following section to establish the stability and the convergence of
the finite-difference method (2.33).
The following result will be useful to prove the stability and convergence properties of (2.33). It is

obviously a discrete version of the well-known Gronwall inequality.

Lemma 2.14 (Pen-Yu [21]). Let (w™)N_, and (p™)N_, be finite sequences of nonnegative mesh func-

tions, and suppose that there exists C' > 0 such that

k—1
W <pF+CrY Wk, VEe Iy (2.80)
n=0
Then w™ < p"eC™™ for each n € Iy . O

2.6 Numerical results

The main numerical properties of the finite-difference method (2.33) as well as some illustrative com-
putational simulations are presented in this stage. Here we show that our scheme is a consistent, stable
and convergent technique under suitable conditions on the parameters of the model. In a first stage,
we show that (2.33) is a second-order consistent technique, and that the discrete energy density (2.53)
also provides a consistent approximation to the continuous Hamiltonian (2.8). For practical purposes

we define the following continuous and discrete functionals:

0%u P guiy ou
Lu(t) = S5 (1) —me' - (33775)+va(x7t)+G'(u(x,t)), V(z,t)€Q,  (2.81)
i=1 !
p
Lul = b w =3 el Mt + 6 )G ), V(jin) € J x In_a. (2.82)

Lemma 2.15 (Brouwer’s fixed-point theorem). Let Vg be a finite-dimensional vector space, and (-, -)
an inner product on V. Suppose that f : Vg — Vg is continuous, and that there is A > 0 such that
(f(w),w) >0, for each w € V with ||w|| = X. There exists w € V with ||w|| < X satisfying f(w) = 0.
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In the following, for each w € V},, and j € J, we define

2[G(§(w; + ) = Gluew; )]
B G (w) = wy — vy ! ’

G (v}~ b, if wj = ol

if wj # vl L

—1

Define the vector

3G (w) = (857, ,GH(w)) e

w,v,t w,v,t

Note that 51(01)U ,G™(w) is a continuous operator on V.

Theorem 2.16 (Solubility). If G’ € L*>(R) then the method is solvable for any set of initial conditions.

Proof. There exists K > 0 such that H(Sfulvt G"(w)]l2 < K, for any w € V and n € In_q. Let

f Vi = Vi be the continuous function whose jth component is given by

1
fiw) = S5 (w; — 207 + 077 = 37 600 + L (wy — oY) + 85, ,GE.

T
ic€l,

Using Cauchy—Schwarz and the lemmas, we obtain

1
(Fw),w) > Sllwllz (lwllz = 2oz = 0" 2) + D (w, =5{70")

iely,

Y _
+o-lwlla (lwlls = 0" 2) = Kl

wllg [(2 4+ y7)[Jwl| = 4flo™|| = (2 + 7)o" - 27°K]

Y

22|

= > IIAL w28z 0™ 12
i€l
2471
52 lwllz (lwllz = A)-

Here,
4+ g Njom |2 + 272K

A — n—1
0" 2 + 247

Clearly A > 0, and (f(w),w) > 0 for each w € V} with ||w|]]2 = A. The conclusion follows from

Brouwer’s fixed-point theorem. O

Theorem 2.17 (Consistency). Ifu € C5(2) then there exist constants C,C’' > 0 which are independent
of h and T such that for each j € J and each n € In_q,

IN

|Luf = Lu(zj,t)] < C(* + |hlf3), (2.83)
|Hu — Hu(zj,tn)] < C'(7+|hl3). (2.84)

A

Proof. We employ here the usual arguments with Taylor polynomials and the identity (2.31). Using
the hypotheses of continuous differentiability, there exist constants C,Cs;,Cs,Cy € R for i € I, such
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that

0%u
59¢_aﬂ%%%)g Cy1 72, (2.85)
) 9%u 2 2
'ut6( J 8|x|ai(xj7tn+%) < C2,i(7 +hi); (2.86)
5,5”@—%(%,%%) < Cs72, (2.87)
SNG) = Gy tyy)| < Car?, (2.88)

for each j € J and each n € Iy_o. The first inequality in the conclusion of this theorem is readily
reached using the triangle inequality and defining C' = max{C4,vC3,Cs} V max{Cs; : ¢ € I,}. To
establish the second inequality, note that the consistency of the forward-difference operators, the
Mean Value Theorem and the smoothness of the function u guarantee that there exists a constant Cy

independent of 7 such that

1) ne(l) ne Ou ? - . Ou
5t( )uj(St( )uj = (8t (xj,tn) < ‘5t(1)uj 1‘ 5151) J E(l‘j,tn)
Ju ne1 Ou
+‘&@%)$@1mm,)<@r(mm

for each j € J and each n € In_;. Likewise, there exist constants Cg ; for each i € I, such that

(627

75L?1)“?—“($jvtn)m(%’ )| < Coih3, (2.90)

for each j € I and each n € Iy_;. The second inequality of the conclusion follows again using the
triangle inequality and letting €' = (C5 V max{C; : i € I,,}). O

We turn our attention to the stability and the convergence properties of (2.33). In the following,
the constants C, Cy and Cj are as in Lemma 2.13, and (¢,, 1,) and (¢, 1,,) will denote two sets of

initial conditions of (2.1).

Theorem 2.18 (Stability). Let G € C?(R) and G € L*°(R), and suppose that T and h satisfy
o a
3T 2g(e) < 1. (2.91)

Let v = (v")N_; and w = (w™)]_, be solutions of (2.33) for (¢v,1) and (¢w,w), respectively, and
let e” = V™ —w™ for eachn € I. Then there exist constants Cy, Cs € RT and 0 < ng < 1 independent

of v and w such that

L@ n i) n 1 a nr
S 107" 3 +(1 noZIIA“ I3 < ¢ <||€0|2+ut|5()0||2+2||/\( ) 1||2> o V€ Iy 1.

i=1

(2.92)

Proof. Let ng satisfy %107'2 g,(La) < 1o < 1. Obviously, the sequence (")), satisfies the initial-boundary-
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value problem

s e }:uwﬂﬂ+m@”"+5”q¢0—%ﬂqu=a Y(j,n) € J x In_o,

6? - ¢U('rj) - ¢w(xj)7 Vj € J’ (293>
such that ¢ 0y = ¥ () — Yu(x;), VjeJ,
en =0, Y(j,n) € 0J x In.

For the sake of convenience, let é;l = 5,812(?(1)?) — 0u,tG(w}) for each j € J and each n € In_1. From
the identities preceding Theorem 2.9 and those after the proof of Corollary 2.10, we readily obtain
that

2) n (1 1 1) ne 2 (1)) (2
(o, 6em) = 565 |V = T-o oD 3,
(—p8(00em 6emy = &mew@ Vie Iy_1, (2.94)

2@ 60em | < Cr (15 + eI + 19<"113)

for each n € Iy_1 and for some C; € RT. Let k € Iy_;. Taking the inner product of 5t(1)6" with both

sides of the respective difference equation of (2.93)

p
(P 60em) 4 3 (udeOen, 60em) 4y (506 6Vem) 4+ (@, sVem =0, (2.95)

i=1

substituting the identities above

1 n [e3 n n N’I’L
e [ FE e L FR §ja<”||A< D3+ A18E I3 + (G, 81 = 0, (2.96)
i=1

multiplying by 27 on both sides and substituting the definition of 5,51)1}”
0 = (utnai”s"nz 60 12) = T (o113 - 62 ) (2.97)
5 Z (HAGIem+ 2 = [ALIemB) + 2ryll6en 3 + 27(G™, 6Ve™),
calculating then the sum of the resulting identity for all n € I,
0 = (613 — pll6Ve03) = = (ISP — 62<0)) (2.98)

