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Preface

Nonlinear differential equations are ubiquitous in computational science and in
engineering modeling, for example, in fluid dynamics, finance, quantum mechanics,
material science, medical applications, and biology, among other areas. Nowadays,
solving challenging problems in an industrial setting requires a continuous interplay
between the theoretical analysis of such systems (investigation of the existence and
stability of analytical solutions, study of bifurcation and of chaotic dynamics, etc.)
and the development and use of sophisticated computational methods that can
guide and support the theoretical findings by practical computer simulations.

This book is not a standard textbook on the solution of nonlinear differential
equations. There is already an extensive treatment on the subject on the market.
The purpose of this volume is to discuss some significant developments of the
last years on the definition of new theories, models, computer algorithms, and
applications relating to the solution of nonlinear differential equations in various
scientific areas. It collects research papers written by leading world experts in the
field, highlighting ongoing trends, progress, and open problems in this critically
important area of mathematics and modern science.

The book includes contributions that contain both theory-oriented chapters and
more applied ones. As such, it will lead to a deeper understanding and appreciation
of the research produced in this fascinating field. Researchers, engineers, and
graduate students in both pure and applied mathematics will benefit from reading
the papers collected in this volume.

We express appreciation to IntechOpen for professional support and Author Service
Manager Dr. Kristina Kardum Cvitan for her tireless help in the preparation of this
book.

Bruno Carpentieri

Faculty of Computer Science,
Free University of Bozen-Bolzano,
Bolzano, Italy






Chapter 1

Using the Boundary Element
Method to Simulate Visco-Elastic
Deformations of Rough Fractures

Hao Kang

Abstract

In many engineering applications, such as tribology and rock mechanics, it is
very important to understand the deformation of rough fractures to evaluate the
safety and profitability of the project. Since a lot of materials can be characterized as
visco-elastic materials, it is very significant to simulate the visco-elastic deforma-
tion of rough fractures. This chapter focuses on using the boundary element method
to simulate visco-elastic deformations of rough fractures. First, the principles and
procedures of the above-mentioned method will be introduced. Then, one example
will be given in detail. This example investigates the effect of surface geometry on
visco-elastic deformations of rough rock fractures under normal compressive
stresses. The rock fracture surfaces are assumed to be self-affine, and synthetic
rough surfaces are generated by systematically changing three surface roughness
parameters: the Hurst exponent, root mean square roughness, and mismatch length.
The results indicate that by decreasing the Hurst exponent or increasing the root
mean square roughness or increasing the mismatch length, the fracture mean aper-
ture increases, and the contact ratio (the number of contacting cells/total number of
cells) increases slower with time. Finally, the limitations and possible future
research directions will be briefly discussed.

Keywords: visco-elastic deformation, fast Fourier transform, Boussinesq’s solution,
linear viscoelasticity, rough fracture, self-affine

1. Introduction

A lot of natural and engineering materials can be categorized as visco-elastic
materials, such as rock, elastomers, and rubbers. In engineering applications, it is
very important to understand and simulate the visco-elastic deformation of rough
fractures. For example, in hydrocarbon extraction, we need to accurately simulate
the visco-elastic deformation of rock fractures to predict production rates. In bio-
medical devices, we need to simulate the visco-elastic deformation of artificial joints
to evaluate safety and effectiveness. Due to the geometrical complexity of rough
fractures and the time-dependent properties of engineering materials, it is
extremely difficult to obtain closed-form mathematical solutions. Thus, numerical
models are required to simulate the time-dependent behavior of rough fractures.

The boundary element method (BEM) has been extensively used in solving
rough surface contacting problems for distinct advantages compared with the
traditional finite element method (FEM). First, it only requires discretization and
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calculation on the boundaries of the calculation domain, which is two-dimensional.
On the contrary, FEM requires discretization and calculation for the whole calcula-
tion domain. As a result, to achieve the same stress calculation resolution, BEM
requires much fewer numbers of elements and therefore, much less calculation
time. In addition, since all the approximations are limited to the boundary, BEM has
better stress calculation accuracy compared with FEM.

In recent years, researchers have been combining the BEM and fast numerical
algorithms to achieve more efficient numerical simulations for contact problems.
Stanley and Kato [1] published the first paper using the fast Fourier Transform
(FFT) method to calculate the elastic deformation of rough surfaces under normal
stresses. The FFT method makes the BEM simulation more efficient because FFT
turns complicated convolution into simple matrix multiplication. Later, Polonsky
and Keer [2] proposed the conjugate gradient (CG) method and combined it with
the FFT method to further improve the efficiency. Liu et al. [3] improved the
drawbacks of the FFT method proposed by Stanley and Kato [1]. Then, the CG and
FFT methods have been applied to simulate plastic and visco-elastic deformations
of rough fractures. Jacq et al. [4] and Sahlin et al. [5] considered perfect plasticity to
simulate deformations of rough metal surfaces; and Wang et al. [6] considered
strain-hardening plasticity.

For visco-elasticity, Chen et al. [7] first used the CG and FFT method to simulate
visco-elastic deformations of rough fracture surfaces. They simulated three load-
driven scenarios: rigid sphere indenting into PMMA surface, contact area evolution
under constant load, and contact area evolution under harmonic cyclic load. Spinu
and Cerlinca [8] applied different cut-off values for contact pressure to account for
the plastic deformation of contacting asperities.

However, it appears that there is not much work that systematically simulates
the visco-elastic deformation of rock fracture surfaces. Kang et al. [9] reported that
for Musandam limestone fractures, the effect of mechanical compression on rock
fracture time-dependent deformation is non-negligible, and should be systemati-
cally investigated. In addition, previous articles suggest that the fracture surface
geometry has a significant effect on fracture time-dependent deformation. There-
fore, we should systematically study the effect of surface geometry on rock fracture
visco-elastic deformations.

Brown [10] proposed a simple probabilistic model to describe rock fracture sur-
face geometry. In his model, the rock fracture surface geometry can be completely
described by three key parameters: the Hurst exponent, the root mean square (RMS)
roughness, and the mismatch length scale. In this research, his model will be used to
generate synthetic fracture surface pairs, and the three key parameters will be
changed systematically. The numerical method proposed by Chen et al. [7] will be
used to simulate the visco-elastic deformation of synthetic fracture surfaces.

This chapter is organized as follows. Section 2 introduces and explains the princi-
ples and procedures of the numerical method. Section 3 provides a detailed example.
The method for generating synthetic rough surfaces is introduced, and the effect of
surface geometry parameters on the creep deformation is shown and discussed.
Section 4 mentions the limitations of this method. Section 5 summarizes the findings.

2. BEM solution for visco-elastic deformations of rough fractures

2.1 Method for calculating fracture elastic deformation

Before explaining the method for visco-elastic deformation calculation, it is
essential to introduce the method for elastic deformation calculation. The author
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has developed an in-house numerical code, which is similar to the algorithm pro-
posed by Polonsky and Keer [2]. In this section, only the key mathematical concepts
will be shown; the details can be found in their work [2]. It is worth noting that only
the compressive stress (stress normal to the fracture surface) is considered; the
shear stress (stress parallel to the fracture surface) is not considered.

First, the aperture (surface gap between two rough surfaces) distribution h (x,y)
needs to be defined:

h(x,y) = ho(x,y) — ue(x,y) — 5 1)

where hy(x,y) is the initial aperture distribution, u.(x,y) is the elastic deforma-
tion of fracture surfaces, and § is the rigid body displacement between two surfaces
under applied normal stress. Here, compressive stress and fracture closure are
defined as positive.

The boundary conditions are expressed as:

p(x, y) = 0and h(x,y)>0 2)
p(x,y)>0and h(x,y) =0 (3

where p(x,y) is the contacting stress (normal to the surface) acting on location
(x,y). Egs. (2) and (3) indicate that the contacting stress is larger than zero at
contacting regions, and is zero at non-contacting regions.

Boussinesq and Cerrutti [11] stated that the vertical displacement u, (x,y) can be
calculated as:

~+o00 400

e(2,9) = [ j K(x,9,x, p(&,y )d'dy @)

—00 —00

where p(x/, y') is the normal pressure acting on location (x/, y'), K is the
influence matrix, which represents the normal displacement at location (x, y)
caused by unit normal pressure acting on location (¥, '), and u,. (x,y) is the elastic
displacement at location (x, y). The influence matrix K can be expressed as:

1- 1
K(x,y,x',y") = - (5)

2O - -y

where G is the shear modulus, and v is the Poisson’s ratio.

As mentioned in the introduction section, it is difficult to obtain the analytical
solution for rough surface deformation under normal stress. However, the numeri-
cal solution can be obtained. To obtain the numerical solution, the fracture surface
area needs to be discretized into rectangular grids:

x; =iAx,1=1,2, ...,N (6)

y; =jdy,j =12, ..M @)
where x;, yj are x and y coordinates, respectively; N and M are total number of
grids in x- and y-direction, respectively; and Ax and Ay are the grid dimensions in

x- and y-direction, respectively. After discretization, the aperture distribution
function and boundary conditions can be expressed as:

hij = (hO)i,j + (ue)i,j —0 (8)
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Pi,j:Oifhi,j>0 (9)
pi;>0if hij=0 (10)

Love [12] first discretized Egs. (4) and (5) as:

M N
(e);j = Z ZKi,kajJ X P, (11)

=1 k=1
. 1-v( c+Var+c2 rm \/b2+42 el a—i—\/a Fp e din h+\/b2+d2

ikej,l =
723G d+m b* + 2 h—i—\/bz—4—c2 a2 +d
(12)
where

a=xi —Xp+0,b =x; —xp —Mp =y, —y +8hd=y, -y —b, (13)

As mentioned before, Stanley and Kato [1] first the FFT method to solve Eq. (11)
to make the calculation more efficient. The FFT method turns complicated convo-
lution into simple matrix multiplication. By using the FFT method, Eq. (11)
becomes:

(e);; = IFFT [FFT(IQ,k E FFT(pk,l)] (14)

where IFFT represents the inverse of Fourier transform. The FFT method
reduces the number of operations from N” * M” to N*M*log(N*M) [1]. Therefore,
when N and M are large, the FFT method can greatly reduce the calculation time.
The force balance over the entire fracture surface needs to be satisfied:

N M
Ftotal = Z Zpk’l (15)

k=1 I=1

Egs. (8)-(10), (14), and (15) are solved iteratively using the CG method
proposed by Polonsky and Keer [2].

2.2 Method for calculating fracture visco-elastic deformation

As described before, Chen et al. [7] first combined the FFT and CG method to
simulate visco-elastic deformations of rough fractures. The author has developed an
in-house numerical code, which is similar to the algorithm described by Chen et al.
[7]. In this section, only the key mathematical aspects will be introduced; the rest
can be found in their work [7].

In this simulation, the rock materials are assumed to be linear viscoelastic.
Therefore, is it essential to introduce the concept of linear viscoelasticity first. For
linear viscoelastic materials, the stress/strain response scales linearly with the
strain/stress input, and the behavior follows the rule of linear superposition. Math-
ematically, the stress/strain at time t can be expressed as:

o(t) = JtE(t — 1) de(tf) dr (16)
do(7) I
t

17)
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where J(t) and E(t) are the creep compliance function and the relaxation mod-
ulus function, respectively. J(t) represents the time-dependent strain change with a
step change in stress, and E(t) represents the time-dependent stress change with a
step change in strain. Based on Eq. (17), the Boussinesq and Cerrutti equation can
be modified to represent linear viscoelasticity by adding the creep compliance
function:

t +00 o0 ! _
ue(.X',}’, t) - J ](t - T)ai J J -p(x ’y > T)(l U) dx/dyl dT (18)
T —o0J —oco 12 72
0 /e %)+ (y —y)

In Eq. (18), the creep compliance function J(t-t) replaces the term 1/2G.
Rearranging Eq. (18) gives:

PP ey aplyn)
wor = | | J—“’ﬂ\/(x—x’)z-i-(y—y’)z e D

Eq. (19) cannot be solved analytically for rough fracture surfaces. However, if
the time integration term can be de-coupled with the pressure integration term,
Eq. (19) will become a linear equation system, and can therefore be solved numer-
ically. To de-couple the time integration term, the time duration t is discretized into
N, time steps. The time interval is uniform, and is termed as At. The time interval is
assumed to be sufficiently small that the pressure distribution field within each time
interval does not change. In addition, based on the fundamental theorem of calcu-
lus, the term dp(X/, ', t) dt/ ot can be substituted by a finite difference p(x/, v/,

T +d1) - p(¥, ¥, 7). Therefore, Eq. (19) becomes:

—o0

.y, d) —p(,y,d —1)dx'dy

+°°J“° J(aAt — o' A)(1 —v)

ue(x,y, alkt) = Zl J e ,t\/(x —x)+ @ -y)

—o0

(20)

wherea =1, 2, ..., N,

In addition, within each time interval, the pressure distribution field does not
change. Therefore, the pressure distribution field can be removed from the inte-
gration term:

ue(x;j/, (lAt) _ i[p(x/’y/’a/) fp(x/,y/,o/ . 1) } J+NJ+W ]\>(:At — (l)’zAt)((;l} - l/))zdx/dy/
ey (e —x) "+ -y

7

a=1 e

(21)

Eq. (21) indicates that the time integration term is de-coupled with the pres-
sure integration term. The pressure integration term can then be discretized,
similar to Eq. (11). From Egs. (4), (5), and (11), the Boussinesq equation can be
discretized as:

oo oo 1-— iscreti M N
[ —ww ™y S @

e ZﬂG\/(x —x) 4 (y—y')? I=1 k=1

Based on Eq. (22), the integration part of Eq. (21) can then be discretized:
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+o00 ptoo ) o M N
J J ](aAt a At)(l l/) ld / DISCVetlZe Z ZZG] o — a At)I(l i (23)
B TR A

Therefore, Eq. (21) can be discretized as:

—o0

a

M N
(i,j, alt) Z Z Z 2G] ((a — ) At)K; g, (Pk Lo pk,l,a’71> (24)

=1 k=1

~

To implement FFT, Eq. (24) can be decoupled into two equations:

a

e (i, ADE) =~ (he) (25)
a'=1
and
M N
)y = >3 26 ((a — &) AOK b (pk’l’a, - pk,,,a_l) (26)

Eq. (26) can be solved by the FFT method, similar to Egs. (13) and (14):

(), = IFFT[FFT (2G] (a — &)AO)Kipja) X FFT oy~ Ppsws)| @)

Within each time step, Egs. (8)-(10), (15), (25), and (27) are solved using the
CG method. The pressure distribution field is obtained and stored. Then, a new time
step will be added (o will be increased by one), and the new deformation and
pressure fields will be solved based on the historical pressure fields. Figure 1 sum-
marizes the main calculation algorithm based on the above mathematical concepts.

2.3 Model validation

Before simulating visco-elastic deformations of rough rock fractures, it is essen-
tial to validate the numerical code against analytical solutions. In this research, the
analytical solutions provided by Radok and Lee [14] will be used for validation. In
their solutions, a rigid spherical indenter is indented into a flat visco-elastic surface;
and the visco-elastic models for the flat surface are the Maxwell and Standard
Linear Solid (SLS) model. Figure 2 illustrates the geometry setup for the analytical
solution, and Figure 3 shows the concepts of the Maxwell and SLS model.

The Maxwell model consists of a dashpot and a spring. The dashpot represents
viscosity, with a viscosity of n; the spring represents elasticity, with a shear modulus
of G. Under constant stress 6, the strain can be obtained:

e(t) = 0 (é n %) (28)

Eq. (28) implies that under constant stress, the strain rate does not change with
time. The creep compliance can be expressed as:

J6) =5+ % (29)
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Start. Obtain load history F(t), initial aperture h;
creep compliance function J(t)

g

Calculate J((a — a')At) for each time step, and the
stiffness matrix K y ; ;.

Calculate initial contact state (elastic deformation),
obtain pressure and aperture field.

g

‘ Save pressure history: p(), p@,..., ple-D. ‘

4

‘ Increase . ‘

8

‘ Calculate the pressure p and the displacement field. ‘

" Yes

‘ Is o smaller than N,? ‘

§ No

‘ Stop. Export the results. ‘

J?

|

Figure 1.
Summary of the calculation algorithm (Kang et al. [13]).

2a(t)

New surface \

o

Original surface

F Y
v

P 2R

o6: Indentation depth (movement of
the rigid sphere)

Figure 2.
Geometry setup for the analytical solution (Kang et al. [13]). R is the radius of the spherical rigid indenter, P is
the total load, & is the indentation depth, t is the time duration, and a(t) is the radius of the contacting region.

(a): (b):

G

Figure 3.
Concepts of the Maxwell and SLS model (Kang et al. [13]). (a): Schematic of the Maxwell model; (b):
Schematic of the SLS model.
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Another parameter, the relaxation time T, is defined as:
T =n/G (30)

In the numerical simulation, Eq. (29) will be implemented into Eq. (27), and the
displacement and pressure field will be solved as described in Sections 2.1 and 2.2.
For the geometry setup shown in Figure 2, the analytical solution for the contacting
region radius and pressure field can be obtained:

2 d

t
- = —t-)G/n & [ 20 2182 5
POT) = R ) LG" (&) =] e (31)

and

alt) = \/ 30 = vRP _4”)RP <é + %) (32)

where p is the pressure field, t is the total time duration, v is the Poisson’s ratio,
and r is the distance from the center of the contacting region.

The SLS model consists of one dashpot and two springs. The dashpot represents
viscosity, with a viscosity 1; the two springs represent elasticity, with a shear modulus
of G; and G,, respectively. Under constant stress 6, the strain can be obtained:

GG Gy de(t
G(t)i e g(t)+G1-|l—G2 d(t)

= 33
G+ G, (33)

Normalized pressure distribution along the contacting region

et =) (no creep, numerical)

== =1=0 (nocreep, analytical)

st = (.2 T (numerical)

= =t=0.2T (analytical)
t=0.5T (numerical)

0.9

08 t =0.5 T (analytical)
et = T (numerical)
== wt=T (analytical)
07

st = 5 T (numerical)
== w=t=5T (analytical)

02

0.1

Figure 4.
Numerical and analytical solutions for the SLS model (Kang et al. [13]).
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The creep compliance J(t) is expressed as:

1 1—e G/

J(t) = N e (34)
The relaxation time T is defined as:
T =n/G; (35)

In the numerical simulation, Eq. (34) will be implemented into Eq. (27), and the
displacement and pressure field will be solved as described in Sections 2.1 and 2.2.
For the geometry setup shown in Figure 2, the analytical solution for the contacting
region radius and pressure field can be obtained:

__ 2 [ G —=0)Gi+G /] B 20y V2 1,
pt,r) = TR 0) Jo ERNEN {Gz + Gqe } o [a*(t') —r*]"dt’ (36)
and
R
a(t)\/ . <G1+G2(1 ¢-1Ga/n) (37)

where p is the pressure field, t is the total time duration, v is the Poisson’s ratio,
and r is the distance from the center of the contacting region.

Normalized pressure distribution along the contacting region

==t = () (N0 creep, numerical)
== =t = (no creep, analytical)
=t = 0.5 T (numerical)
= ={=0.5T (analytical)

t =T (numerical)

t =T (analytical)
m—t =2 T (numerical)
= =t =2T (analytical)

09r

08r

0.7

04 r

03T

011

0 I h .
0 04256 025 0375 05 08625 075 0875 1 1125 126 13756 1.5

r/ T

Figure 5.
Numerical and analytical solutions for the Maxwell model (Kang et al. [13]).
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Johnson [15] solved Egs. (31), (32), (36), and (37), Figures 4 and 5 compare the
numerical and analytical solutions for the SLS and Maxwell models, respectively.
The solid lines are the numerical solutions obtained by the author, and the dashed
lines are the analytical solutions solved by Johnson [15]. In Figures 4 and 5, 1}, is the
contacting region at time zero, py, is the maximum contacting pressure at time zero,
and T is the relaxation time.

Figures 4 and 5 indicate the deviation between the numerical and analytical
results is less than 10%. Therefore, the numerical code can be used to simulate the
visco-elastic deformations of rough fractures. For the two validation cases, the
numerical simulation accuracy is not strongly dependent on the total number of
elements, but on the time interval At. The deviation between numerical and ana-
lytical solutions will be smaller if the time interval At is reduced.

3. One example: visco-elastic deformations of rough rock fractures
3.1 Brief introduction of Brown’s (1995) model

In this chapter, synthetic fracture surface pairs are generated based on Brown’s
model [10]. Brown’s probabilistic model assumes that the surface is self-affine, and
the surface height distribution follows Gaussian distribution [10]. The surface
geometry can be completely described by three parameters: the Hurst exponent H,
the mismatch length A, and the root mean square roughness RMS.

Mathematically, a self-affine surface is defined as:

Hz(ex) (38)

z(x) ~ e
where H is the Hurst exponent, z is the surface height, and ¢ is a constant for
scaling at the x-direction. The H value is between 0 and 1, and it describes local
roughness. A smaller H value corresponds to a rougher local surface profile.

The H value can be obtained from the power spectrum of surface height. The
power spectrum of a surface can be obtained by decomposing the surface profile
into a series of sinusoidal waves via Fourier transform, and each sinusoidal wave has
its own amplitude A, wavelength A, and phase. Figure 6 shows the schematic of the
decomposition process. The power (A?) is defined as the square of the amplitude A;
and the plot of power versus the wavelength number (the inverse of wavelength,
which is 2n/)) is defined as the power spectrum. Figure 7 shows the schematic of
power spectrum.

For a self-affine fracture surface, the power C (=A?) can be related to the
wavelength number q (=2x/2) as:

Cq) ~q 2 (39)

Decompose via
Fourier Transform

Random Function

Figure 6.
Schematic of wave decomposition via Fourier transform (Kang et al. [13]).
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In Figure 7, the q has an upper bound and a lower bound. For the lower bound,
Qmin = 2% / A, where A, is the surface dimension; for the upper bound, qumayx = 27/A4,
where 2 is the surface measurement resolution.

The second parameter is the mismatch length, A.. As illustrated in Figure 6, each
wave component has its own wavelength A. Glover et al. [16] and Brown [10, 17, 18]
stated that for most natural rock joints, the two surfaces have relative shear dis-
placements. At long wavelengths, the wave components match well; at short wave-
lengths, the wave components are not identical. Based on the above observation,
Brown [10] proposed a parameter: critical wavelength A., which is also called the
mismatch length scale. Brown [10] assumed that above the mismatch wavelength,
the decomposed wave components of two surfaces match perfectly; they have the
same amplitudes, wavelengths, and phases. On the contrary, below the mismatch
wavelength, the decomposed wave components of two surfaces do not match; they
have the same amplitudes and wavelengths, but the phases are independent.
Figure 8 illustrates the concept of the mismatch wavelength.

The third parameter is the root mean square roughness, RMS. It represents the
absolute scale of surface asperity elevation. Mathematically, the RMS is defined as:

qmax
7 ="l (40)
Dmin
Log(C(q))
]
]
Slope: -2-2H
NN Slep
I
]
]
; L— Log(q)
Omin Omax

Figure 7.
Schematic of a power spectrum (Kang et al. [13]).

Mismatch length scale A:

Degree of correlation

Perfect match F---- T

No correlation

s wavelength

Figure 8.
Hllustration of the mismatch wavelength (Kang et al. [13]).
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where C is the power, q is the wavelength number, and o is the RMS value.
When generating the synthetic surface, the surface heights are normalized by its
own RMS value, 6;,;, and then multiplied by the designated RMS value, G4es:

Zles = Zini % (41)
Oini
where z;,; is the initial surface height and zg4.s is the surface height after linear
scaling. In this chapter, only the key mathematical concepts of Brown’s [10] model
is introduced; other details can be found in [10].

3.2 Generated synthetic surface pairs

Brown [10] measured the Hurst exponent H, mismatch length ., and RMS for
23 natural rock joints. His measurement results imply that the H value is normally
between 0.5 and 1.0; the normalized A, value (A./fracture profile length) is normally
between 0.02 and 0.2, and the normalized RMS value (RMS/fracture profile length)
is normally between 0.005 and 0.015. Based on the above conclusion, seven syn-
thetic fracture surface pairs are generated, with different H, A., and RMS values.
Table 1 summarizes the parameters of the seven synthetic surface pairs. It is worth
noting that surface pair No. 2 is the reference surface pair.

Table 1 shows that between surface pairs 1, 2, and 3, the H value is varied;
between surface pairs 2, 4, and 5, the A, value is varied; between surface pairs 2, 6,
and 7, the RMS value is varied. For each surface pair, the aperture distribution field
can be plotted. Figure 9 plots the aperture fields for surface pairs 1, 2, and 3;
Figure 10 plots the aperture fields for surface pairs 2, 4, and 5, and Figure 11 plots
the aperture fields for surface pairs 2, 6, and 7.

Based on Figures 9-11, we have the following observations:

1. According to Figure 9, when H increases, the average and standard
deviation of the aperture decreases;

2. According to Figure 10, when ). deceases, the average and standard
deviation of aperture decreases;

3.According to Figure 11, the average and standard deviation of aperture
scales linearly with the RMS value.

Surface Pair ~ Profile length L H X RMS
No. (mm)
AJL  Absolute value @ RMS/L  Absolute value
(pm) (pm)
1 10 06 0.1 1000 0.005 50
2 10 0.8 0.1 1000 0.005 50
3 10 1.0 0.1 1000 0.005 50
4 10 0.8 0.2 2000 0.005 50
5 10 0.8 0.3 3000 0.005 50
6 10 0.8 0.1 1000 0.010 100
7 10 0.8 0.1 1000 0.015 150
Table 1.

The parameters of the seven synthetic surface pairs.
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(a): H = 0.6, RMS = 50 zm, mis = 1000 zm
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x-grid
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50 100 150 200 250 300 350 400 450 500
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Figure 9.

H = 0.8, RMS = 50 um, Mis = 1000 um

50 100 150 200 250 300 350 400 450 500
X-grid

Aparture {nm)

Aperture fields for different H values (Kang et al. [13]). (a): aperture field for surface pair 1; (b): aperture
field for surface pair 2; (c): aperture field for surface pair 3. The color bar scales are identical.

H = 0.8, RMS = 50 um, Mis = 1000 um

(a):

50 100 150 200 250 300 350 400 450 500
x-grid
H = 0.8, RMS = 50 zzm, Mis = 3000 sm
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Figure 10.
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Aperture fields for different A, values (Kang et al. [13]). (a): aperture field for surface pair 2; (b): aperture
field for surface pair 4; (c): apertuve field for surface pair 5. The color bar scales are identical.
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Table 2 summarizes the mean and standard deviation of aperture for each
surface pair. In the numerical code, each calculated aperture field (shown in
Figures 9-11) is considered as the initial aperture field.

3.3 Creep simulation results for the Maxwell model

The author uses the Maxwell model to calculate the visco-elastic deformation of
seven synthetic surface pairs. The mechanical properties of Vaca Muerta Shale
measured by Mighani et al. [19] are used as the input parameters, and those prop-
erties are summarized in Table 3.

= H=0.8, RMS = 50 um, Mis = 1000 um H = 0.8, RMS = 100 zm, Mis = 1000 gm
(a). m7s (b):

125

8

Aperiure (jim)
@
Aperture (um)

@
a8

25

4 50 100 150 200 250 300 350 400 450 500

50 1001502m2503003504uo450500
*-grid

H=0.38, RMS=15CI,um Mis = 1000 pzm

(C). 225
450 200
400 =
160
o
Bas0
>
200

50 100 150 200 250 300 350 400 450 500

£ &8 g 5o
Aperture (um)

o

Figure 11.

Aperture fields for different RMS values (Kang et al. [13]). (a): aperture field for surface pair 2; (b): aperture
field for surface pair 6; (c): aperture field for surface pair 7. The color bar scales scale linearly with the RMS
value.

Surface pair H Ac RMS Average aperture Standard deviation of aperture

No. (pm) (pm) (pm) (pm)
1 0.6 1000 50 63.41 14.29
2 0.8 1000 50 37.30 8.57
3 1.0 1000 50 21.89 5.14
4 0.8 2000 50 55.94 15.01
5 0.8 3000 50 66.10 20.12
6 0.8 1000 100 74.59 17.15
7 0.8 1000 150 111.89 25.72

Table 2.

The average and standard deviation of seven synthetic surface pairs.
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Before showing the results, two parameters are introduced: macroscopic stress ¢
and contact ratio:

1. The macroscopic stress ¢ = total force applied to the fracture/fracture surface
area;

2.Contact ratio = 100 * (the number of grids in contact/total number of grids).

Figures 12 and 13 show the mean aperture and contact ratio evolving with time
for seven synthetic surface pairs, respectively. The total time duration is 27, and the
macroscopic stress ¢ = 10 MPa. The initial changes of the mean aperture and contact
ratio correspond to fracture elastic deformation.

Based on Figures 12 and 13, several conclusions can be drawn:

1. As H decreases, the mean aperture increases, and the contact ratio increases
slower with time;

Parameters Value

Shear modulus, G (GPa) 7.0

Poisson’s ratio, v 0.25

Viscosity, n (GPa*s) 2.0 x 107

Relaxation time, T =1/ G (s) 2.857 x 10°
Table 3.

Input parameters for the Maxwell model.

Aperture, Stress = 10 MPa

1104
——Surface pair 1 (H= 0.6, A= 1000 pzm, RMS = 501:m)
100+ Surface pair 2 (H= 0.8, A_ = 1000 xm, RMS = 50;:m)
Surface pair 3(H=1.0, A= 1000 pzm, RMS = 502m)
0k — — Surface pair 4 (H= 0.8, )_= 2000 im, RMS = 50m)
a0 Surface pair 5 (H=0.8, )\c = 3000 pzm, RMS = 50:m)
--Surface pair 6 (H=0.8, X= 1000 pzm, RMS = 100um)
b e Surface pair 7 (H=0.8, X= 1000 pzm, RMS = 150um)
£
=2 60
® R
¢ 50 e e e
o i ]
< I
40 -
fos
10 -
D Il L 1 Il L 1 1 L L J
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Nomalized time, t/7
Figure 12.