2
4 k _
+ 0 (HALIRE — AL ) + 3 [2ryllof Ve I3 + 27(Gn, 6Vem)]

i=1 n=1
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from the equation above we obtain

1 1 . P . 1 1 . 7'2 2 T2 2 1
S0V R+ DAL S = D115 M 13+ 15T RIS — 67l + g6 <3

p k
Akt~ MZ [tV 3 — 2r > (G, 6Vem)
=1 n=1
k
1 2 ~n n
< SO+ 3 AL B + ||6§ 3 42 Y (G oVem,
i=1 n=1

(2.99)
by definition of absolute value and applying Lemma 2.13 with R"™ = 0 and simplifying algebraically
yields

k i
||5 6“||2+ZIIA<Q "3

2 k
1 a;) . 2 ~n (1) _n
< SO+ Y 1A 3+ S0P E + 20 > |( G, 60en)
=1 n=1
(1) ’ 1
< el ol + Y AL B + (80CoT2 <3 + 10me 10"l

i=1

p ey p «
+. 2 ( )ZHA(a) 1”2 2 ( ZHA(aZ) k+1||2

+ 10(8CoT? + v*)T'r Z 68e™||2) + <02||50||§ + Cs7 Z 16Pe n|2>

n=0 n=0

< (80CoT? + Ca)l[e3 + 11pae 16 V€13 + (1 + 770) Z”A(% 2
5p 2 (a) 2 _ . (2100)
+ 577" D ALY 3 + (Cs + 10(8Co T +72)T)TZ LREAE
= p &
< Cy <||€0||§+,U/t]6§1)€0||§+Z||A(O@) 1||2> op -2 (a Z”A(al) 412
=

k
+(Cs +10(8CoT2 + )T) Y 16|13

k
a Cst 1) n
= o+ pT gﬁf’)ZnA“ B+ == D lI8Vem 13

n=0
5 [o% n p (o7} n
< p+ ngéa)ZnA“ ’““||2+C5TZ<II5<” 13+ (1 —n0) > ALe ||§>
n=0 =1
<

o+ p#g,ia)ZnA@ S Cr Y, ke Ty
n=0
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where

Cy = max{Cy+80CoT? 11,1+ no}, (2.101)

Cs = 205+ 20(8CoT?* +~H)T, (2.102)
p

po= G (leOH% + ellof O3+ D Al 1||2> (2.103)
i=1

n 1 n - (e} n

W= SlIse I8+ (1= mw) 3 IS0, € v (2.104)

Subtracting the second term on the right-hand side of (2.100)
k
o<1 + (1= Zr ) SCIACISE S prGrd et Veely (2109
n=0

we note that the hypotheses of Lemma 2.14 are readily satisfied with C = C5 and p* = p for each
k € In_1, whence the conclusion of Theorem 2.18 follows. O

Note that the inequality (2.91) is satisfied for sufficiently small values of 7 and of the components
of h. Finally, we tackle the problem of the convergence of the numerical method (2.33). The proof of

the following result is similar to that of Theorem 2.18.

Theorem 2.19 (Convergence). Let u € C?(Q) be a solution of (2.1) with G € C*(R) and G” € L*>*(R),
and let (v™)N_, be a solution of (2.33) for the initial conditions (¢,1). Assume that € = v™ —u™ for
eachn € Iy. If (2.91) holds then the method (2.33) is convergent of order O(72 + || h||?).

Proof. Let no be as in the proof of Theorem 2.18, and let R} be the truncation error at the point
(z;,t,) for each j € J and each n € Iy. Then (e")Y_, satisfies

p
0D =" o€l + 4o Men 55}20(1)]@) — G G(w) = R?, V(j,n) € J x In—a,
o (2.106)
0—6,e0 =0, Vjel,
such that € J <
egzo, V(j,n) € 8J x I.

Following the proof of Theorem 2.18, let é? — §£TgG(v?)—5w7tG(w;?) for each j € Jand eachn € ITn_1.

Proceeding as in the proof of that theorem

1. £ v
S0V E D AL 3

i=1

) (2.107)
1 o (2 n
< ull 603 + 3 1A + T >’“+1||2+2TZ\ 5Vem),

i=1
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we readily obtain
Ly s(0) 3
IO I + D AL

1 aL 1
< 63 + Z JAGe 3 + (socoﬂnsOn% + 10516V 3

p « ;) o n
2”Z||A< Y12 4 ZHA >’“+1||2+20TTZ||R 13
n=1
+10(8CoT2 ++*)T'r Z 1506 12) (27 ST IR™I3 + Colle®|3 + Ca7 Z ot "||2>
n=0 n=1 n=0

p k
< (80CoT? + Co)|[€]13 + 11216013 + (1 +10) D [ALDEY[3 + (20T + 2)7 > | R™3

n=1

k
op e o .,
T D INGEE T + (O -+ 08T +%)T)r 3 157"
=1

P
1 n g
c4<||e°|§+m||5§’e°§+ZA; ||2+TZ||R ||2> rgh>2||A< Jeht1)2
=1

k
+(C3 +108CoT? ++)T)7 Y ||6se™ 13

5 o) , O5T <= (1
= o S D IAGREHIE + 5= 3 e
i=1 n=0

5 [e3 1 n % (e 73 n
< P+ Sty S IALIHE + Car (—m( 3+ (1 —m0) D 1AL ||%>

i=1 =l
5 k
< 1+ 3P 24( Z [ AleD k12 4 csTZw, Vk € In_1,
(2.108)
where C5 is as before, and
Cy = max{Cy+80C,T? 11,1 + 1o, 20T + 2}, (2.109)
k—1
(1 ;) n
po= <||€°||2 + el +Z IASD I + 7Y IR II§> ; VkelIn-i, (2.110)
i=1 n=0
1 :
W= SIEVEIE (L n0) DAL, Vh € Ino. (2.111)
i=1
Subtracting the second term of the right-hand side of (2.108)
k
o=+ g + (1- 3 ) SIS < T Cor Y ke Iy, (1D

n=0

then the hypotheses of Lemma 2.14 are satisfied. Using the conclusion of that result, the consistency
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property of our method and the homogeneous initial-boundary conditions of (2.106) we obtain that

1 S B
SN0+ D IASOHS < Cac®FTr YT IRME < Co(r + BB, Wk € Inoa.  (2113)
i=1 n=0

Here Cg = C4C%e“TT and C is the constant of Theorem 2.17. The conclusion of the theorem readily

follows from the last inequality. O

Finally, we provide some numerical approximations of the solution of problem (2.1) that show the
capability of (2.33) to preserve the energy. The simulations were obtained using an implementation of
our method in ©Matlab 8.5.0.197613 (R2015a) on a ©Sony Vaio PCG-5L1P laptop computer with
Kubuntu 16.04 as operating system. In terms of computational times, we are aware that better results
may be obtained with more modern equipment and more modest Linux/Unix distributions.

In a first stage, we consider undamped and damped one-dimensional forms of problem (2.1).