Mean aperture changing with time (Kang et al. [13]). The time duration is normalized by .
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Figure 13.

Contact ratio, Stress = 10 MPa

10+
—Surface pair 1 (H=0.6, A= 1000 zm, RMS = 50um)
g -Surface pair 2 (H=0.8, A= 1000 zm, RMS = 50um)
Surface pair 3 (H=1.0, A= 1000 ;zm, RMS = 50m)
gl=- Surface pair 4 (H=0.8, A= 2000 ;zm, RMS = 501m)

- Surface pair 5 (H=0.8, A= 3000 ;:m, RMS = 50m)
Surface pair 6 (H=10.8, )\c =1000 zm, RMS = 100m)
Surface pair 7 (H=0.8, A= 1000 pzm, RMS = 150:m)
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Contact ratio changing with time (Kang et al. [13]). The time duration is normalized by .

Parameters Average aperture Contact ratio
Initial value Decrease rate Initial value Increase rate
H{ T T N N
At T T N N
RMS 1 0 0 ¥ ¥
Table 4.
Effect of surface parameters on the mean aperture and contact ratio.
(a): After elastic contact, before creep (b): After creep stage
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Figure 14.

Contact region and local contacting stress evolution before and after the creep stage (Kang et al. [13]). (a):
before the creep stage; (b): after the creep stage. In both x- and y-directions, the number of grids is 512. The
contact area increase is qualitatively shown.
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2.As RMS increases, the mean aperture increases, and the contact ratio increases
slower with time;

3.As ). increases, the mean aperture increases, and the contact ratio increases
slower with time.

4.Under current macroscopic stress, time duration, and surface parameters, the
contact ratio is generally less than 9.5%.

Table 4 summarizes the effect of surface parameters on the mean aperture and
contact ratio.

Figure 14 shows the contact region and local contacting stress evolution of
surface pair 3 before and after the creep stage. The macroscopic stress is 10 MPa and

Parameters Value

Shear modulus, G; (GPa) 7.0

Shear modulus, G, (GPa) 7.0

Poisson’s ratio, v 0.25

Viscosity, n (GPa*s) 2.0 x 107

Relaxation time, t =1/ G; (s) 2.857 x 10°
Table 5.

Input parameters for the SLS model.

o Aperture, Stress = 10 MPa

— Surface pair 1 (H= 0.6, A= 1000 pm, RMS = 50pm)
100 Surface pair 2 (H= 0.8, A_= 1000 um, RMS = 50,:m)
a5 Surface pair 3 (H= 1.0, A= 1000 pzm, RMS = 50pm)
— — Surface pair 4 (H= 0.8, A= 2000 pm, RMS = 50pm)
80+ Surface pair 5 (H = 0.8, A= 3000 pm, RMS = 50um)
S—— Surface pair 6 (H = 0.8, )\c =1000 zm, RMS = 100zm)
0| em———— Surface pair 7 (H = 0.8, )\c =1000 m, RMS = 1501:m)
E
= 60
0 S
5 ' ___________________
g 50f
ot |
< 1
401
30 I‘—--_____________
1., (S A A N i S s sl i e
10|
D L 1 1 1 1 L 1 1 L ]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Nomalized time, t/7
Figure 15.

Mean aperture changing with time (Kang et al. [13]). The time duration is normalized by .
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the creep time duration is 2t. The colored regions and white regions correspond to
the contacting regions and non-contacting regions, respectively. The color bar scale
is 2000 MPa. After the creep stage, the area of contacting regions becomes larger,
and the local contacting stress reduces. However, even after the creep stage, the
contact ratio is still less than 9.5%. Under the same time duration, if 1 is reduced,
the contact area will increase more rapidly.

3.4 Creep simulation results for the SLS model

The author also uses the SLS model to calculate the visco-elastic deformation of
seven synthetic surface pairs. The mechanical properties of Vaca Muerta Shale
measured by Mighani et al. [19] are used as the input parameters, and those prop-
erties are summarized in Table 5.

Contact ratio, Stress = 10 MPa

i
6 -
——Surface pair 1 (H= 0.6, AT 1000 zm, RMS = 50um)
.Surface pair 2 (H= 0.8, A= 1000 zm, RMS = 50u:m)
o Surface pair 3 (H=1.0, X7 1000 zm, RMS = 50um)
— = Surface pair4 (H=0.8, A= 2000 pm, RMS = 50m)
Er? Surface pair 5 (H= 0.8, A= 3000 pm, RMS = 50m)
54 i -«=exee Surface pair 6 (H= 0.8, A= 1000 pm, RMS = 100um)
E ....... Surface pair 7 (H=0.8, A= 1000 zm, RMS = 150m)
E - — —"
L e e ey LY T 3 T3

! L L 1 1 ] J
0] 0.5 1 15 2 25 3 3.5 4 4.5 5
Nomalized time, t/7

Figure 16.
Contact ratio changing with time (Kang et al. [13]). The time duration is normalized by .

Parameters Average aperture Contact ratio
Initial value Decrease rate Initial value Increase rate
H{ T T N ¥
At T T N N
RMS 1 0 0 ¥ v
Table 6.

Effect of surface parameters on the mean apertuve and contact ratio.
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Figures 15 and 16 show the mean aperture and contact ratio evolving with time
for seven synthetic surface pairs, respectively. The total time duration is 5t, and the
macroscopic stress 6 = 10 MPa. The total time duration is extended from 2t to 5t to
show the time-decaying creep rate. The initial changes of the mean aperture and
contact ratio correspond to fracture elastic deformation.

Based on Figures 15 and 16, several conclusions can be drawn:

1. As H decreases, the mean aperture increases, and the contact ratio increases
slower with time;

2.As RMS increases, the mean aperture increases, and the contact ratio increases
slower with time;

3.As ). decreases, the mean aperture increases, and the contact ratio increases
slower with time.

4.Under current macroscopic stress, time duration, and surface parameters, the
contact ratio is generally less than 7.0%.

5.Under current macroscopic stress, time duration, and surface parameters, the
creep rate decreases significantly with time. This is mainly because the SLS
model assumes an exponentially decaying creep rate.

Table 6 summarizes the effect of surface parameters on the mean aperture and
contact ratio.

Figure 17 shows the contact region and local contacting stress evolution of
surface pair 3 before and after the creep stage. The macroscopic stress is 10 MPa and
the creep time duration is 5t. The colored regions and white regions correspond to
the contacting regions and non-contacting regions, respectively. The color bar scale
is 2000 MPa. After the creep stage, the area of contacting regions becomes larger,
and the local contacting stress reduces. However, even after the creep stage, the
contact ratio is still less than 7.0%. Under the same time duration, if 1 is reduced,
the contact area increase will increase more rapidly.

(a): After elastic contact, before creep (b): After creep stage
H =1.0, RMS =50 zm, Mismatch = 1000 pm, o =10 MPa 2000 H =1.0, RMS = 50 um, Mismatch = 1000 um, o = 10 MPa
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Figure 17.

Contact region and local contacting stress evolution before and after the creep stage (Kang et al. [13]). (a):
before the creep stage; (b): after the creep stage. In both x- and y-directions, the number of grids is 512. The
contact area increase is qualitatively shown.
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4, Limitations of the method

In this numerical method, the contacting asperities deform visco-elastically, and
there is no upper limit on the local contacting stress. For some synthetic surfaces,
the contacting stress in a few cells exceed 1.3 GPa. In reality, under such high
contacting stresses, the asperities may deform plastically. Ignoring the plastic
deformation will underestimate the contact ratio and overestimate the local
contacting stress. In addition, asperity breakage is ignored in this numerical
method. Under high contacting stresses, asperities may break, which will further
change the contacting regions and the contacting stress distribution [20]. Further-
more, the effect of shear stress on fracture visco-elastic deformations is also not
considered. In engineering applications (especially in oil and gas production), frac-
tures may subject to shear stress, which may significantly change the visco-elastic
deformations.

5. Conclusions

This chapter explains how to use the boundary element method to calculate
visco-elastic deformations of rough fractures. Fast numerical algorithms (CG and
FFT) are implemented to further improve the efficiency. In addition, one example,
which investigates the effect of surface geometry on visco-elastic deformations of
rough rock fractures, is given. In this example, the author builds two in-house
numerical codes: one code generates synthetic fracture surface pairs using Brown’s
probabilistic model [10], and the other simulates the visco-elastic deformations of
the synthetic surface pairs. Seven synthetic surface pairs are generated by system-
atically changing the values of the root mean square roughness RMS (50 pm,

100 pm, and 150 pm), mismatch length A. (1000 pm, 2000 pm, and 3000 pm), and
Hurst exponent H (0.6, 0.8, and 1.0). Then, the author simulates the visco-elastic
deformation of the seven surface pairs by using the Standard Linear Solid (SLS) and
the Maxwell model. The following key conclusions can be drawn:

1. As RMS increases, the average aperture increases, and the contact ratio
increases slower with time;

2.As ). increases, the average aperture increases, and the contact ratio increases
slower with time;

3.As H decreases, the average aperture increases, and the contact ratio increases
slower with time;

4.For the macroscopic stress (10 MPa), time durations (5t for the SLS model and
27 for the Maxwell model), and the surface roughness parameters (RMS
between 50 and 150 pm, A. between 1000 and 3000 pm, H between 0.6 and
1.0) used in the examples, the contact ratio is less than 9.5%.

While the results are useful, future work would be helpful. First, more surface
roughness parameter values can be used so a quantitative relationship between
surface parameters and contact ratio or average aperture can be obtained. In addi-
tion, other visco-elastic models, such as the Burgers model and the Power Law
model, can be implemented. Furthermore, in this simulation, the plastic deforma-
tion of contacting asperities is not considered. As a result, the local contacting stress
may be overestimated. The plastic deformation of contacting asperities can be
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considered so the results can be more realistic. Last but not least, the effect of shear
stress can be simulated to make the results more applicable.
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Chapter 2

Asymptotic Behavior by
Krasnoselskii Fixed Point Theorem
for Nonlinear Neutral Differential
Equations with Variable Delays

Benhadri Mimia

Abstract

In this paper, we consider a neutral differential equation with two variable
delays. We construct new conditions guaranteeing the trivial solution of this neutral
differential equation is asymptotic stable. The technique of the proof based on the
use of Krasnoselskii’s fixed point Theorem. An asymptotic stability theorem with a
necessary and sufficient condition is proved. In particular, this paper improves
important and interesting works by Jin and Luo. Moreover, as an application, we
also exhibit some special cases of the equation, which have been studied extensively
in the literature.

Keywords: fixed points theory, stability, neutral differential equations, integral
equation, variable delays

1. Introduction

For more than one hundred years, Liapunov’s direct method has been very
effectively used to investigate the stability problems of a wide variety of ordinary,
functional, and partial differential, integro-differential equations. The success of
Liapunov’s direct method depends on finding a suitable Liapunov function or
Liapunov functional. Nevertheless, the applications of this method to problems of
stability in differential and integro-differential equations with delays have encoun-
tered serious difficulties if the delays are unbounded or if the equation has
unbounded terms (see [1-3]). Therefore, new methods and techniques are needed
to address those difficulties. Recently, Burton and his co-authors have applied fixed
point theory to investigate the stability, which shows that some of these difficulties
vanish when applying fixed point theory [1-22]. It turns out that the fixed point
method is becoming a powerful technique in dealing with stability problems for
indeterministic scenes (see for instance [16, 17, 21, 23]).

For example, Luo [16] studied the mean-square asymptotic stability for a class of
linear scalar neutral stochastic differential equations by means of Banach’s fixed
point theory. The author did not use Lyapunov’s method; he got interesting results
for the stability even when the delay is unbounded. The author also obtained
necessary and sufficient conditions for the asymptotic stability. Moreover, it

25 IntechOpen



Recent Developments in the Solution of Nonlinear Differential Equations

possesses the advantage that it can yield the existence, uniqueness, and stability
criteria of the considered system in one step.

Neutral delay differential equations are often used to describe the dynamical
systems which not only depend on present and past states but also involve deriva-
tives with delays, (see [24-28]). It has been applied to describe numerous intricate
dynamical systems, such as population dynamics [18], mathematical biology [27],
heat conduction, and engineering [28], etc.

In particular, qualitative analysis for neutral type equations such as stability and
periodicity, oscillation theory, has been an active field of research, both in the
deterministic and stochastic cases. We can refer to [6, 7, 13, 15-17, 19-21, 23,
29-31], and the references cited therein.

With this motivation, in this paper, we aim to discuss the boundedness and
stability for neutral differential equations with two delays (1). It is worth noting that
our research technique is based on Krasnoselskii’s fixed point theory. We will give
some new conditions to ensure that the zero solution is asymptotically stable.
Namely, a necessary and sufficient condition ensuring the asymptotic stability is
proved. Our findings generalize and improve some results that can be found in the
literature. In our result, the delays can be unbounded and the coefficients in the
equations can change their sign. This paper is organized as follows. In Section 1
we present some basic preliminaries and the form of the neutral functional
differential equations which will be studied. In Section 2, we present the inversion of
the equation and we state Krasnoselskii’s fixed point theorem. The boundedness and
stability of the neutral differential Eq. (1) are discussed in Section 3 via Krasnoselskii’s
fixed point theory. Finally, in Section 4 an example is given to illustrate our theory
and our method, also to compare our result by using the fixed point theory with the
known results by Ardjouni and Djoudi [6].

In this work, we consider the following class of neutral differential equations
with variable delays,

x'(t) = —a(t)x(t —71(t)) +c@)x'(t — 711(2)) + b(t)x"(t — 72(t)), > t0, (1)

denote x(t) €R the solution to (1) with the initial condition
x(t) = w(t) fort € [m(to),to], 2)

where y € C([m(t9),t0], R), 0 €(0,1) is a quotient with odd positive integer
denominator. We assume that a,b € C(R",R), c€ C*(R",R) and 7; e C(R",R")
satisfy ¢ — 7;(t) — oo ast — oo, i = 1,2 and for each t( > 0,

m,‘(to) = inf {t — T,’(t),tzto},m(to) = min {mi(to),i =1, 2} 3)

Special cases of Eq. (1) have been recently considered and studied under various
conditions and with several methods. Particularly, in the case 6 = 1/3, and ¢(t) = 0,
in [14] Jin and Luo using the fixed point theorem of Krasnoselskii obtained bound-
edness and asymptotic stability for the following equation:

x'(t) = —a(t)x(t — () + b(t)x%(t —1,(t)),t>0. 4)

More precisely, the following result was established.
Theorem A (Jin and Luo [14]). Let ©1 be differentiable and suppose that there exists
a€(0.1), k1,ky >0, and a function h € C([m(0), ), R") such that for |t1 — ;| <1,

5]
J b ()| due| <lerlts — o], )

t1
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and

7]
J h(u)du| <kolt, — 1), (6)

t1

while fort >0,

Jt |h(u)du+J;eJ:lh(”>d”h(s)|<r |h(u)du>ds

t—71(t) s—71(s)

(7)
+Jffwwqw@—n6»0—ﬁﬁn—a®M+W®G¢Sw

0

Then there is a solution x(t, 0, y) of (4) on R" with |x(¢,0,y)| <1.

Notice that when ¢(¢) = 0 in the second term on the right-hand side of (1), then (1)
reduces to (4). On the other hand, in the case, 71(¢) = 71, a constant, Eq. (4) reduces to
the one in [9]. Therefore, we considered the more general system than in [9, 14].

Very recently, by the same method of Jin and Luo [14], Ardjouni and Djoudi [6]
improved the results of Jin and Luo [14] to the generalized nonlinear neutral
differential equation with variable delays of the form

X' (t) = —a(®)x(t — t1(t)) + c(@)x' (¢ — 71(t)) + b(£)G(x"(t — 72(2))),£ >0,  (8)

where G : R — R is locally Lipschitz continuous in x. That is, there is an L > 0 so
that if |x|, [y| <1 then

|G(x) — G(y)| < |x —y| and G(0) = 0.

We note that due to the presence of the term c¢(¢)x’(t — 71(¢)), once the equation

is inverted then once will face with the term 1_Cg>(t)x(t —71(t)), (where, 77(t) # 1 for
1

t > 0) which produces a restrictive condition for the stability of (8) (as described in
more detail below).

Theorem B (Ardjouni and Djoudi [6]). Let 71 be twice differentiable and suppose
that 7, (t) # 1 for allt € [m(0), o) and suppose that there are constants a € (0.1),
ki,k2> 0, and a function h € C([m(0), o), R") such that for [t; — t2| <1,

7]
J |b(u)|du Sk1|t1 7t2|, (9)
151
and
7]
J h(w)du| <kolty — 2], (10)
t
while fort > 0,
c(t) Jt
+ h(u)|du
‘1 - T/l(t) t—Tl(t)| )
t t s
+J ¢ [ ) (J |h(u)|du>ds (1)
0 s—11(s)

*ﬂeKWMHM@—n@»u—f@»—a@—w@n+wa}¢Sm
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where

(c()h(t) + (1) (1= 1)) +c()h @)
(1-7())°

Then there is a solution x(t,0,y) of (8) on R* with |x(t,0,y)| <1.

By letting ¢(¢) = 0 and G(x°(¢ — 72(t))) = x°(¢t — 72(¢)) in (8), the present authors
[14] have studied, the asymptotic stability and the stability by using Krasnoselskii’s
fixed point theorem, under appropriate conditions, of the Eq. (4) and improved the
results claimed in [9]. Consequently, Theorem B improves and generalizes Theorem
A. Following the technique of Jin and Luo [14], Ardjouni and Djoudi [6] studied the
stability properties of (8). However, the condition (11) in Ardjouni and Djoudi [6]
is restrictive. By employing two auxiliary functions p and g for constructing a fixed
point mapping argument, the alternative condition (21) in Theorem 3.1 is obtained.
Note that the condition

u(t) =

‘&
1-7,(0)

for some constant a € (0, 1), is not needed in Theorem 3.1. In the present paper,
we also adopt Krasnoselskii’s fixed point theory to study the boundedness and
stability of (1). A new criteria for asymptotic stability with a necessary and suffi-
cient condition is given. The considered neutral differential equations, the results
and assumptions to be given here are different from those that can be found in the
literature and complete that one. These are the contributions of this paper to the
literature and its novelty and originality. In addition, an example is provided to
illustrate the effectiveness and the merits of the results introduced.

b

2. Inversion of equation

In this section, we use the variation of parameter formula to rewrite the equation
as an integral equation suitable for the Krasnoselskii theorem. The technique for
constructing a mapping for a fixed point argument comes from an idea in [21]. In
our consideration we suppose that:

A1) Let 71 be twice differentiable and suppose that 7/ (¢) # 1 for allz € [m(zo), oo].

A2) There exists a bounded function p : [m(tg), oo[ — (0, 00) with p(¢) = 1 for
t € [m(to),to] such that p'(¢) exists for all t € [m(to), oo|.

Lety(t) = w(t) ont € [m(ty),to], and let

x(t) =p@)y(t) fort >1,. (12)

Make substitution of (12) into (1) to show

= PO alplt—nu@) —c@p't-u@)
Y (t) - p(t) (t) p(t) J’(t 1(t))
L COpt—n) (; (; )“(t)) Yt — 11(2)) (13)

+b<t>wy"<r £2(6)), 2 bo,

then it can be verified that x satisfies (1).
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We now re-write Eq. (13) in an equivalent form. To this end, we use the
variation of parameter formula and rewrite the equation in an integral from which
we derive a Krasnoselskii fixed point theorem. Besides, the integration by parts will
be applied.

We need the following lemma in our proof of the main theorem.

Lemma 2.1. Let h : [m(tg), o) — R be an arbitrary continuous function and
suppose that (A1) and (A2) hold. Then y is a solution of (13) if and only if

_ plto —71(to))  c(to)
() = (ll/(to)— Op(to) 0 (I_Tz(to))w(to—rl(to))

NGRS

)y(t —71(t)) + J, " (h(u) _P’((Z))>y(u)du

p
fEeﬁw“{ﬂ%)%@@—ﬂﬁ»—2€:2ﬁ3>0—ﬂﬁﬁ—ﬁ®}

xy(s — 71(s))ds

_J; ¢ ey, o ([w (h () _Z l((;‘)) ) y(u)du> ds

+Jt E,L’hw)dub(s)wy”(s — 12(s))ds,

to p(s)
(14)
where
_on_at)pt —7i(t)) —c(t)p'(t — 711(2)) c(t)p(t —71(t))
al) = 20 ,C(t) = D (15)
and
3(0) = [Ch@) +C @)1 - 7)) + CO)7 () a6

(1-70))°

Proof. Let y(¢) be a solution of Eq. (13). Rewrite (13) as

yl(t) + h(t)y(t) — (h(t) _P,(t))y(t) _ “(t)]’(t — Tl(t)) — c(t)p,(t B Tl(t))y(t _ Tl(t))

p() p()
+ C(t)P(;(;)TI (t))y/ (t -7 (t))
e DN

(17)
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Multiply both sides of (17) the previous equality by eJ;Oh(S)dS and then integrate
from t( to ¢, we have

30 =wtta)e W [ (o) <L e Ty i

_ :efh(u)dua(s)p(s — (s ))p(s)C( p'ls Tl(S))y(s — 71(s))ds
. 18
N t e_fh(u)duw '(s — 71(s))ds "
Jto p(S) y 1
—("h(u du S$—T ( )) o
o e T S - s

Performing an integration by parts, we can conclude, for ¢ > ¢,

(E) = wito)e —jm s LO —[[nw) Jdu 4 OS » (h(u) —Z/((Z)))J’(u)du>

te_fh(u)du . oils _w s o s
+Ut0 (h( 1(5)) 26— (s ))) (1—7(s))y( 1(s))d

) [ ale)pls ~ “(S))pzs )f@f’ =m0 5 — gy 5)pas
. - ['hwas %—;ﬁ%/@ — 1(s))ds

o [hwduy PO = 72(5)) o
_|_u tog J b(s) o0 9% (s — 72(s))ds.

Thus,

_ plto —n(to))  clto)
y(t) = (W(to)— Op(to) 0 (1_T;(to))w(to—rl(to))

o) £

+p(t —n@) @) t (h(u) _P/(u)>y(u)du
71(t)

(e =n(0) + | .
] e Tl o)+ (s = i) ~EE= ) (1= ) -0

P(t) 1-17 —
p(s —a(s))
Xy (s — 71(5))ds

_ J; ¢S Hwduy, ) (Jjn@ (h (u) _1;’0 /((Z)) ) y(u)du> ds

+J: eurs[h(“)d”b(s)‘?%y”(s — 1(s))ds,

whereJi(s) and f(s) are defined in (15) and (16), respectively. The proof is complete.
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Below we state Krasnoselskii’s fixed point theorem which will enable us to
establish a stability result of the trivial solution of (1) For more details on
Krasnoselskii’s captivating theorem, we refer to smart [20] or [3].

Theorem 2.1. (see, [Kranoselskii’s fixed point theorem, [20]]). Suppose that
(X, ||-I1) is @ Banach space and M is a bounded, convex, and closed subset of X. Suppose
further that there exist, two operators, A, B — M into X such that:

i. Ax + By € M for all x,y € M,
ii. A is completely continuous;
iii. B is a contraction mapping.

Then A+ B has a fixed point in M.

3. Stability by Krasnoselskii fixed point theorem

From the existence theory, which can be found in Hale [26] or Burton [3], we
conclude that for each (¢9,w) €R" x C([m(to),t0], R), a solution of (1) through
(to, ) is a continuous function x : m(to),to + p) — R for some positive constant
p > 0 such that x satisfies (1) on [tg, %0 + p) and x = y on [m(¢o),to]. We denote such
a solution by x(¢) = x(t, o, w). We define ||y| = max {|y(t)| : m(to) <t <to}.

As we mentioned previously, our results in this section extend and improve
the work in [14] by considering more general classes of neutral differential
equations presented by (1). Our main results in this part can be applied to the
case when

>1,

‘ c(t)
1-7(r)

which improve [14]. In other words, we will establish and prove a necessary and
sufficient condition ensuring the boundedness of solutions and the asymptotic
stability of the zero solution to Eq. (1). However, the mathematical analysis used in
this research to construct the mapping to employ Krasnoselskii’s fixed point theo-
rem is different from that of [14].

The results of this work are news and they extend and improve previously
known results. To the best of our knowledge from the literature, there are few
authors who have used the fixed point theorem to prove the existence of a solution
and the stability of trivial equilibrium of several special cases of (1) all at once
[9, 14].

Let us know to recall the definitions of stability that will be used in the next
section. For stability definitions, we refer to [3].

Definition 3.1. The zero solution of (1) is said to be:

i. stable, if for any ¢ >0 and ¢y > 0, there exists a § = (¢, tg) > 0 such that
w e C([m(to),to], R) and ||y| <& imply |x(z, 0, w)| < e fort > 1.

ii. asymptotically stable, if the zero solution is stable and for any ¢ > 0 and
to >0, there exists a § = 8(¢,t0) > 0 such that y € C(m(to), 0], R) and
llwl|l <& imply |x(t,20, )| — 0 ast — oo..

Now, we can state our main result.
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Theorem 3.1. Suppose that assumptions (A1) and (A2) hold, and that there are
constants a € (0,1), k1, k2> 0, and an arbitrary continuous
function h € C([m(ty), o), R") such that for |t; — t,| <1,

Lz h(u)% du| <kilty — 1), (19)
and
Jtzh(u)du <kolts — ta], (20)
while for t >t
pt—1i(t) cft) ! L _p'(w) J
‘ P 1-40) *LW ) = ot |

I efh(u)du{‘ﬂ(s) + (h(S —71(s)) pl(s_rl(s))) (1 — 1—’1(5)) — E(;)
(21)

s—11(s)

ds <a,

! e—fh(u)du X p°(s — 72(5))
b >||p .

.

where Ji(s) and B(s) are defined in (15) and (16), respectively. If y is a given
continuous initial function which is sufficiently small, then theve is a solution x(t,to, y) of
(1) on R™ with |x(t,to, )| < 1.

We are now ready to prove Theorem 3.1.

Proof. We start with some preparation:

Let (X, |.|g> be the Banach space of continuous ¢ : [m(tg), ) — R with

lpl,=sup |o(t)/g(t)| <oo.

t>mito)
For each o > 0 and y € C([m(20), ?0], R) fixed, we define X, as the following space
X, ={peX :|pt)| <1 fort € [m(to), oo)ande(t) = y(t)ift € [m(to), to]}.

It is easy to check that X, is a complete metric space with metric induced by the
norm |.[,.

We note that to apply Krasnoselskii’s fixed point theorem we need to construct
two mappings; one is contraction and the other is compact. Therefore, we use (14)
to define the operator H : X,, — X,, by

(Ho)(t) = (Ap)(t) + (By) (),

where A, B : X,, — X, are given by

(Ap)(t) = J: e—f““)d"b(s)w o (s — ©2(s))ds, 22)

32



Asymptotic Behavior by Krasnoselskii Fixed Point Theovem for Nonlinear Neutral...
DOI: http://dx.doi.org/10.5772 /intechopen.96040

and

(Bo)(t) : = (mro) Pt —mlty) _clio) o =t

_EZﬁaw(h@n—;zgg)¢00du>e-ﬁhwm

pt—ri(r) c(t) . ¢ YW
B0 1‘—Ti@)¢0' 10)>+_Lna>(h<u) p(u)>qmu)du

N J;efh<u>d”{_,7(s) + (h(s — 71(s)) —H) (1-74()) - ﬁ(s)}

X (s — 71(s) )ds

_J; o[ htwduy ) (Jjﬁ(s) (h(u) _1; /((::)) )(p(u)du> ds.

If we are able to prove that H possesses a fixed point ¢ on the set X,,, then
y(t,t0, ) = @) fort >to, y(t,to,w) = w(t) on [m(to),to), y(t, o, y) satisfies (13)
when its derivative exists and |y(¢, ¢, )| <1 for ¢ >¢¢. That A maps X, into itself
can be deduced from condition (21).

For a € (0,1), we choose § > 0 such that

(23)

(24)

Lety : [m(to),to] — R be a given continuous initial function with ||y|| <. Let
g : [m(to), 0) — [1,00) be any strictly increasing and continuous function with
g(m(to)) =1, g(s) — o0 ass — oo, such that

P B O it -2t

pt)  1-7() p(u)
t effh(”)d” s ' P u u |ds
o[ e Leag (LW o) -2 g )d -

+Jt ef‘J’:h(u)du

to

) + (h<s ) —u) (1- () - B6)

xg(s —71(s))/g(t)ds < a.

Now we split the rest of our proof into three steps.

First step: We now show that ¢, ¢ €X,, implies that Ap + B¢ € X,,. Now, let ||.||
be the supremum norm on [m(ty), o) of ¢ €X,, if ¢ is bounded. Note that if
¢, €X,, then

|(A@)(r) + (Bg) ()| <
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o~ no))]| cw) | (¢ P, [
”"’”(”‘ rTom e iR R LR ”’“)e
ple—n(e) o)
+'¢”' 0 140
S —1;(‘)) du

w10l e Tl | o)+ (e = mi) -2 EZ2) (1 6) - 1)

il [ e T ( J du>d5

to s—11(s)

(1
h(w) 2@

1o
]
to—71(to) p(u)

By applying (24), we see that |(Ag)(t) + (Bg)(t)| <1 fort € [m(to), ).