Ezample 2.20 (One-dimensional problem). Let 0 < w < 1. In this example, we let G(u) = 1 — cosu

for all u € R, and use the exact solution of the classical sine-Gordon equation described by

V1 — w? coswt

m) , Y8 SR @EUOD, (2114)

o(z,t) = 4arctan (

to prescribe the initial conditions. Computationally, we consider the domain © = (—30,30) x (0, 100),
hi = 0.5 and 7 = 0.05. Figure 2.2 shows the numerical solution (left column) and the associated energy
density (right column) of the problem (2.1) obtained using (2.33) and (2.53), respectively, for w = 0.9
and v = 0. Various derivative orders were used, namely, a; = 2 (top row), @; = 1.6 (middle row) and
a1 = 1.2 (bottom row). The insets of the graphs of the right column represent the discrete dynamics
of the total energy (2.47) of the system. The results show that the discrete total energy is conserved,
in agreement with the theory established in this chapter and numerical results obtained through an
implicit nonlinear numerical method [51]. We have used different computational parameters and the
results (not presented here in view of their redundancy) show that the discrete total energy is likewise

conserved. This qualitative behavior is in agreement with Theorem 2.9. O

Ezample 2.21 (One-dimensional problem). Consider now the same problem as in Example 2.20, but
letting v = 0.05. The results of the simulations are shown in Figure 2.3. Obviously, in this case the
quantities E™ are not conserved in view of the presence of a nonzero damping term. These results are

in qualitative agreement with Theorem 2.9 and with the numerical simulations obtained in [51]. [
We consider now the problem (2.1) in two spatial dimensions.

Ezample 2.22 (Two-dimensional problem). Let @ = (=5,5) x (=5,5) x (0,10), and define G(u) =
1—coswu for each u € R. Consider the two-dimensional form of (2.1) with the initial conditions obtained
using by (2% +y?,t), where ¢ is defined by (2.114) with w = 0.8. Under these circumstances, Figure
2.4 shows snapshots of the approximate solution of (2.1) at the times (a) t = 0.22, (b) ¢t = 0.34, (c)
t =0.46, (d) t =0.58, (e) t = 0.70 and (f) ¢ = 0.82. The model parameters employed in this example
were a; = 1.8, ag = 1.6 and v = 0. Numerically, we used the method (2.33) with M; = My = 100
and N = 500. The solutions appear to follow almost a periodic behavior. Moreover, Figure 2.5 shows

the dynamics of the energy for various values of a; and as, and different damping coefficients, namely,
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Figure 2.2: Graphs of the numerical solution (left column) and the associated energy density (right
column) of the one-dimensional problem (2.1) with G(u) = 1—cos u obtained using (2.33) and (2.53) on
Q = (-30,30) x (0,100). The initial data were provided by (2.114) with w = 0.9, and the parameters
employed were v = 0, hy = 0.5 and 7 = 0.05. Various derivative orders were used, namely, a; = 2
(top row), ag = 1.6 (middle row) and oy = 1.2 (bottom row). The insets of the graphs of the right
column represent the discrete dynamics of the total energy (2.47) of the system.

52



1 P
=
X 0
=1
14 ~ ;
v
2.
0 20
10 0
20
t 20 X

14 &
= = =)
X0 k3
ES il T
-14 > 4
-2
0 20
10 0
-20
t 20 X
(e)
& ‘
N A
-
= =
5 0 - 5
=l L T
14 > Ll
-2
0 20
10 0
-20
t 20 X

Figure 2.3: Graphs of the numerical solution (left column) and the associated energy density (right
column) of the one-dimensional problem (2.1) with G(u) = 1—cos u obtained using (2.33) and (2.53) on
Q = (-30,30) x (0,100). The initial data were provided by (2.114) with w = 0.9, and the parameters
employed were v = 0.05, h; = 0.5 and 7 = 0.05. Various derivative orders were used, namely, a; = 2
(top row), ag = 1.6 (middle row) and oy = 1.2 (bottom row). The insets of the graphs of the right
column represent the discrete dynamics of the total energy (2.47) of the system.
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Figure 2.4: (Color online). Graphs of the approximate solution of (2.1) in two spatial dimensions at
the times (a) ¢ = 0.22, (b) ¢t = 0.34, (c) t = 0.46, (d) t = 0.58, (e) t = 0.70 and (f) ¢ = 0.82. The model
parameters employed were a; = 1.8, ag = 1.6, v = 0, G(u) = 1 — cosu, B = (=5,5) x (=5,5) and
T = 10. Meanwhile, the initial conditions were provided by ¢(2? + y2,t), where ¢ is given by (2.114)
with w = 0.8. Numerically, we used the method (2.33) with M; = My = 100 and N = 500.
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(a) oy = 18, Qo = 1.8.

(b) a1 = 18, Qo = 1.6.
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Figure 2.5: (Color online). Graphs of the energy dynamics of the solution of (2.1) in two spatial
dimensions using various sets of the parameters oy and a2, G(u) = 1 —cosu, B = (—5,5) x (=5,5) and
T = 10. The initial conditions were provided by ¢ (2% +y?,t), where ¢ is given by (2.114) with w = 0.8,
and various damping coefficients were considered, namely, v = 0 (solid), v = 0.01 (dashed), v = 0.02
(dashed-dotted) and v = 0.03 (dotted). Numerically, we used the method (2.33) with M; = My = 100
and N = 500.
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~v = 0 (solid), v = 0.01 (dashed), v = 0.02 (dashed-dotted) and v = 0.03 (dotted). The results illustrate
the fact that the total energy of the system is conserved in the case when v = 0, while the system is

dissipative if v = 0. The results are in agreement with the theorems derived in this chapter. O

2.7 Computer implementation

In this appendix, we provide a Matlab code of the numerical method (2.33) for the one-dimensional
scenario. It is worth noting that its implementation is straightforward, and it requires input and output
constants, which refer to the computational and model parameters described in the manuscript. The
code uses the functions exact and G, which are used to prescribe the initial conditions and the potential

function G, respectively.

Input (a,b,T,M,N,alpha,gama).
a= ay, b= bl; T=1t,
M= M, N= N, alpha= «, gama= 1.

Output [x,u,H,t,E]. The first three variables are vectors of lengths equal to M + 1, while the
last two are vectors of lengths N 4 1. These vectors are defined as

x(j)=xj_q for each j € {1,..., M + 1},

u(j)= vﬁl for each j € {1,...,M + 1},

H(j)= HjN_1 for each j € {1,..., M + 1},

t(@m)=t,_1 foreachn € {1,...,N + 1},

E()=FE,_; foreachn e {1,...,N 4+ 1}.

Code.

function [x,u,H,t,E]l=fracwave(a,b,T,M,N,alpha,gama)
function y=exact(t)
y=4.*atan(sqrt(l1-omega~2)*cos(omega.*t)./cosh((1-omega~2) .*x)./omega) ;

end

function y=G(z)
y=1-cos(z);

end

omega=0.8;
h=(b-a) /M;
tau=T/N;
r=2*gamaxtau;

R=2xtau"2;

x=a:h:b;
t=0:tau:T;

ul=exact (t(1));
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u2=exact (t(2));
u3=exact (t(3));
u=zeros(size(ul));
E=zeros(size(t));

H=u;

g=zeros(size(ul));
g(1)=tau~2*gamma(alpha+1)/gamma(0.5*alpha+1)~2/h~alpha;
for k=1:M

g(k+1)=(1-(alpha+1)/(0.5*%alphatk+1))*g(k);

end

fracl=zeros(size(u));
for j=2:M
for k=1:M+1
fracl(j)=fracl(j)+g(abs(j-k)+1)*u2(k);
end
end
for n=4:N
for j=2:M
frac2=0;
for k=1:M+1
frac2=frac2+g(abs(j-k)+1)*u3 (k) ;

end

u(j)=u3(j)+u2(j)-ul(j)-(fraci(j)+frac2)-r*(u3d(j)-u2(j))...