We see that also 5 maps X, into itself by letting ¢ = 0 in the preceding sum.

Second step: Next, we will show that .AX,, is equicontinuous and A is
continuous. We first show that AX,, is equicontinuous. If ¢ €X,, and if 0 <t; <t,
with ¢, — 1 <1, then

}¢

A0
h) p(u)

ds

c(to)

(1-74(t0))

(" h(s)a
du)e jto € S(S—i—asl.

p(to — 71(to))
p(to)

5]

(Ap)e) — (Ag)an)] = | [ eI Mot 22 22D g

to

~ s pols — 72(5))e—f1h(u)du ’
JH) p(s) a

to

s p°(s — 72(5))€—£‘2h(u>du s
[P e Tt

51

151

n J(e—fzhwwu _ e—ffh(u)du) p(s) 226 = 20)) 4

to ])(S)
1] e—‘rzh(u)du s . pa(l) Tz(l))) X
< J d (Jlb( ) 0 d
,J:h(u)du B I - Stlh(u)du }96(5 _ TZ(S)) )
+ |e 1 J f b(s) 20 d
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[5]
szj

1

b(u)w du+a

p(u)

rh(u)du

5%

< (21 + aky)|t; — t),

by (19)-(21). In the space (X , |,|g), the set AX,, is uniformly bounded and

equicontinuous. Hence by Ascoli-Arzela theorem AX,, resides in a compact set.
Next, we need to show that A is continuous. Let £ > 0 be given and let ¢, ¢ €X,.

Now 97, is uniformly continuous on [—1, +1] so for a fixed T > 0 with 4/g(T) <¢

there is an > 0 such that |y, —y,| <#g(T) implies |[y] — y5| < /2. Thus for

lp) — ¢(t)| <ng(t) and for t > T we have

[(A@)(£) — (Ad)(D))/e(t)
= (Ug(t))f e*f_fh(u)du b

to

(S)pa(s — 7"2(5)

20|19 ) — @7 —wals))ds

b e 0s) e~ i) s

<{(ae/26(0)) + (2a/g(T))} <ae.

Third step: Finally, we show that B is a contraction with respect to the norm | |,
with constant a. Let BB be defined by (23). Then for ¢,, ¢, €X,, we have

|(Bhy) (£) — (Bepy) (1)| /2 (£) < ’p(t ;(11(t)) c(t)

|1(& = 71(t)) — ot — 71(2))1/2 ()

o 1-70)
+ :Tl(t) h(u) _};’(Z) \(]51(14) — ¢2(u)|/g(t)du
+ toe*fh(u)du —H(s) + (h(s —11(5)) _H) (1- %) - B6)

X a(s = 7a(s)) — ols — 7a(s))| /g ()ds
N ! effh(u)du‘h(:” <J§ P (u)
to s—11(s)

h(u) —

2G| P~ ¢2(u)|/g(t)du>ds

ple—(0) et
S 0
o] o B eean
—J’h iy oo u) u u | ds
+ o) () 28w gt )d
n e—ih(u)du
x |—H(s s —71(s N AC0)) —7(s)) = B(s)|g(s — 71(s s
a6) + (s = r0) - 22 (- 9) - B9 gt - ) s

<algy — ¢, by (22).
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Since a € (0, 1), we can conclude that B is a contraction on (Xw, || g).

The conditions of Krasnoselskii’s theorem are satisfied with M = X,,. Hence,
we deduce that H : X,, — X, has a fixed point y(¢), which is a solution of (13) with
y(s) =w(s) onsemilty),to] and |y(¢,t0, )| <1fort € [m(ty), o0). Since there exists a
bounded function p : [m(tg), o[ — (0, 00) with p(t) = 1 fort € [m(to),to], by
hypotheses (12) and from the above arguments we deduce that there exists a
solution x of (1) with x =y on [m (o), ¢o] satisfies |x (¢, 20, w)| <1 for all
t € [m(to), o). The proof is complete.

Letting 6 = 1/3, and ¢(t) = 0 in Theorem 3.1. Then we have the following
corollary.

Corollary 3.1. Let (19) and (20) hold, and (21) be replaced by

t A
|l -
' — [ nw)du . P =) _ 2 (s)) — pis—7())
o e P (e - e - B - P e
+J;efh<">d”|h(s)| <J:_Tm h(u) —f; ((u)) du> ds<a.

(26)

Then there is a solution x(t,to,y) of (4) on R* with |x(t,t0,w)| < 1.

Remark 3.2: When p(t) = 1, then Corollary 3.1 reduces to Theorem A, which
was recently stated in Jin and Luo [14]. Therefore, the paper (Jin and Luo [14]) is a
particular case of ours.

For the next Theorem, we manipulate function spaces defined on infinite
¢ -intervals. So, for compactness, we need an extension of the Arzela-Ascoli theo-
rem. This extension is taken from ([3], Theorem 1.2.2 p. 20).

Theorem 3.2. Let (19)—(21) hold and assume that

t t o(c
J ¢~ J b(s)w ds — 0ast — oo, 27)
to P(-‘)
and
t
tlim ian h(s)ds > — oo. (28)
—00 to

If w is given continuous initial function which is sufficiently small, then (1) has a
solution x(t,to,y) — 0 ast — oo if and only if

T
J h(s)ds — oo as t — oo. (29)
to
Proof. We set
K= sup{e_‘ffoh(s)ds}, (30)
t>to
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by (28), K is well defined. Suppose that (29) holds.

Since p is bounded, it remains to prove that the zero solution of (1) is
asymptotically stable.

All of the calculations in the proof of Theorem 3.1 hold with g(t) = 1 when ||, is
replaced by the supremum norm ||.||.

For

pEXy,

b(s)pﬁ(-f - 72<S))

26 ds=:q(t), (31)

|(Ag)(t)] < J [htuyin

where g(t) — 0 ast — oo by (27).

Add to X, the condition that ¢ € X, implies that ¢(t) — 0ast — co. We can see that
for p € X, then (Ap)(t) — 0ast — oo by (31), and (Bg)(t) — 0ast — oo by (29).

Since AX,, has been shown to be equicontinuous, .4 maps X,, into a compact
subset of X,. By Krasnoselskii’s theorem, there is y € X, with Ay + By =y. As

ye€Xy,,y(t,to,) — 0 ast — oo. By condition (12), it is very easy to show that there
exists a solution x € X,, of (1) with x(¢,t9,y) — 0 ast — oo.

Conversely, we suppose that (29) fails. From (28) there exists a sequence {z,}
with ¢, — oo as 7 — oo such that Jggf;”h(u)du = ¢ for some £ €RT. We may also

choose a positive constant J satisfying

tn

[ hwdu <+,
to

for all # > 1. To simplify the expression, we define

o) = |-a0) + (s = 1) - 2 EZ2) (1 6) - i)

S

Ha)

s—11(s)

A
ww) pu)

otz

for alls > 0. By (21), we have

tYl n
J ¢S s <

to

This yields

Iy s tn
J eIoh(u)duw(s)ds < aefo hdn < of

to

The sequence {J;tgeu&h(")d”w(s)ds} is bounded, hence there exists a convergent

subsequence. Without loss of generality, we can assume that

n— o0

tn s
limJ efoh(u)dua)(s)ds =0,

to

for some € R*. Let m be an integer such that
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eJo

J " h(u)du oo
. = 4K

for all n >m, where 8§ > 0 satisfies 260K¢/ + a <1.

We now consider the solution y(t) = y(t,t,,, w) of (1) with y(t,) = 6y and
lw(s)| <6 for s <t,,. We may choose y so that |y(¢)| <1 fort>t, and

P(tm — 71(tm)) c(tm)
P(tm) (1_7/1(tm)> W(tm — 71(tm))

) J:_W (mu) —g'gt‘;)zwu > Lo

w(tn) —

In follows from (22) and (23) with y(t) = (Ay)(¢t) + (By)(t) that for n >m

P ) [ B40
P(m syt —nta) - | () ~L )y

tn Ty tn
60€7£mh(u)du _J e_J: h(u)duw(s)ds

tm

o 1 tm tn s
., I ey (250 o h(u)duj . Oh(u)duw(s)ds>
tm

1
Z_
2

(32)

On the other hand, if the zero solution of (13) y(¢) = y(¢t,tm,y) — 0 ast — oo,
since t, — 7;(t,) — o0 ast — oo, i = 1,2, and (21) holds, we have

Pl —7(tn))  c(tn)

B N P'6) .
o) e e = [ (0B~

ast — oo, which contradicts (32). Hence condition (29) is necessary for the
asymptotic stability of the zero solution of (13), and hence the zero solution of (1) is
asymptotically stable. The proof is complete.

For the special case ¢(¢) = 0 and o = , we can get.
Corollary 3.2. Let (19), (20) and (27) hold and (21) be replaced by

t
Jtrl(t)

N Loefh(um{ ‘ <h(s —14(5)) —M) (1-7(s)) — a(s)p(sp_(f)(s))

t t X
+ J ¢ L g ) (J du> ds<a.
to (s)

Then the zero solution x(t,to, ) of (4) with a small continuous function y(t) is
asymptotically stable if only if

}ds

BAQ)
hl) p(u)
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2
J h(s)ds — oo as t — oo.

to

Remark 3.3. The method in this paper can be applied to more general nonlinear
neutral differential equations than Eq. (1).

Remark 3.4. Theorem 3.1 is still true if condition (21) is satisfied for ¢ >¢, with
some ¢, eR™.

4. Example

In this section, we now give an example to show the applicability of Theorem 3.1.
Example. Let us consider the following neutral differential equation of first
order with two variable delays, which is a special case of (1):

4 06095 + 1)

(t+1)°

ey

)= no)
x3(t — 12(t)), (33)

for t > 0 where 7,(t) = 0.5¢, 71(¢) = 0.05¢, and a(¢) satisfies

0.03

o)+ (e = w0 -2 E= 2O 1 ) ) < 25,

pt—n())

where 7i(t) and B(t) are defined in (15) and (16), respectively. Choosing h(r) =
L2 and p(t) = ;5. By straightforward computations, we can check that condition
(21) in Theorem 3.1 holds true. Ast — oo, we have

p(t— @) @) 1
p) 1-7@) S“‘_ » 0.95‘S0.263,
t h(u) — DAD) e <0.026,
t=a() p(u)
,fh G |( P du>d530,026,
s—11(s) (u)
J(u “_7(s) s—7T _P—nl) a0 — B e
N il (h< o) p(s_ﬁ@»(l ) - Fold

J J““ 3 ds<0.2,
+1

and

J-O 7Jﬂh du|b ) dseooast—>oo,p()<1.Let

a=0.263 4+ 0.026 + 0.026 + 0.2+ 0.4. It is easy to see that all the conditions of
Theorem 3.1 hold for @~ 0.915 < 1. Thus, Theorem 3.1 implies that the zero solution
of (33) is asymptotic stable.

However, for the asymptotic stable of the zero solution of (33), the
corresponding conditions used by the fixed point theory in Ardjouni and Djoudi [6]
are

STZ
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‘ c(t)
1-7()

This implies that condition (11) does not hold. So it is clear that the reduction of
the conservatism by our method is quite significant when compared to Ardjouni
and Djoudi [6].

Remark 4.1. It is an open problem whether the zero solution of (1) is uniform
asymptotically stable, perseverance, and so on.

lim

1 (O.95t +1
In

= 1.513ast — oo.
0.95 4(t—|—1))‘ >13as

‘zlim'

5. Conclusion

This work is a new attempt at applying the fixed point theory to the stability
analysis of neutral differential equations with variable delays, several special cases
of which have been studied in [9, 14]. Some of the results, like Theorem B, is mainly
dependent on the constraint

<1

’C@
1- 7

But in many environments, the constraint does not hold. So by employing two
auxiliary continuous functions g and p to define an appropriate mapping, and
present new criteria for asymptotic stability of Eq. (1) which makes stability
conditions more feasible and the results in [14] are improved and generalized. From
what has been discussed above, we see that Krasnoselskii’s fixed point theorem
is effective for not only the investigation of the existence of solution but also for
the boundedness and the stability analysis of trivial equilibrium. We introduce an
example to verify the applicability of the results established. In the future, we will
continue to explore the application of other kinds of fixed point theorems to the
stability research of fractional neutral systems with variable delays.
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Chapter 3

Spectral Properties of a
Non-Self-Adjoint Differential
Operator with Block-Triangular
Operator Coetficients

Aleksandr Kholkin

Abstract

In this chapter, the Sturm-Liouville equation with block-triangular, increasing at
infinity operator potential is considered. A fundamental system of solutions is
constructed, one of which decreases at infinity, and the second increases. The
asymptotic behavior at infinity was found out. The Green’s function and the resol-
vent for a non-self-adjoint differential operator are constructed. This allows to
obtain sufficient conditions under which the spectrum of this non-self-adjoint dif-
ferential operator is real and discrete. For a non-self-adjoint Sturm-Liouville opera-
tor with a triangular matrix potential growing at infinity, an example of operator
having spectral singularities is constructed.

Keywords: differential operators, spectrum, non-self-adjoint, block-triangular
operator coefficients, Green’s function, resolvent

1. Introduction

The question of the generalization of the oscillatory Sturm theorem for scalar
equations of higher orders and for equations with matrix coefficients for a long time
remained open. Only in recent joint papers by F. Rofe-Beketov and A. Kholkin (see
[1]) a connection was established between spectral and oscillatory properties for
self-adjoint operators generated by equations of arbitrary even order with operator
coefficients and boundary conditions of general form. Later, a Sturm-type oscilla-
tion theorem was proved [2] for a problem on finite and infinite intervals for a
second-order equation with block-triangular matrix coefficients. In the case of non-
self-adjoint differential operators, oscillation theorems have not been considered
earlier.

Results turning out in self-adjoint and non-self-adjoint cases differentiate sub-
stantially. The theory of non-self-adjoint singular differential operators, generated
by scalar differential expressions, has been well studied. An overview on the theory
of non-self-adjoint singular ordinary differential operators is provided in V.E.
Lyantse’s Appendix I to the monograph [3]. In the study of the connection between
spectral and oscillation properties of non-self-adjoint differential operators with
block-triangular operator coefficients [2, 4] the question arises of the structure of
the spectrum of such operators. For scalar non- self-adjoint differential operators

43 IntechOpen



Recent Developments in the Solution of Nonlinear Differential Equations

these questions were studied in the papers [5-8]. The theory of singular non-self-
adjoint differential operators with matrix and operator coefficients is relatively
new. In the context of the inverse scattering problem, for an operator with a
triangular matrix potential decreasing at infinity, the first moment of which is
bounded, the structure of the spectrum was established in [9, 10]. The theory of
equations with block - triangular operator coefficients the first results were
published in 2012 in the works of the author [11-13].