-R*(G(u3(3))-G(u2(j)))/(u3(j)-u2(jd);
H(j)=0.5%(u3(j)-u2(j))*(u2(j)-ul(j))/tau/tau...
+0.5%u2(j)*frac1(j)/tau/tau+G(u2(j));
fracl(j)=frac2;
end
E(n)=h*sum(H) ;
ul=u2;
u2=u3;
u3=u;
end

end
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High Order of Accuracy Scheme for

the Fractional Wave Equation

In this final chapter, we consider a general class of damped wave equations in two spatial
dimensions. The model considers the presence of Riesz space-fractional derivatives as well as a
generic nonlinear potential. The system has an associated positive energy functional when damping
is not present, in which case, the model is capable of preserving the energy throughout time.
Meanwhile, the energy of the system is dissipated in the damped scenario. In this chapter, the Riesz
space-fractional derivatives are approximated through second-order accurate fractional centered
differences. A high-order compact difference scheme with fourth order accuracy in space and
second order in time is proposed. Some associated discrete quantities are introduced to estimate
the energy functional. We prove that the numerical method is capable of conserving the discrete
variational structure under the same conditions for which the continuous model is conservative.
The positivity of the discrete energy of the system is also discussed. The properties of consistency,
solvability, stability and convergence of the proposed method are rigorously proved. We provide
some numerical simulations that illustrate the agreement between the physical properties of the

continuous and the discrete models.

3.1 Introduction

Derivatives and integrals of non-integer order are currently used in many applications in mechanics
and physics. In particular, they have been employed in the description of anomalous kinetics and
transport in walks [53, 54] and to obtain fractional analogues of equations of motion was proposed for
sets of point-particles with long-range interactions [55, 32]. This procedure is helpful in the analysis
of the dynamics of some discrete Hamiltonian systems of oscillators [31, 11]. On the other hand, the
design of structure-preserving schemes to solve multi-dimensional problems has been the main topic
of study in various reports [56, 57, 58, 59]. In a broad sense, ‘structure preservation’ refers to the
capacity of a computational technique to preserve mathematical features of the relevant solutions of
continuous systems. The condition of positivity, which is a natural requirement for problems in which
the variables of interest are measured in absolute scales [60, 61, 62, 63], is one of those mathematical
features. Boundedness is another characteristic in problems where there exist natural limitations
of growth, particularly in models that describe the dynamics of populations under limited resources
[64, 65]. Monotonicity is another property [44, 66].
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3.2 Preliminaries

Throughout this Chapter, we let T, x € Rt and v € RTU{0}, and suppose that a;, b; € R satisfy a; < b;,
for each i € {1,2}. Let us define B = (a1,b1) x (az,b2) C R?, and let Q = B x (0,7) C R3. We will
employ the symbols B, Q and 0B to represent respectively the closures of B and €2, and the boundary
of B under the standard topology of R3. Throughout, we will observe the convention x = (1, 72) € R2.
Assume that G : R — R is a function, and that ¢, : B — R satisfy ¢(x) = ¢(x) = 0 for each = € 9B.
Moreover, suppose that G is nonnegative, that G” is bounded and that u : Q@ — R is a sufficiently
smooth function. We will assume that u(x,t) = 0 for each t € [0,T] and =z € R?\ B.

Definition 3.1. Let a > —1 and suppose that n is a nonnegative integer such that n — 1 < a < n.
The Riesz fractional derivatives of u of order a with respect to x; and with respect to x5 at the point

(z,t) are respectively defined by

O“u(w,t) -1 o" [ wu(§, xa,t)dE
_ §: L2,1)a8 1
0|z | 2cos(5)I(n — a) Oz /_OO |py — €|oti-n’ e (3.1)
0%u(x,t) -1 " [ wu(xy, & t)dE
= - e Q. 2
dlawa|® 2005(%)I‘(n —a) Oa [m |y — E[oti—n’ V(z,t) € (3.2)

Here T is the usual Gamma function defined on R\ {n € Z : n < 0}.

Throughout, assume that 1 < a; < 2 for each ¢ € {1,2}. In this chapter, we will investigate

numerically the following two-dimensional initial-boundary-value problem

0?u(x,t) 0% u(x,t)  0*u(x,t) ou(z,t) , B
—5z & ( FENE + Blal > 5 + G (u(z,t)) =0, V(z,t) €,

u(z,0) = ¢(), Vz € B,

o (3.3)
such that a(m,()) =Y(z), Vze B,
u(z,t) =0, V(z,t) € 9B x (0,T).

Denote the Riesz derivative of u of order a; with respect to x; by Dg?, for each i € {1,2}. For
each such i, note that —Dg? has a unique square-root [50, 49], which is denoted by Z$¢ and satisfies
(=Dgiu,v), = (EQiu,E97v), for any two functions u and v. With these conventions, we use the

following positive energy function [67]:

2 1 2 .
+§ZHEgzuHi,2+||G(u)||x’1, vt € (0,7). (3.4)
x,2

i=1

1 || 0u

Theorem 3.2 (Macfas-Diaz [68]). If u is a solution of (3.3) then

2

¢
0
£(t) = £(0) —'y/ 9ul™ g vee o). (3.5)
o 10t
As a consequence, E'(t) = —y|lul|Z 5 for each t € (0,T), so that the system (3.3) is conservative if

v =0.
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3.3 Numerical method

For any natural number n, we let I,, = {1,...,n} and I,, = I,,U{0}. For the remainder of this chapter,
we let hi, ho € RT be fixed step-sizes in the x1- and xo-directions, respectively, and let 7 € RT be the
temporal step-size. Moreover, assume that N = T/7 and M; = (b; — a;)/h; are positive integers for
each i € I. We will consider uniform partitions of [a,, b;] for i € I, and of [0, T], respectively, given
by

Tij, = ai+Jjihi, Vi€ I,V € In, (3.6)
t, = nt VYnécly. (3.7)

Let J = Inp—1 X Inp—1 and J = Ip X Iy, and let 8J = {j € J : x; € OB}. Define z; =
(z1,,,%2,5,) for each bi-index j = (j1,j2) € J. For each (j,n) € J x Iy, the symbol v} will represent
an approximation to the value u = u(x;,t,).

We will use the discrete average operators

un+1 + u”
g = % = u(z;, tn) + O(7), (3:8)
un+1 + uﬂfl
peg = L = u(aj,t) + O(r), (3.9)

J 2

and the discrete difference operators

I —u? Qu(a;,t
by = S—— = (8Jt’ ) +0(7), (3.10)
utt — ou(xj, t,)
sV = 2 T = O, (3.11)
W =2l + Ul 2u(x;,t,)
8Py = N - Y@ (3.12)

for each (j,n) € J x Iny_q1. Also, the following estimates G'(u(z;,t,)) with an order of consistency
equal to O(72):

J

(1) ny __ n+1 n—
0y 1G(u}) = ul " — g
1/, n . n+l _ , n—1

G'(u}), ful™ =ui .