In this works we construct the fundamental system of solutions of differential
equation with block-triangular operator potential that increases at infinity, one of
that is decreasing at infinity, and the second growing. The asymptotics of the
fundamental system of solutions of this equation is established. The Green’s func-
tion is constructed for a non-self-adjoint system with a block-triangular potential,
the diagonal blocks of which are self-adjoint operators. We obtained a resolvent for
a non-self-adjoint differential operator, using which the structure of the operator
spectrum is set. Sufficient conditions at which a spectrum of such non-self-adjoint
differential operator is real and discrete are obtained. Here the rate of growth
elements, not on the main diagonal, is subordinated to the rate of growth of the
diagonal elements. In case of infringement of this condition, the operator can have
spectral singularities [14].

2. The fundamental solutions for an non-self-adjoint differential
operator with block - triangular operator coefficients.

Let us designate Hy, k = 1,7 as a finite-dimensional or infinite-dimensional
separable Hilbert space with inner product (-, -) and norm |-|. Denote by H =
H,®H,® ... ®H,. Element & € H will be written in the form of & =
col(ﬁl,ﬁz, s E), where h, €Hp, k = 1,2, ..., 7, I, I- are identity operators in H;,
and H accordingly.

We denote by L,(H, (0, o)) the Hilbert space of vector-valued functions y(x)
with values in H with inner product (y,z) = [ (y(x),2(x))dx and the norm ||-||.

Now let us consider the equation with block-triangular operator potential in B(H)

== +Vx)y=4, 0<x<oo, 1)
where
Un(x) Un(x) Uz(x)
V)=o) T4 UG), U = | 0 TR e TR g
0 0 U,;(x)

v(x) is a real scalar function such that 0 <v(x) — oo monotonically, as x — oo,
and it has monotone absolutely continuous derivative. Also, U(x) is a relatively small
perturbation, e. g. asx — oo |U(x)| - v~ }(x) — 0 or [U|p~! € L*(R,). The diagonal
blocks Uy (x), k = 1, r are assumed to be bounded self-adjoint operators in H.

In case where

v(x)>Cx®,C>0,a>1, (3)

we suppose that coefficients of the Eq. (1) satisfy relations:
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J|U(t)| o H(2)dt < oo, 4)
0

J o2(t) -0 3 (t)dt < oo, J 0"(t) - 03 (t)dt < oo, )
0 0

In case of v(x) = x>%, 0 <a < 1, we suppose that the coefficients of the Eq. (1)
satisfy the relation

J|U(t)|~t*"dt<oo, a>0. (6)

2.1 Construction of the fundamental system of solutions for an operator
differential equation with a rapidly increasing at infinity potential

Consider first the case where v(x) > Cx**,C> 0,a> 1.

Condition (3) is performed, for example, quickly increasing functions
e*, exp {*} etc.

Rewrite the Eq. (1) in the form

'+ (0(x) + () = (A +q )= Ulx)y @)

where g(x) determined by a formula (cf. with the monograph [15])

5 [(V(x) 2 10"(x)
9(x) = 16 (v(x)) Cdo(x) ®)

Now let us denote.

&
®

vo(x,2) =~ L exp (— J \/v(u)du> V(X 4) = L exp (J \/v(u)du). 9)

It is easy to see that yy(x,4) — 0,7.(x,4) — o0 asx — oo. These solutions
constitute a fundamental system of solutions of the scalar differential equation

=" + (v(x) +q(x))z = 0, (10)
in such a way that for all x € [0, o0) one has.
W(70: 7o) =703, ) - Voo (6, 4) = 70(%, ) - Yoo (x,4) = 1. (11

Theorem 2.1 Under conditions (3), (4), (5) Eq. (1) has a unique decreasing at
infinity operator solution ®(x, A) € B(H), satisfying the conditions
D' (x, 1)

D(x, 1) .
i =1 and lim — =1 (12)
¥ Yo (.X‘, ’1) ¥ Yo (.X‘, ’1)

Also, there exists increasing at infinity operator solution ¥(x, A) € B(H) satisfying the
conditions
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‘P(x, ) . /(.')C, /1)
I and lim (13)
X—00 y (x’ j’) X—r00 ]// (x, /1)
Proof
a. Eq. (7) equivalently to integral equation
®@J%:MQJH+JK@JJy¢@JMn (14)
where
K(x,t,4) = Cx,t,A) - [(A+q @) — U(2)], (15)
C(x’ t, /1) = yw(x, /1) Yo (t’ /1) ™ (t) /1) 7o (x’ /1)5 (16)

with C(x,t, 4) being the Cauchy function that in each variable satisfies Eq. (10)
and the initial conditions Clx,t,)x=t =0, CL(x,t,A)|xr =1, Ci(x,8,4) [y = —1.
Set y(x,4) = ( >) to rewrite Eq. (14) in form

x@J):I+JR@JJM@JML (17)
where R(x,t,1) = K(x,t, ﬂ) Thus
Oty 280 — ) L= 0)- ) =
O(x’/i) >

-2

[ 1
v(u du) - exp (21\/v(u)du) —2—”(”

A)
1
~ L P

|
|

exp | —2 du)
(18)
and since with x <t one has exp (—2} v(u)du) <1, we deduce that
) }’O(ts’I) 1
‘C(x, t) vo(%s ) < ol (19)
Hence.
R(x,2,2)] = ‘C(x»t) m (2 +q@O) - U@)]| < i(t) (Al +1g@)] + [U@)]).
(20)
By virtue of (3)-(5), (8),
1
(A +lg@] + [U@)]) €L(0, o), 1)
v(t)
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and therefore integral equation has a unique solution y(x, 4) and |y(x, 4)| < const.
By (17), one has that lim ..y (x, 1) = I, where the first part of formula (12) follows
from.

Differentiable (14) to get

) = I+ [*S(x,t, A)y(t, A)dt, where S(x,t,2) =

Kl (x,t,4) Yo(t A — C (x,1) - m; /,11)) (A4 ¢q(#))I — U(#)]. We have similarly (18), that
4 ro(t,4)

Cl.(x,t)- 5 AW \/<_, and therefore |S(x,,1)| < \/_ Al + g @)+

|U(t)|] € L(0, ), where the second part of formula (12) follows from.

b. Denote by ¥(x, 1) € B(H) block-triangular operator solution of Eq. (1) that
increases at infinity, Wy (x, 1) € B(Hy, Hy), k = 1,7 -its diagonal blocks. Now
Eq. (7) is equivalent to the integral equation

Yo, 2) = 7o, (x,4) - T — JK(x,t, 2) - W(t, A)dt, (22)
0

where, just as in (14), the kernel K(x,, 1) is given by (15). Now set y(x, 1) =

Wx,2)

e to rewrite Eq. (22) in form

x(x, ) =1— JR(x,t, A) - x(t, A)dt, (23)
0

where R(x,t,1) = C(x,t,4) - y“’(; ’% [(q(¢) +4) -1 —U(t)]. Similarly we can prove
that the integral Eq. (23) has a unique solution y(x, 1) and |y(x, 4)| < const. Pass in
(23) to a limit as x — oo to get lim , ooy (x, 4) = I + C(4) where C(4) is block-

triangular operator in H, that is

. ‘i‘(x,l) B ~
lim -~ =1+ C(0). (24)

Now consider another block-triangular operator solution ¥(x, ) that increases at
infinity diagonal blocks which are defined by.

W (x, 2) = Dpe(x, 2) Jcp,;,g(t, 1) (®5,(t,2)) dt,k = T,7, (a>0), (25)

Dy (x, A) are the diagonal blocks of operator solution ®(x, 4) as in Section a).
In view (16) and the definition of the functions y,(x), 7., (x) can be proved that

Y
lim Tek (x,4)
x=eo y (%, 4)

=1, k=1,r. (26)
Since ¥(x, 4) and ¥(x, A) are the operator solutions of Eq. (1) that increase at
infinity,

Y(x,1) = ¥(x, 1) + ®(x, 1) - Co(A), (27)
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where Co(4) is some block-triangular operator. Thus lim ymxxl)) lim ff:c(;)),
hence, by virtue (26), hm lykk(zc )A) =1I,, k=1,rand in (24) has
0 Cp@) .. Cy)
- 0 0 e Cyp(4
C\) = >4 | (28)
0 0 0

The solution ¥(x, 1) given by ¥(x, 1) = ¥(x, 1) I+ C’(/I)) s subject to first
from condition (13). Use (12) to differentiate (27), then find the asymptotes of

W'(x, 1) as x — oo similarly to (21) to obtain the second part of formula (13).
Theorem is proved. []

In this section, the fundamental system of solution is constructed for an operator
differential equation with a rapidly increasing at infinity potential.

2.2 Asymptotic of the fundamental system solutions of equation with
block-triangular potential

Now consider the case when v(x) = x*%, 0 < @ <1 and coefficients of Eq. (1)
satisfy the condition (6). Rewrite Eq. (1) in the form

'+ (= A4 q(x, D)y = (q(x,4) - 1 = Ux)), (29)

where ¢(x, 1) determined by a formula

502 [ x21\? a(2a — 1)x>2
a0 d) =5 (xZa —/1> T2 —2) (30)
Denote
— ; . _ [ 200 _
Yolx,A) = Wy exp ( J\/u Mu) s (31)
_ 1 . [ 20 _
Yoo X, 4) = A exp (J Vu Mu) . (32)

There solutions constitute a fundamental system of solutions of the scalar dif-
ferential equation —z” + (x** — 1 +q(x, 1))z = 0, in such a way that for all x € [0, o0)

one has W(yg,7.) =70(%,4) - 75, (%, 4) = 7p(%, 4) - 7eo (%, 4) = 1.
We are about to establish the asymptotics’ of 7 (x, 1) as x — oo:

ro(x,4) = (Zx“) (1 - xla> N exp ( Ju“ <1 - u/z“> iLiu) . (33)

! Fora =1and a =1, i.e., for v(x) = x? and v(x) = x, the asymptotics of the functions y,(x, 1) and

Yoo (5 4) is known.
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After expanding here the integral, we obtain the exponential as follows

T 1 2 13- (2%—=3) [ A\
exp (—Jua (“5'@‘2 k!.ék ) (uza) )du) (34)

k=2

In case 51 =n €N, i.e. « = 315, this expression after integration acquires the

form:

x1+(1 xl-a n— 11 3. 2k 3) pl k xl—(lk—l)a
C'eXP<— + (5) 1= 2k =1

1+a 1—a —~

exp (1.3. ...n-!(Zn -3) (%)n 1nx+0(1))

xle 211.3. (k- 3) (g)k x1-(2%-1)a )
1-—

x1+a y)
¢ eXp<_1+a 5'1—a+k; k! 2 2k — Da
G (14 0(1). (35)

The asymptotics of yy(x, 1) as x — oo is as follows:

xl+e e 214 (2k—3) 2\ (2%-1)
yO(xal):C'eXP<_1+a 2 1—a kz <§> '1—(2’6—1)“>
0" (14 0(1)).
(36)

In particular, fora =1 (n = 1), y4(x, 1) has the following asymptotics at infinity:

vo(x,4) =c-x'7 - exp <x22> (1+0(2)). (37)

In case &1 ¢ N we setn = [%4:1] + 1, with [§] being the integral part of §, to
obtain the following asymptotics for y,(x, 4) at infinity:

(1) xtexp [ FT A ET 2103 (2k—3) 2\ k@b
AR N A ! 2) 1- (k- 1)a

—a

-exp <f 13- (n-3) ...7;!(271 —3). <’%>n .xa ) ~(1+o0(x)

(38)

In particular, with @ =3 (n = 2) one has

Volx,A) = x4 - exp <— %x% +xt — (%)Zx%> . (1 —&—o(x’%)). (39)

A similar procedure allows to establish the asymptotics of y,(x) as x — oo. If

at+l
5= =ne€N,i.e. a—z—n 7> then
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xlte ) oyl 211.3. . (2 —3) (ﬂ)k x1-(@-Da )

y“(x”l)_c'e’(p<1+a_§'1a_ k! 2) 1- (2% —1Da

k=2
xf(” n(‘m—3)'(%)n+%) (1+0(1))
(40)
With « =1 (n = 1), this becomes
41 x?
Yool,4) =c-x7 7 - exp (?) (140(2)). (41)
In case &2 ¢ N, we setn = [%]] + 1 to get the asymptotics.

wlte poxte X1.3. . (2k—3) (ﬂ)k K1 (2Dt )

JA)=c-x% -+ 3) 1=k —1a
Yeo(X,4) = ¢ xzexP( 17a 2 1_a+k:2 k! 2) 1—(2k—1)a

exp (—1 3. (@n=3) (g) ’%) (14 o(x)).

n!

(42)

Incase a =3 (n =2), one has

Yoo, 4) = cx exp (gx% — x4 (%) Zx%> . (1 +o0 (x’%». (43)

Theorem 2.2 Under 0 < a <1and condition (6), the statement of Theorem 2.11s also
valid for Eq. (1).
Proof is similar to Theorem 2.1. Moreover, note that

vo(t,4) ‘ 2 Voo (%5 4) ’
Clx,t,2) - 1O 12 3. (£, 2) -yt )] =
e R e BN Ay
t X
1 1
_ . 21V 2a_M . ZJ\/ 2a_M - -
2] eXP( [ “) e"p( ! “) 2E— ]
a a
t
1
- - . _ 2a _ _
RN exp( 2J\/u Adu 1)|
(44)
t
As x <t, one has exp (—2fx/u2“—Mu>§1, and that is why
Yo(t,4) 1
C(x,t, 4) - < . 45
o 2 < )
Hence
_ ROICTON . !
|R(xst,/1)|—‘c(x,t,/1) vol, ) lq(z,4) - 1= U()] Sm(\q(t,ﬂ)|+\U(t)l)~ (46)
By virtue of (6) and (30), \/ﬁ}'—fx (Iq(,2)| + |U()|) €L(a, o) and therefore inte-

gral equation has a unique solution y(x, 1) and |y (x, 4)| < const. By (17), one has that
lim s,y (x, ) = I, where the first part of formula (12) follows from.
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The remaining statements of Theorem 2.1 are proved similarly. []

From Theorem 2.2 and the asymptotic formulas (37), (39), (41), (43) follows.
Corollary 2.1If a =1, i.e. v(x) = x2, then, under condition (6), the solutions
D(x, 1) and ¥(x, 1) have common (known) asymptotics, as in the quality yq(x, 1) and

Yoo (%, A) you can take the following functions.

2

2
vo(x,4) = X7 - exp (—%), Feolx,4) = KT exp <%> (47)
Ifa= %, i.e. the coefficient v(x) = x, and the condition (6) holds, then.

1 2 1 1 2 1
Yolx,A) =x7%- exp (— gx% + /bci> Voo (X5 4) =x7# - exp (gx% - /bﬁ). (48)

Remark 2.1 It is known that scalar equation
—¢" +x* g =p (49)

for A = 2n + 1 has the solution ¢, (x) = H,(x) - exp (f ’“72) , where H,(x) is the
Chebyshev — Hermitre polynomial, that at x — oo has next asymptotics H, (x) =
(2x)"(1+0(1)). Hence the solution ¢, (x) of the Eq. (49) atx — oo will have the
following asymptotics at infinity: ¢, (x) = (2x)" - exp (—%) “(1+0(2)).