Gt — G(u} ™)
1

. n+1 —1
S STV (3.13)

Definition 3.3. For any function f : R — R, any A > 0 and any o > —1, the fractional centered

difference of order « of f at the point x is given by

@)= S o kh), VocR, (3.14)

k=—o00

whenever the right-hand side of this expression converges. The coefficients of the sequence (g,ia)),;“;_oo
are defined by
—1)FT (o + 1
(@) _ (-)T(a+1) vk € NU {0}. (3.15)

FOT(E -k+ )2 +Ek+1)
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Lemma 3.4 (Celik and Duman [52]). If 1 < a < 2 then the sequence (gg}‘))oo satisfies

k=—oc0

(i) 95 =0,
(ii) g( ) = (a) <0 forallk>1, and

(i) 372 o0 = 0.

As a consequence of Lemma 3.4, the series in the right-hand side of (3.14) converges absolutely
for any bounded function f € L;(R). With this notation, it is easy to see that any f € C*(R) for
which all of its derivatives up to order five belong to L (R), the number —h~*AY f(z) approximates
quadratically the derivative of f of order « at the point # whenever 1 < a < 2 (see [52]). Under these

circumstances, if u € C°(B) then

0%y

pren (zj,tn) = 02Ut + O(h), Vi€ I,¥(j,n) € J x Iy, (3.16)
where

5&‘?1%&? e e Zg]i“)ku (Tkjastn), V(,n) € J x Iy, (3.17)

sleDyr = 5 kzogjjﬂku Tj kotn), V(G n) € J x Iy. (3.18)

For the remainder of this chapter, we will let h = (hy, h2) and h, = hihe. Let a = (g, @), and
define the spatial mesh Rj, = {z,};e; C R?. Let V) be the vector space of all real functions on Rj,.
For any u € V;, and j € J, let u; = u(z;).

Definition 3.5. Define respectively the inner product (-,-) : Vi, x V, — R and the norm ||-||1 : Vi = R
by

M—-1 M—-1
(u,0) = ha Y ujuj, lully = P Y Juyl, (3.19)
i=1 j=1

for any u,v € Vj,. The Euclidean norm induced by (-, -) will be denoted by || - ||2.

Definition 3.6. The spatial compact difference operators in the x;- and the xs-directions are the

functions A;?“,A&C;?) : Vi — Vy defined, respectively, by

a aq a1 .

ALYy, = ﬂyjl,l,jz + (1= 35) Vinda + 57 Vitras W EVR VI € J, (3.20)
«a a2 .

A;;)]/j = 24 Vn,yz 1+ (1 12) Vi, ja + S Yzt Yv eV, Vje (3.21)

At the boundary of J, we conveniently define these operators as zero. Moreover, we introduce the
linear operators A;La) = A&ﬁ”)Aé‘;Q’ and A}, = (Agf)é o) 4 Aalé(az)) on Vj,.

We will require the following results in the sequel.
Lemma 3.7 (Macias-Diaz [69]). For each i € I, there exists a unique positive self-adjoint (square

root) operator A( )V, = Yy, such that (— 5(al)u ,U) = (Agf‘ u, A(al) ), for each u,v € V.
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Define the constant gh = 2h.(g (Oll)h_o’1 +g(az)h_a"‘) Using this convention, the following result

summarizes some easy properties of the operators 63(51. 1) and their respective square roots.

Lemma 3.8 (Macfas-Diaz [67]). Let v € V}, and i € Ir. Then

(a) AL 02 < 265 hohy )3,

|
(b) (165 0]|3 = AL AL )3,

2
A0)3 < 4 (g5 hahi ) [ll3,

gff)vH% < 4h?|lvll3 Z(géai)h;ai)Q and

168400)2 < 294 by b7

(c)
d) Z ||63(C?7)’U||§ < 2h. Z g(()ai)h;ai A

i€, i€l i€l,
2

&) Yool < gf 3 IAL ol < (9 vlla)

i€l i€lp

It is important to recall that the compact operators satisfy ||A§ff1 vl < ||lv||2 and || A az>v||2 < |Ivll2,
for each v € V;,. As a consequence, (Apv,w) < cg(a)Hv||2||w||2 for each v,w € V4.
Lemma 3.9 (Zhao et al. [70]).
(1) For any v € V,, we have ||A§1a)v||2 < ||vll2 and %||v||% < <A§La)v,v> < |lv||3.
(2) There is a unique operator Aflb 2 Vn — Vh such that (—Apv,v) = (Aév,A%v} = ||A,%v||§, for each
v E V.

The following result will be useful to obtain a compact discretization of (3.3).

Lemma 3.10 (Li and Zeng [71]). Let 1 < a; < 2 for each i € Iy. Let u € C(R2), and assume that all

the spatial derivatives of u up to order seven belong to Ly (R). Then
[o7] t
580 u(;) = AL [88;% )] +O(hy), (3.22)

for each (z,t) € Q and i € I.

Apply the operator A;}a) on both sides of the partial differential equation of (3.3)

(o) [ 0%u(z,t) 0t u(x,t)  0?u(x,t) du(x,t) , (@)
Ay ( 52 RN Bl +7 5 + G (u(z,t) | =A,7(0), (3.23)

then rearrange the left side of the equation as follows, using the definition of Agf‘):

2 [e51 2
NS (6 ul, ) au(x’”) —k <A(”‘>a LGN OIS C) “(x’t)) + ADG (u(z, 1))

oz ot NPT LT
0?u(x,t) ou(z,t) 0 u(x,t) 0*2u(x,t)
Al A ’ _ i [ Alen) g (a2) J A(al)A az) Al v "
" < oz o > “( I P Blmper ) T A G lul@ 1))
0?u(z,t) ou(z,t) y 0% u(z,t) 0*2u(x,t)
A LRAN ’ A(OQ)A(OH AT plan) plee) T B ) Al ¢
h ( at2 Y at ) < €1 alxl‘al + T To a|x2|a2 + h (U,(.’I), ))7
(3.24)
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we use Lemma 3.10

0u(z,t) ou(x,t) o) (on o) oo
w2 (T P ) (M0 u(on) + A0 u(e)) + ALG ulz0) =0
(3.25)
and substitute the partial derivatives with respect to time by their second-order discrete approxima-

tions.
(e 2) (1 n « « « « a n
AL (607 +960or) =k (A5 uDvr + AlIa uDor) + A8 )Goy) = 0. (3.26)
In such way, we obtain the following scheme to approximate the solution of (3.3) on :

A;la) (5t(2) n +75( ) Ahﬂ(l) n _|_A(04 (}QG(U;L) =0, V(,n)€JxIy_1,
W) = ¢(x;), Vi€l
such that 5tv;? — w(l’j)7 Vi e J,

v =0, V(j,n) € 0J x Iy.

(3.27)

This scheme is a three-level method, meaning that the approximation at the first time-level is required.
In our implementation, we used side-by-side Taylor expansions with the approximations for the initial-
boundary conditions in (3.27) and (3.3) in order to evaluate the approximation at the first time-level.