In the case of U(x) = 0,v(x) = x? in (2), the Eq. (1) is splitting into infinity
system scalar equations of the form (49). The operator solution ®(x, 1) will be
diagonal in this case. Denote by ¢(x, 1) the diagonal elements of the operator ®(x, 4).
Then, by Corollary 2.1, the solution ¢(x, ) will have the following asymptotics at
infinity: p(x, 1) = (x)%1 - exp (—%) (1+0(1)). In particular, for 1 = 2n + 1, this
yields the solution proportional to ¢, (x).

In this section, the asymptotics of the fundamental system of solutions for the
Sturm-Liouville equation with block-triangular operator potential, increasing at
infinity is established. One of the solutions is found decreasing at infinity, the other
one increasing.

3. Green’s function for an operator differential equation with
block - triangular coefficients

Let us suppose that at the x = 0 given boundary conditions
cosA -y'(0) — sinA -y(0) = 0, (50)

where A- the block-triangular operator of the same structure as the coefficients
of the differential equation, A, k = 1,7- bounded self-adjoint operators in H,
which satisfy the conditions

T T
—=1I A < =1I,. 1
Sl < <Au <35I (51)

Together with the problem (1), (50) we consider the separated system

L] = 0" + @) + U %))y, = Ay, k=1,7 (52)
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with the boundary conditions

cos Agi, -9,/ (0) — sindy - ,(0) =0, k=17 (53)

Let L’ denote the minimal differential operator generated by differential expres-
sion [y] (1) and the boundary condition (50), and let L;/, k = 1,7 denote the minimal
differential operator on L;(Hp, (0, o)) generated by differential expression i [y, | and
the boundary conditions (53). Taking into account the conditions on coefficients, as
well as sufficient smallness of perturbations Uy (x) and conditions (51), we conclude
that, for every symmetric operator L, there is a case of limit point at infinity. Hence
their self-adjoint extensions Ly, are the closures of operators L, respectively. The
operators L, are semi-bounded below, and their spectra are discrete.

Let L denote the operator extensions L', by requiring that L,(H, (0, o)) be the
domain of operator L.

The following theorem is proved in [4].

Theorem 3.1 Suppose that, for Eq. (1) conditions (3)-(5) are satisfied for a>1or
condition (6) for 0 <a <1 Then the discrete spectrum of the operator L is real and
coincides with the union of spectra of the self-adjoint operators Ly, k = 1,7, i.e.,
oa(L) = Uj_so(Ls).

Comment 3.1 Note that this theorem contains a statement of the discrete spec-
trum of the non-self-adjoint operator L only and no allegations of its continuous and
residual spectrum.

Along with the Eq. (1) we consider the equation

Ll ="+ V*(x)y =4 (54)

(V™" (x) is adjoint to the operator V(x)). If the space H is finite-dimensional, then
the Eq. (54) can be rewritten as

] = 3" +3V(x) = 4, (55)

where j = (J; 7, ...J,) and the equation is called the left.
For operator -functions Y(x, 1), Z(x, 1) € B(H) let

WHZ*,Y} = Z* (%, 2) Y (5, 2) — Z* (¢, 1) Y'(x, A). (56)

If Y(x, 1) - operator solution of the Eq. (1), and Z(x, A) - operator solution of
Eq. (54), the Wronskian does not depend on x.

Now we denote Y (x, 1) and Y;(x, A) the solutions of the Egs. (1) and (54),
respectively, satisfying the initial conditions

Y(0,4) = cosA,Y'(0,1) = sinA,Y1(0,4) = (cosA)*,¥(0,4) = (sinAd)*, 1eC.
(57)

Because the operator function Y (x, 1) satisfies equation
—Y;"(%,2) + Y5 (x,4) - V(x) =AY (x,4), (58)

the operator function Y (x,4)=:Y; (x, 1) is a solution to the left of the equation

~ I

Y (x,4) + Y(x,4) - V(x) = 1Y (x, 1) (59)

and satisfies the initial conditions Y(0, 1) = cos 4, 17/(0,/1) = sinA4, 1eC.
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Operator solutions of Eq. (54) decreasing and increasing at infinity will be
denoted by ®;(x, ), ¥1(x, 1), and the corresponding solutions of the Eq. (59) denote

by ®(x, A) and ¥(x, 1). For the system operator solutions Y (x, 1), ®(x, 1) € B(H) of
the Eqgs. (1) and (59), respectively, will take the form of Wronskian W{®,Y} =

@l(x,A)Y(x,/i) — ®(x,4)Y’(x, 4) and do not depend on x.
Let us designate

{ Y(x, 2) (W{®,Y}) D7)  0<x<t
G(x,t,4) = (60)

—®(x, ) (W{Y,®}) 'V (t,4) x>t

In the following theorem it is proved that the operator function G(x,t, 1)
possesses all the classical properties of the Green’s function.

Theorem 3.2 The operator function G(x,t, 1) is the Green’s function of the
differential operator L, i.e.:

1. The function G(x,t, A) is continuous for all values x,t € [0, o);

2.For any fixed t, the function G(x,t, A) has a continuous derivative with respect to x
on each of the intervals [0,t) and (t, 00), and at x =t it has the jump

G (x + 0,x,1) — G'(x — 0,x,1) = —I. (61)

3.For a fixed t, the function G(x,t, 1) of the variable x is an operator solution of
Eq. (1) on each of the intervals [0,t), (¢, 00), and it satisfies the boundary condition
(50), and at a fixed x function G(x,t, 1) of the variable t is an operator solution of
the Eq. (59) on each of the intervals [0,x), (x,c0), and it satisfies the boundary
condition y'(0) - cosA —§(0) - sinA = 0.

Proof The function G(x, ¢, 1) is continuous with respect to x at each of the

intervals [0,%) and (z, o0). Similarly to the variable z. To prove the continuity of the
function G(x,t, ) for all x, >0, it is sufficient that the identity shown as

Y(x,2) (W{®D,Y}) "' ®(x, 1) + (x, ) (W{¥,®}) 'V (x,2) = 0. (62)
is satisfied for all x > 0. This identity shown as
Y (x, 2) (d)(x,/l)Y'(x,/l) - (i)/(x,/l)Y(x,/l)>71d~>(x,/1)f
—®(x, 2) (?’(x, 2)®(x,2) — ?(x,z)qwx,z))*l? (x,2) =0 (63)

or

(Y’(x, DY, 2) — ()P (x, A)) e (17_1(x,l)1~’/(x,ﬂ) — @ (x, ) (x, z)) o

-1

(o6, )Y (3¢, 2) — @' (3¢, D (x, 1),
(64)

Y (e, )Y e, ) — @ (o, )P (w0, 1) = ¥

which is equivalent to

Y (x, )Y x, 4) — ?71(36',/1)?/(.%',}.) =@ (a0, )@ (x,4) — @ (x, )® L(x, 1) (65)
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or to.

o, /1)( (00, )Y (x,2) — V' (, A)Y(x,/l))Y’l(x,/l) =
= & '(x,2) (d)(x,/l)d)'(x,/l) - d)’(x,z)qu(x,z))qu(x, 2). (66)

This follows from the fact that W{?, Y} = W{Cb, dD} =0.
To make sure that the jump in the first derivative at ¢ = x is equal to (—I), i.e.,
that the equality (61) holds, it is sufficient to prove the identity

Y (x,2) (W{®,Y}) "®(x, 1) + ¥ (x,4) (W{V,®}) ¥ (x,4) = L. (67)

Now we consider the function

Clx,t,4) = Y(x, ) (W{D,V}) '®(t,2) + @(x,4) (W{V,®}) 'V (t,4), (68)

which is an analogue of the Cauchy function. This function is the solution of
Eq. (1) of the variable x, and it is the solution of Eq. (59) of the variable z. By (62),
we have C(x,x,4) = 0. But in this case Cy,"|,_, = (V(x) — AI)C|,_, = 0, and,
therefore, C,'(x,1,4)|,_, = Q(4), i.e.,

Y (x,2) (W{®,Y}) " ®(x, 1) + ¥ (x,2) (W{V,®}) " ¥ (x,2) = 2 (2). (69)

It shows that Q;(4) = I, we obtain (61).

Since operator solutions @(x, 1) and ¥(x, 4) form a fundamental system of
solutions of Eq. (1), the operator solution Y (x, 1) of Eq. (1) satisfying the initial
conditions (57), can be written as Y (x, 1) = ®(x, ))A(4) + ¥(x, 1)B(4), where
A(2) = -W{¥,Y},B(2) = W{®,Y},

Y(x,4) = Px, YW{D, Y} — ®(x, ) W{¥,Y}. (70)

Similarly, operator solution Y (x, 1) of Eq. (59) can be represented in the form

Y(x,2) = W{®,Y}¥(x,4) - W{¥P,Y}D(x,41), (71)
where

W{®d,Y} = sin4 - ®(0,4) — cosA - ®(0,4) = —Q(0,1) = —~W{¥,®}. (72)

Similarly we get W{‘i’, Y} = fW{f/, ‘P} Thus,

Y(x, 1) = W{Y,¥}®(x,1) — W{Y,®}¥(x,1). (73)

Substituting (70) and (73) into the formula (69), using the fact that the equality
(69) is performed on x identically, we obtain

Qi(4) = lim [W'(x,)®(x,2) — @'(x,2)¥(x, )] (74)

By Theorem 2.1, on the asymptotic behavior of functions ®(x, 1) and ¥(x, 1) at
infinity, we have
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Q1(2) = lim [y (x, A)7a' (%, 4) = 70 (%, A)Yeo (%, )] - I = Wy, 700} - I =1 (75)

X—00

This completes the proof of the formula (61), and with it the theorem 3.1. []

Corollary. By the definition (60), function G(x,t, 1) is meromorphic of the
parameter A with the poles coincide with the eigenvalues of the operator L.

We constructed Green’s function for the non-self-adjoint differential operator.

4. Resolvent for an non-self-adjoint operator differential equation with
block - triangular coefficients

We consider the operator R, defined in L,(H, (0, o)) by the relation

(Rf) (x) = TG (o, 8, A (£)d (76)

=— J(I)(x, ) (W{y, cb})’ll?(t, Af (t)dt + JY(x,/i) (W{®,Y}) "D, A)f (¢)dt
0 x

Theorem 4.1 The operator R, is the resolvent of the operatorL.

Proof One can directly verify that, for any function f(x) € L,(H, (0, o)), the
vector-function y(x, ) = (R,f ) (x) is a solution of the equation [[j] — Ay = f when-
ever 1 ¢ o(L). We will prove that y(x, 1) € L,(H, (0, 0)).

Since operator solutions @(x, 1) and ¥(x, 4) form a fundamental system of
solutions of Eq. (1), the operator solution Y (x, 1) of Eq. (1) satisfying the initial
conditions (57), can be written as Y (x, 1) = ®(x, 1)A(1) + ¥(x, 1)B(4), where
A1) =W{¥,Y},B(1) = -W{®,Y},

Y(x,2) = @(x, )W{¥,Y} — ¥(x, yW{D,Y}. (77)

Similarly, the operator solution Y (x, 1) of Eq. (59) can be represented in the
following form

Y(x,2) = W{Y,®}¥(x, 1) — W{Y, ¥} D(x, ). (78)

By using formulas (77) and (78), we can rewrite the relation (76) as follows:

(Rﬂf)(x) = JCD(.’)C,],) (W{?,(I)}) t i)f dt +}{1 X, j') )_(2(36’1) +)73(xa}“) 7)_(4(96’/1)’
0

(79)

where a > 0 and
71(x,4) = d(x, ) (W{¥,®}) " W{V, ¥} J @ (t, A)f (t)dt, (80)
Z>(%,4) = ®(x, 4) J ¥ (¢, A)f (t)dt (81)
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73(x6,4) = B, ) WL, VI (W{D,Y}) " | @ (1, A)f (1), (82)

Be—3

746, 2) = W(x, A) J ® (6, F (¢) . (83)

Let us show that each of these vector-functions y;(x, 1), 7»(x, 1), ¥3(, 1), 74 (%, 1)
belongs to L, (H, (0, o0)). Since the operator solution ®(x, 1) decays fairly quickly as
x — oo, then |®(x, 1)| €L,(0, o0). It follows that

720, 2)| <c(2) - |@(x, 2) - j|<i><t, |- |F@)de <

1 1

|<i>(t,/1)|dt) : ( |f(t)|dt> <

<c(2) - @, 2)] - (J|‘i’(t,/1)|dt> : (J|f(t)}dt> <a(d)- [, 4),  (84)

<c(d) - [@(x, 4)] - (

S —x
NE R —

and therefore 7;(x, 1) € L2(H, (0, 00)). Similarly we get that
Z3(x,4) €L, (H, (0, 00)). First we prove the assertion for the function ¥, (x, 1), when
a>1 and the coefficients of the Eq. (1) satisfy the conditions (3)-(5). In this case,

we have [7,(x, 1) <|®(x, 2)|[7 ¥ (£, 4)| | £(¢)] dt.
By virtue of the asymptotic formulas for the operator solutions ®(x, 1) and
¥(x, ) we obtain that

7l )| <ex (W7o (., 4) ij@, 2| F(0)| de. (85)

Let us rewrite this relation in the following form

2206, A)| < e1(A)yo (%, A)7 o (55 4) | F(@)]dr. (86)

Im@@
J }/oo(x’/’{)

By using the definition of the functions y4(x, 1) and y,,(x, 1) (see (9)) and by
applying the Cauchy-Bunyakovskii inequality we obtain

_ 1 1 ( v(x) [ T = 2 :
I)(z(x,l)|$§cl(/1) ey <J Eexp <2J\/v(u)du)dt> (J |f (@) dt) .

t 0
(87)

X
Since t <x, we get exp (2 f \ /v(u)du> <1, and then the latter estimate for
t

X>(x, ) can be rewritten as follows
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_ (i Y 1 (T 1
Vz(x,ﬂﬂﬁcz(ﬂ)T(x) (J%dt) SCZ(}L)T(DC) (J%dt) : (88)

By formula (3), we get [7,(x, 4)| < \/—), and hence, if a>1 and the coefficients
of the Eq. (1) satisfy the conditions (3)-(5), we have ¥, (x, 1) €L,(H, (0, «)). In the

case of v(x) = x**, 0 <a <1, the assertion can be proved similarly.

For the function 7, (x, A) we will conduct the proof for the case when v(x) =
x%2% 0 < @ <1 and the coefficients of the Eq. (1) satisfy the condition (6). As in (85)

we have [7,(x,4)| ¢1(4)7(x, ) [ 70(t, 4) | £(£)|dt, which can be rewritten as fol-
lows [74 (¢, 2)] <e1(A)yo (%, A)yea(, 2) [ :g&i? | F(0)|dr.