In that way, we obtain

i cr? ( 9"y %2y

o =000 + i) + T (e + ) Bla) + G0l —10(e). Vi€ (326)

Let us represent the solutions of (3.27) by (v")]_, where we convey that v" = (v}});es for each
n € In. Moreover, let 61(” G(v") = (61(,,)6’(1} ))jes. With this notation, the first thing we notice is:

o (a a Q2 Q2
A( 2) 2)y] = Agﬁ;) (241@1’]2 1+ (1 12) Vjy.jo T ﬂl/jl’j2+1)
109 a1\ Qg 109
= o4z Vir—lija— 1+ (1 ) o Ytz = 1+ g2 Virtlia—1
(o731 a9 (o5} (6%} aq Q2
Y (1 - 12) Vir=lija T (1 12) (1 12) Vindz + 9y (1 12) Vit
[0 3Ye %) a1\ Q2 Q2
s a2 Vil + (1 12) o4 Vindatl T oq2 Vit
(3.29)
then we definea = 432, b= (1- %) 2, c=2 (1- %) andd = (1 - %) (1 — 92), along with the
matrices:
b 0 0 c a
b b 0 a ¢ a
A= , B = ) (3.30)
0 b 0 a c a
0 0 b 0 0 a ¢
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Ordering v}’

' j» ina column vector lexicographically, Aggz)A;‘;?)u” = Mv" with:

A B 0 0
B A B 0
M= . (3.31)
0 B A B
0 0 B A

It is easy to see that the system of difference equations of the method at the time ¢,, can be expressed

in vector form as
M (5,@@" + vét(l)v”) - Ah,ugl)v” +M (51(,12(?(1)")) =0, Vneln_i, (3.32)

where M is a tridiagonal block matrix which is symmetric and positive-definite. As a consequence, M
is nonsingular and its inverse H is a symmetric positive-definite real matrix, which means that it has
a Cholesky decomposition H = RR.". In light of these facts, the finite-difference scheme (3.32) can
be reformulated as

5P 4 46D — RRT Ao + 680 G ™) = 0. (3.33)

Theorem 3.11. Let (v*))_, be solution of the system (3.27). For eachn € In_1, let
n 1 n|2 1 % n|2 n
B = Lo 13+ e RAFOZ + e |G, (3.34)

If n € In_1 then §;E"! = f’y||5t(1)v"||§, so the quantities E™ are invariants of (3.27) when v = 0.

As a consequence,

5£1)vk

n 2
E"=E° — 77; o Vn€lnoa (3.35)

Proof. The proof hinges on Lemma 3.9 and the following algebraic identities:

n+1 n n—1 n+1 n—1
2 (1) 1 v — 20" 4w v —v
(st = (T )
1 <,Un+1 — " o — ,Unfl ,UnJrl — " o — ,Un—l >
= —_— f— i +
2T T T T T
1
= E <5t7jn — 6157,}”71, 5{0” + 5t’0n71>
1
= 5 (((M}”, do™) — <(5tv”_1, 5tvn> — <6tv"7 6tv”_1>
n— n— 1 n —
— (5" ")) = 5 ([16:0™ (13 = [[6e0™H13) (3.36)

64



<—RRTAhu§1)v", 5£1)v"> =

a6y =

~ARR T pf o, o)

(-
(AFRRT Vo, AoV ) = (RAGpVom RAG 8D

n+1 n—1 n+1l _ ,,n—1
(rad () mad ()
2T
1

= = ((RAGo T RAG0™ ) = (RAL0™ RAG )

|

D‘mh—t

,4;

+<RA2 LRAGO) — (RAG0L RAG0))

2 2

1 1 1 1
1 IIRAﬁv”“H% + IIRAEU”I@ IRAZ 0[5 — |[RA; v”*%]
2T

! 3,72 3, n—12
= 3 [MtHRAhU 12 = e[ RAZ v ||2}, (3.38)

G(,Un+1) _ G(,Unfl) Un+1 — "
. 27
n+1) G(’U]n 1) Un+1 o Un—l

— J J
- h Z n+1 n—1 21
J

JeI

)

,Un—‘rl — gyn—1

65t Gt _ 3

= h, Z J = h*ZG(U;‘H)—h*ZG(v]*

Jjel Jel jel
_ 1 [\Gw“)l £IGEL _ et + 166 1)
T 2 2
= 2 [llG) s — G ). (3.3

Let ©™ be the real vector consisting of the left-hand sides of the difference equations in (3.27) for each

N

n € Iy_1, and suppose that (v™),_, is a solution of the method. Calculating the inner product of ©"

with 51

(©",50")

note that 0 = (0, 6t(1)v"> = (o7, 5t(1)11"> =0 E" !+ Hét(l)vn

v"™, using the identities above and simplifying

<(5(2) n+’}/5(1 n—RRTAhM(l) n+5(1 G( n)76(1) n>
<5(2) n 6(1 n> <’Y(5(1) n 5(1)U"> < RRTAh/L(l) n 5(1 > <5$,2G(1}n),5£1)vn>

n n— n 1 2, % n—
(60 3 = 100" ) + 210008 + o= [ RAG O I3 = e IRAF 013
GOl — el G )]

1
!
[(||m"||2+ L RAY "II§+MtIIG(v”)|I1>

\H»—l—{—l\.’)

1
( 16013 + futHRAZv"”lI% +,UtG(v"_1)||1)} + 70 (1) v™||2

OB 1—1—7“5 Dyn

. (3.40)

2
, whence the conclusion follows. O
2

65



Theorem 3.11 is clearly the discrete counterpart of Theorem 3.2. Moreover, the quantities E™ are

nonnegative, for each n € Iny_1. This is in obvious agreement with the expressions (3.4).

3.4 Numerical results

In this section, we prove the most important numerical properties of our method. Firstly, we establish
next that the finite-difference method (3.27) is solvable. For each w € V), and (j,n) € J x In_1, let

G(w;) — Gy ™) .
" — , it wy A0
84, G (w) = wj — v e d (3.41)

G’ (v?), if w; = v?fl.

Note that 5. G"(w) = (5(1) G} (w))jes is a continuous operator on V;, when G is differentiable on

w,v,t w,v,t
all of R.

Theorem 3.12. Let G be differentiable on R, with G' € L>*(R). If 2+ 7y — 37‘20g}(la) > 0 then the

compact difference method (3.27) has a solution for any set of initial conditions.

Proof. The approximations v° and v! exist, so let us assume that v”~! and v™ have been obtained for
some n € Iny_;. Since 61(1)1’)1}’th is continuous and G’ is bounded then the operator 51(01’)1,’th is likewise
bounded in V. Let f : V;, — V;, be the continuous function whose jth component f; : V5, — R is given
by

w— 20" + ot w—o?! w+ vt
fj(w)zA;C‘)( Sl — >—Ah<TJ +AI), (GP(w), Yw eV, Ve J.

(3.42)
Using the Cauchy—Schwarz inequality and the results of Section 3.3

w— 20" + "1 w— Pt w+ v
(F(w),w) = (ALY ——L—— w) + (y—5 2, w) — (A (2] ) + (Ady, G (w), w)

~y
27'<

w+ v;l_l) ’w> + <A51(1;1,)v,tG_7 (’LU), w>

_ ¥ e
(lwlla = 20" l2 — [Jo" 1||2>] + lwllz |55 (lwlz = 0" 2)

1

T—2<A§la)w—2v?+v?_l,w)+ w—v?_l,w>
1

- §<Ah(

[1

> ol | 5

(1
—Jlwla |5 (IAnwlls + [An0™ Yl2) | — llwll |[|A8%), (G (w)]|2
2

1 /1 B 1 .
> ol | 75 (3l = 200"k = 10"l ) | + Bl | 3 (Goll = 1012 |

[ (@)
cg n—
~llellz | 2= (w2 + o %)] = lwll2 [ 1455, G2 (w)2]

2

(3.43)
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it follows that there exists K > 0 such that

1 /1 1
()b = ol |5 (ol = 2007 = 1012 ) + 2 (Gl - 10"l
(a)

cg —
- ; (lwll2 + [lo" 1||2)—K]

1 1
= B2 [o (G hotls = 2007 = 1o ) + 337 (Gl = 10712

—37%cgl (w2 + 0" ) — 67K

= % [(2 +97 — 37269,(10‘)) wllz = (12[v™[l2 + (6 + 377 + 37%cgs) [[v™ |2 + 67’2K)}
2 -3 2, (o)
=TIl ffwls - X, V€ Vi,
(3.44)
where
12][0" 2 + (6 + 37y + 3r¢g, ) [0~ ||> + 672K
o I , (3.45)

2471y — 37’209,(;1)
Clearly, A > 0 and (f(w),w) > 0 for each w € V;, with ||w||2 = A. By Brouwer’s fixed-point theorem
[72], there is v ! € V,, with [Jo"T1|]2 < A, such that f(v"*!) = 0. The conclusion of the theorem

follows now by induction. O

Theorem 3.13. Ifu € C;f(ﬁ) then the scheme (3.27) has local truncation error of order O(t% + hi +
h3).

Proof. The proof follows from a standard application of Taylor’s theorem on each of the discrete
operators of the numerical model (3.27), the smoothness of u, the triangle inequality and Lemma
3.10. 0

Theorem 3.14. If (v™))_, is solution of (3.27) then there is C € RT such that ||v"||3 < 2|[v°|13 +

n=0

AT?EC, for eachn € In_1.

Proof. Using the Cauchy—Schwarz inequality, we obtain

2

n—1 . n—1 n—1
v —v
ol = o0+ S| < 2l 2r2 |3 et
k=0 2 k=0 2
n—1 n—ll
< 2003+ 2072 Y (160" (I3 = 210013 + 4T ) §|I5tka§
k=0 k=0
n—1 1 1 .
< 277 Y (G100 + gl RAF B + GO,
k=0
n—1
< 2||0°||3 +4T7 (ZE’“)
k=0
< 2||0°3 + 477 (nE°)
< 2)0°|3 +4T2E°, (3.46)
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the last part of the proof since:

=F%— ’yTZH(S( ‘

n—1 nfl k (347)
3 EF=nE’ - H < nE°,
k=0 k=0 i=1

for each n € In_1. The conclusion of this result is reached now. O

Lemma 3.15 (Pen-Yu [21]). Let (w™)_q, (p™)N_y C Vi, be nonnegative functions, and let C > 0 be
such that

n—1
w'<p"+Cr Z Wk, Vnely. (3.48)
k=0

Then w™ < p"ec’” for eachn € Iy .

Lemma 3.16 (Macfas-Diaz [68]). Let G € C3(R) and G" € L¥(R), and let (u™))_, (v™)N_, and
(RMN_ be sequences in Vy,. Let e" = v™ — u™ and Gr = 8y tG(U™) — 6, 1G(w™) for each n € Iy.
There are Co,C3 € RT depending only on G with

k k k
27 | Y (R" = G, 8Ve™)| < 21 > R + Colle®(I3 + Ca7 > 16113, (3.49)

n=1 n=0 n=0
for each k € In_;.
In the following, the constants C7, Co and C3 are as in the previous lemma.

Theorem 3.17 (Stability). Let G € C*(R) and G” € L*(R), and suppose that T,h € R satisfy
Cst < 1. Let v = (v and w = (w™)_y be solutions of (3.27) for (¢u, 1) and (Huw,Vw),
respectively, and let e® = v™ — w" for each n € In. Then there exist Cy,Cs € R independent of v

and w such that
1
18”13 < Ca (116l + il IRAZ I3 + 113 ) €57, ¥ € In-a. (3.50)

Proof. Beforehand, let g € RT satisfy C37 < 19 < 1. Note that (¢"))_, satisfies the initial-boundary-
value problem

5P 4 6em — HApuMem +60)G (™) — 6 0,G(w™) =0, Vn e Iy,
€9 = bu(xj) — pulz;), Vi€,
such that (57559 = Yy(xj) — Yuwlzj), YjeJ,
el =0, V(j,n) € 0J x Iy.

(3.51)

For the sake of convenience, let éy = 57512(?(@7) — 6,1 G(w}) for each (j,n) € J x In—_1. It is easy to
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see that

1
(6en 60} = (I3 — 0" 3), ¥m e Iy, (3.52)
1 1 1

<—HAW§1)5",5§1)5"> - o [utHRA,je"H% — | RA? e"—lng} , Vnely_y, (3.53)

IA

~n 1) n n n— n n—
2(G™, 6 e™)| Cr (116:™13 + 186 M3 + e T3 + [le"YI3) . ¥n € In_1.3.54)

Letting k£ € In_;, taking the inner product of 551)6" with both sides of the respective difference
equation of (3.51)

(07em, Ve 4y {oVen 6V — (HAw Ve 60e") + (G 60 =0, (3.55)
substituting the identities above
o= (18" 13 = 182"~ 113) + Y1013 + o= el RAZ ™13 — e [RAZE"[E] + (G, 07e") = o,
(3.56)
multiplying by 27 on both sides

1 1 %,
18:€™ 113 — 116:™ 113 + 2971|612 + | RAZ ™12 — e | RAZE™ Y3 + 27(G™, 6™ =0, (3.57)

calculating then the sum of the resulting identity for all n € I,

k k
1 1 ~
16:¥113 = 118:€°l13 + 2y > 16V e™13 + pe|RAZ X3 — peIRAZ 2113 + 27 > (G™, 6{Ve™) = 0, (3.58)

=1 i=1

applying Lemma 3.16 with R™ = 0 and simplifying algebraically, we obtain

15:*113

k
1) n i
18:°113 — 297 D118V [3 — e RAZ X3

i=1

k
+ul|RAZECE — 27 > (G™, 61Vem)

i=1
1 k -
< 100113 + e IRAZ I3 + 27 | S0 (G", 6Vem)
=1
1 k
< 11 + el RAZENS + Call3 + Car Y 110, 13- (3.50)

n=0

Subtract C57||6:£%(|3 on both ends of this inequality and notice then that the left-hand side that results
satisfies that (1 —no)||0:e¥(|2 < (1 — c37)]|6:" 3.

k—1
(1= m0)16e™I3 < (1= esm) 8" (13 < (180”13 + puel IRAZ 3 + Colle®ll3 + Cs7 D l16,e™ (13- (3.60)

n=0
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Dividing next by 1 — 79, by making Cy = maz{ = % 1 and C5 = —%2 we get that:

1-n0? 1-m0o 1=mno
. k-1
18:6413 < Ca (1813 + e IRAZCIB + [1°13) + Cs7 3 1dee™ 1B, (3.61)
n=0
The conclusion of this theorem is reached now using Lemma 3.15. O

Under the assumptions of Theorem 3.17, we readily establish the uniqueness of the numerical

solutions.

Corollary 3.18. Let G € C*(R) and G"” € L*(R), and assume that C37 < 1 holds. If v and w are

solutions of (3.27) corresponding to the same set of initial data then v = w.

The proof of the following result is similar to that of Theorem 3.17. We provide only an abridged
proof.

Theorem 3.19. Let u € C;f(ﬁ) be a solution of (3.3) with G € C*(R) and G" € L*(R), and let
(v be a solution of (3.27). If C37 < 1 then (3.27) is convergent of order O(7% + h} + h3).

Proof. Let 1y € RT be as in the proof of Theorem 3.17, and let R’ be the truncation error at the

point (zj,t,), for each (j,n) € J x Iy. Let € = v™ — u™ for each n € In. Then (e")2_, satisfies

s e 4 ysMem — HApu{e® + 801 Go") = 68)G(w™) = R*, Wn € In_i,
0—-5,9=0, VjedJ 3.62
such that { Eib 9= j.e 7 — (3:62)
ef =0, V(j,n) € 0J x In.
Following the proof of Theorem 3.17, let CNY'? = 61()120(11]”) — 0u,:G(u}) for each (j,n) € J x In_1.

Proceeding as in the proof of that theorem

k k
1) n 3 3 ~ n (1) n
18:113 = [16:e°l3 — 297 D 1165V 13 — el IRAZ €3 + pe|RAZ %3 — 27 Y (G™ — R™, (V™)
=1 =1
k
< 11803 + pellRAZEC|Z + 27| Y (G™ — R™, V™)
=1
k k
1
< 118013 + el RAZEZ + Coll®3 + 27 D IR™ME + Car D (1613, (3.63)

n=0 n=0

and defining Cy and Cj as follows Cy = max{ 1(3’;’70 , ﬁ}, Cs = 1?20, then

1 k k —
16:€" 13 < Ca <||5t6°||§ + el RAZIZ+ Nl + 7> IRE ) +Cs7 ) l18ie™ (13, Vk € In—a.

n=0 n=0

(3.64)
Let C be the constant of Lemma 3.16, and let Cg = C4C%e“TT. Lemmas 3.16 and 3.15, and the
initial-boundary conditions in (3.62) imply now that ||6;€*||2 < Cg(7%2 4+ h] + h3) foreach k € ITn_;. It
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Figure 3.1: Numerical solution (left column) and numerical energy density (right column) of the one-
dimensional problem (3.3) versus = and t over the domain Q = (—20,20) x (0,20). The set of initial
conditions (3.66) were employed, together with v = 0 and various orders of differentiation, namely,
a1 = 2 (top row), ay = 1.7 (middle row) and a3y = 1.4 (bottom row). The insets represent the
corresponding dynamics of the total energy of the system. The approximations were obtained using
the scheme (3.27) with h; = 0.1 and 7 = 0.01.
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E(t)

Figure 3.2: Numerical solution (left column) and numerical energy density (right column) of the one-
dimensional problem (3.3) versus = and t over the domain Q = (—20,20) x (0,20). The set of initial
conditions (3.66) were employed, together with v = 0.1 and various orders of differentiation, namely,
a1 = 2 (top row), ay = 1.7 (middle row) and a3y = 1.4 (bottom row). The insets represent the
corresponding dynamics of the total energy of the system. The approximations were obtained using
the scheme (3.27) with h; = 0.1 and 7 = 0.01.
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follows that

k—1
I€¥113 < 20|13 + 277 ) _ 16:€¥(|5 < 2T°Co(7> + hi + h3)?, Vk € Iy. (3.65)

n=0
It follows that there is K > 0 such that ||e*||s < K (72 + hi + h3) for each k € Iy, as proposed. O

Finally, we provide some illustrative simulations to show the energetic performance of our method-
ology.

Ezample 3.20. Consider the one-dimensional form of problem (3.3) and G(u) = 1 — cosu, defined on
the spatial interval B = [—20,20] and with T" = 20. Clearly, the resulting problem is governed by a

damped fractional sine-Gordon equation. As initial profile, we will use
¢(z) = exp(—2®), Vz € B, (3.66)

and zero initial velocities. Computationally, we will employ the method (3.27) with A~ = 0.1 and
7 = 0.01. Figure 3.1 shows the solution of the system when v = 0 (left column) and the corresponding
energy density (right column) versus z and t. Various values of o were used to that effect, namely,
a =2 (top row), & = 1.7 (middle row) and o = 1.4 (bottom row). The insets depict the corresponding
dynamics of the total energy of the system. The results for the non-fractional system are clearly in
good agreement with those obtained in [73, 74]. Moreover, the energy of the system is conserved at
all time, in agreement with Theorem 3.11. Figure 3.2 shows the same set of simulations using v = 0.1.
The results show that the method is a dissipative technique in this case, in agreement with Theorem
3.11.
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Conclusions and discussions

Chapter 1 In this chapter, we considered the sine-Gordon wave equation, one of the classical nonlin-
ear wave equations from quantum mechanics. The model under investigation is defined on the real line,
and it considers the presence of a nonlinear potential function according to mathematical physics. We
show here that the model possesses energy functionals which are preserved under suitable assumptions
on the boundary conditions and the parameters of the model.

Since it is difficult to solve the equation under some conditions, we chose a numerical method to
approximate a solution proposed by L. Véazquez, which is explicit and we proved that it conserves
the energy, the method uses finite-difference operators of quadratic order, then we showed that the
operator used to approximate the second derivate has a square root under some assumptions which
helped us to prove that the discrete energy is conserved in concordance with the continuous case. We

established that the method is consistent, stable and convergent.

Chapter 2 In this chapter, we investigated a fractional generalization of the sine-Gordon equation,
considering damping, a general value for G and multiple spatial dimensions. This model is defined on
a closed and bounded interval of RP*!, and it considers the presence of a general nonlinear potential
function that generalizes many particular models from mathematical physics, including the sine-Gordon
equation from Chapter 1. Moreover, we considered a space-fractional extension of the wave equation
using Riesz fractional derivatives of orders in (1,2]. We show here that the multidimensional model
under investigation possesses energy functionals which are preserved under suitable assumptions on
the boundary conditions and the parameters of the model. We designed a numerical technique that is
capable to preserve the proposed discrete energy function.

The numerical method is based on the use of fractional centered differences, which provide second-
order consistent approximations of fractional-order derivatives. Using operator theory, we show that
the multidimensional discrete fractional Laplacian is a positive and self-adjoint operator, then the
existence of a square root readily follows. This fact is employed then to propose a discrete energy
functional of the numerical method which, under suitable conditions on the boundary conditions and
the model parameters, is preserved at each discrete time. Additionally, the method is a second-order
consistent discretization of the problem under investigation, and the simulations provided in this work
show that the energy is conserved throughout time when the assumptions of the relevant theorems

on energy preservation are satisfied. For the sake of convenience, a computer implementation of our
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method in the one-dimensional case is provided.

Chapter 3 In this chapter, we considered a two-dimensional damped fractional extension of the
classical nonlinear two-dimensional damped wave equation. The model under investigation is defined
on a closed and bounded interval of the real line, and it considers the presence of a general nonlinear
potential function. The method provides fourth-order in space and second-order in time consistent
approximations of fractional-order derivatives. The reason we use two spatial dimensions falls in the
growing complexity every time we added a dimension, unlike Chapter 2 when we were able to provide
a general scenario. The properties found in Chapter 2 are present in this method as well, with the
difference that this method is implicit, we provided a proof of the existence of a solution under certain
assumptions. Additionally, the method is a high-order consistent discretization of the problem under
investigation, and the simulations provided in this work show that the energy is conserved throughout
time when the assumptions of the relevant theorems on energy preservation are satisfied.

It is important to mention that the methodology proposed in this chapter has the advantage over
the method of Chapter 2, of having a higher rate of convergence, we were able to do this by applying
a compact operator to the equation. The conditions to guarantee the stability of the present scheme

are also relatively flexible, and the positivity of the energy functionals are always guaranteed.
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