Let us use the asymptotics of the functions y((x, 1) and y,(x, 1), for example, in
the case 4 = n €N, i.e. a = 525 (see (36) and (40)). Setting a(a, 1) = 137[7(,2"73> .
(3)", we obtain

oo X P 2 foo 2
o Al <ol | B0 Fo) e eatine- (j (L2 dt) (j |f‘<r>!2dt> ,

[N

0
(89)
oo a+1 %
] T ey 2 (@ -1)
74, 1) <c3(A)x (J ()-() exp e dt | . (90)
Replacing variables t = xu, we get
_ i T wi)—a _2xa+1 ua+1 -1 2
74, D] <es(Ax (J (0 g 2 )d“) - oD
1
Since the inequality exp 0 +::171) <x % holds for all a€ (0,1] and u € [1, o0)

with sufficiently large u € [1, o0), we have

1
oo 2
s+l a1l 1
JuZa(a,A)—a exp %m& . (92)
1

74 (6, 2)| <c3(A)x (

Hence it follows that [, (x, 1)| <c4(a, 2)x %%, therefore 7,(x, 1) € L,(H, (0, o0)).
In case, where 0 <a <1 and % ¢ N and where a > 1, the proof is similar.

Thus, R;f € L,(H, (0, o0)) for any function f € L,(H, (0, 0)). []

Since the resolvent R, is a meromorphic function of 4, the poles of which
coincide with the eigenvalues of the operator L, the statement of Theorem 3.1 can
be refined.

Theorem 4.2 If the conditions (3)-(5)) wherea > 1 or condition (6) where 0 <a <1
ave satisfied for the Eq. (1), then the spectrum of the operator L is veal, discrete and

coincides with the union of spectra of self-adjoint operators Ly, k = 1,m, i.e.
o(L) = U;_,0(Lg).
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In this section, a resolvent for a non-self-adjoint differential operator with a
block-triangular operator potential, increasing at infinity, is constructed. Sufficient
conditions under which the spectrum is real and discrete are obtained.

5. Spectral singularities of differential operator with triangular matrix
coefficients

Remark 5.1 If the perturbation U(x) in Eq. (1) does not satisfy conditions (3)-(5) or
condition (6), then the statement of Theorem 4.2 ceases to be true, which is shown by the

following example.
Example 5.1 Consider the equation:
- i x> q(x) - (N
Iy =y +<0 ﬂzxz)y ¥, 0<x<o0,j= <y2> (93)
with the boundary condition
y(0) = 0. (94)

Together with the problem (93), (94), consider the separated system

11[)1 } =-y, —|—xy1—/ly1, (95)
Ly,| = 5 +2°%%y, = 4y, (96)
with the boundary conditions.

9,(0) =0,9,(0) = 0. (97)

As above, denote by Ly the differential operator generated by the differential
expression [[y| (93) and the boundary condition (94), and by L1, L, denote the
minimal symmetric operators on L, (0; o), generated by the differential expressions
11y1],12[y,] and the boundary conditions (97). Their self-adjoint extensions Li,L,
are the closures of the operators L1, L,, respectively. The operators L1, L, are semi-
bounded; let us denote their spectra by 61 = a(fl), 6y = 0'([:2).

The Eq. (95) (cf. (49)) has the solution y, , (x) = Hy(x) - exp (—%z) for 1 =

2n + 1. Since H,1+1(0) = 0, the eigenvalues of the operator L; are A, = 4n + 3. The
sets 61 and o, do not intersect.

Denote by L the extension of the operator Lo generated by the requirement on
the functions from the domain of the operator L to belong to L, (H>, (0; 00)), and by
o(L) its spectrum.

Yul4) yp(x,4)

0 V(%5 4)
satisfying the initial conditions Y(0,4) = 0,Y’(0,4) =1I.

If some Ag € a(il) , and y(x, A9)- is the corresponding eigenfunction of the

Denote by Y(x, 1) = ( ) the matrix solution of the Eq. (93),

- S A
operator Ly, then the vector function ¥(x, 4g) = (y(xo 0) ) is the eigenfunction of

the operator L, corresponding to the eigenvalue Ao, i.e. 49 €o(L). Moreover,
A€ o-(ﬂz) is the eigenvalue of the operator L if and only if the solution y,,(x, o) of
the equation
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91"+ 515 +4(%)y5 = Y15 (98)

satisfying the initial conditions y,,(0, 1) = y,,'(0, 1) = 0, belongs to L,(0; o). Let
u(x,4),v(x, A) be the solutions of the Eq. (95), satisfying the initial conditions
u(0,4) = 0,4'(0,4) = 1,2(0,2) = —1,2'(0,4) = 0, and let C(x,t,1) =
u(x, A)v(t, 4) — v(x, 1) u(t, 1)- be the Cauchy function of the Eq. (95). Then the
solutlon ¥1,(%, A0) is given by

y (6, o) = Jq(t)  Clx,8, 40) - oyt J0) . (99)
0

Choose the coefficient q(x) = y,,(x, Xo)e*" , where > 2 (for instance, 4 = 4), and
show that the integral [ y%z (%, A0)dx diverges and, consequently, 49 & o(L). Indeed,
0
since the solution y,,(x, A¢) has finitely many zeros, we conclude that, for any
x>N1>0,

J’zz(x’io)zcle_axz,a> 0, (100)

and the Cauchy function decays no faster than et Hence, if |x —t| > N>,
we have

Clx,t, dg) > cre™ 0, (101)
In the case of § <t < 5 and x > max (4N1,2N>), the inequalities (100) and (101)
are fulfilled simultaneously, therefore, y,,(x, 40) > C3Eet4 ce2at =0 gt Since
e 00 > % fort < %, we get y,(x, o) > Q(f’éﬁeﬂ -e~ 2% dt. 1f x is sufficiently large

andt € [%, %], we have ¢/ ~29% > ¢* * > ¢, hence for x — 00y, (x, o) >c3te” R
oo, It follows that y,,(x, d0) & L1(0;00) and A9 & o(L).
There arises the question on the nature of such values 1.
Consider the equation with a triangular matrix potential:

l[y]:—y”+(p(g) ngy:@, 0<x <00, = (;’1) (102)

where p(x),q(x),7(x) are scalar functions, p(x),7(x) are real functions and
p(x),7(x) — oo monotonically as x — oo.
Let the boundary condition is given at x = 0:

cosA -y'(0) — sinA -y(0) =0, (103)

. . . COS 11 Ccos 12
where A is a triangular matrix, cosA = .

0 COS
Consider the separated system

Liy) =" +p&)y, = by, (104)

Ly,] = =5 +r(x)y, = 1y,. (105)
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with the boundary conditions

cos a1y (0) — sinasy,(0) = 0, (106)
cos azy5(0) — sinaxny,(0) = 0. (107)

Let L be the differential operator generated by the differential expression /[y]
(103) and the boundary condition (104), and let L1, L, be minimal symmetric
operators on L (0, eo) generated by the differential expressions /1 [y,],1[y,] and the
boundary conditions (106), (108) respectively. Denote by L1, L, the self-adjoint
extensions of the operators L,, L, respectively. The operators L1, L, are semi-
bounded; let us denote their spectra by 671 and o, respectively. Denote by L the
extension of the operator Ly and by (L) its spectrum.

Letu(x, 1), v(x, 1) be the solutions of the Eq. (104) with the boundary conditions
u(0,4) =0, %'(0,4) =1, v(0,4) = —1, 2'(0,4) = 0. The general solution of the
Eq. (104) has the form ¢(x, 1) = u(x, A) + lv(x, 1) up to a constant. Choose an / such
that the condition ¢ (b, 1) = 0 holds true. This equality is valid for [ = [(b, 1) =

U(,g /1) ! (the solution v(x, A) has finitely many zeros for a fixed 4, hence v(b, 1) # 0
(b)

whenever b is sufficiently large). Put ¢;,'(x, 1) = u(x, 1) + (b, A)v(x, 4). Since for
the operator L, there is the case of a limit point, then, as is known, /(b, 1) has a
unique limit 7(4) as b — oo, and the solution of the Eq. (104) satisfies ¢4 (x,4) =
u(x, A) +m(A)v(x, A) €L;(0, o). Similarly we obtain that the solution of the
Eq. (105) satisfies ¢, (x, 1) € L1(0, o0).
b

o (x,2) <o§2 (x, )

0 4’22 ( s 4)
Eq. (103) satisfying the initial conditions ®, (b, 1) = 0, ®,'(b,1) =I. We have

@) (x,2) — @1(x,2) €Ly(0, 00); ¢22><x ﬂ) #(,2) €L3(0,00) as b — eo

The solution (p§2> (x, 4) is given by 4’12 x,A) = jq Clx,t,4) - (pg) (¢, A)dt, where

Denote by @, (x,4) = < ) the matrix solution of the

Clx,t,4) =u(x,D)v(t, 1) —v(x,A)u (t A) is the Cauchy function of the Eq. (104).
Further, we have qz)gz) (x, 1) — fq Clx,t,4) - @y (t, A)dt == p15(x, 1) as b — oo.

P1u(x,4) @, l))

0 P (%, 2)
Together with the Eq. (102), we consider the left equation.

Put @(x, 1) = (
il =" +3V(x) =4, 5= (39,). (108)

The matrix solutions of the Eq. (108) will be denoted by ®, (x, 1) and ®(x, A).

Denote by Y (x, 1) and S?(x,/l) the solutions of the Egs. (102) and (108) respec-
tively satisfying the initial conditions

Y(0,4) = cosA,Y'(0,2) = sinA, ¥(0,1) = cosA,Y (0,4) = sind, 1€C.
(109)

Put

(110)
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The function G, (x,, 4) is the Green function of the operator L] generated by the
problem (102), (103), y(b) = 0, which spectrum coincides with the union of spectra
of the operators L) ;, L} , generated by the problems (104), (106), y,(b) = 0 and
(105), (107), y,(b) = O respectively. Eigenvalues of the operators L), and L}, tend
to ones of the operators Lyand L, respectively as b — oo, @y (x,1) — D(x, 1),

@y (x, 1) — @(x,4), and

W(Y,®,) = cosA - ®,'(0,4) — sinA - ®,(0,1) — cosA - ®'(0,1) — sinA - ®(0,1) =

=W(Y,®),W(®,,Y) —» W(D,Y),
(111)
Y(x, ) (W(D,Y)) " ®(t,4) 0<x<t
Gy(x,t,4) — G(x,t,4) = ) (112)
—®(x,2) (W(V,®)) ¥ (5,4) t<«x

Poles of the Green function G(x,t, 1) of the operator L coincide with the zero set
of the determinant A(2) := detQ(4), where.

Q1) =W(Y,®)| _, = cosA-d'(0,1) — sinA - ®(0, ). (113)

x=0

Since the matrices cosA, sinA4, ®(0, 1), ®'(0, 1) are triangle, we have
/A1) = A1(4) - Ax(4), where Ag(4) = cosap - ¢},,(0,4) — sinag, - @4, (0,4),k =1,2.
On the other hand, zeros of the function A, (1) are eigenvalues of the self-adjoint

operator L. Hence the poles of the Green function G(x,, 1) of the operator L are
situated on the real axis, and their set coincides with the union of spectra of the

operators Ly and L,.
Consider the operator R;;, defined on L,(H>, (0; b)) by.

b x
(Ri,bf)oc):jc (e, 1, AYf ()t =—j¢b<x,A>(w(?,®b))* (& A)f O+
0 0

b
+ J Y(x,2)(W(®y,Y)) D2, A)F(¢)dt. (114)

One can directly verify that the operator R, , is the resolvent of the operator Lj.
Let f(x) be an arbitrary vector function square integrable on [0, o0). Choose a

sequence of finite continuous vector functions {fn (x)} (n=1,2, ...) converging in
mean square to f (x). Substituting f, for f in (114) and letting first b — oo and then
n — oo, we obtain the following formula for the resolvent R; of the operator L:

( ) = |5 G(x,t, A)f (t)dt, where the Green function of the operator L is defined

by the formula (112).

Theorem 5.1 The operator R; is the resolvent of the operator L. The resolvent’s poles
coincide with the union of the spectra of the self-adjoint operators Ly and L,.

Remark 5.2 As in Example 5.1, if 2o € o(f,z) and ¢1(x, A0) & Ly(0, o), then Ag is
the pole of the resolvent R, of the operator L but it is not the eigenvalue of this operator,
i.e., Ao is the point of the spectral singularity of the operator L.
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Theorem 5.1 implies that, if the rate of the coefficient’s growth ¢(x) of the
Eq. (102) is subordinated to one of p(x) and r(x), then the operator L has no spectral
singularities, and its spectrum is real and coincides with the union of the spectra of
the operators L;and L,.

For a non-self-adjoint Sturm-Liouville operator with a triangular matrix poten-
tial growing at infinity, an example of operator having spectral singularities is
constructed. A special role of these points was found first by M.A. Naimark in [16].
The notion “spectral singularity” was introduced later due to J. Schwartz [17] (see
also Supplement I in the monograph [3]).

6. Conclusion

We consider the Sturm-Liouville equation with block-triangular, increasing at
infinity operator potential. For him, built a fundamental system of solutions, one of
which is decreasing at infinity, and the second is growing. The asymptotics of these
solutions at infinity is defined. For non-self-adjoint operator generated by such
differential expression obtained the Green’s function. A resolvent of such an
operator is constructed. Sufficient conditions at which a spectrum of such
non-self-adjoint differential operator is real and discrete are obtained.
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Chapter 4

Deformed Sine-Gordon Models,
Solitons and Anomalous Charges

Harvold Blas, Hector F. Callisaya, Jodo P.R. Campos,
Bibiano M. Cerna and Carlos Reyes

Abstract

We study certain deformations of the integrable sine-Gordon model (DSG). It is
found analytically and numerically several towers of infinite number of anomalous
charges for soliton solutions possessing a special space-time symmetry. Moreover, it
is uncovered exact conserved charges associated to two-solitons with a definite
parity under space-reflection symmetry, i.e. kink-kink (odd parity) and kink-
antikink (even parity) scatterings with equal and opposite velocities. Moreover, we
provide a linear formulation of the modified SG model and a related tower of
infinite number of exact non-local conservation laws. We back up our results with
extensive numerical simulations for kink-kink, kink-antikink and breather config-

urations of the Bazeia et al. potential V,(w) = % tan?% (1 — | sin %‘q)z, (gER),
which contains the usual SG potential V> (w) = 2[1 — cos (2w)].

Keywords: quasi-integrability, solitons, deformed sine-Gordon, anomalous
charges, non-local charges

1. Introduction

Solitons can be regarded as isolated waves that travel without loss of energy. The
solitons emerge with their velocities and shapes completely unchanged after colli-
sion to each other, the only outcome being their phase shifts. The soliton solution is
the main feature of the integrable models [1-3]. However, certain non-linear
models in physics, with solitary wave solutions, are not integrable. Recently, certain
deformations of integrable models such as the sine-Gordon (SG), nonlinear
Schrédinger (NLS), Korteweg-de Vries (KdV) and Toda models have been intro-
duced, such that they exhibit soliton-type solutions with some properties resem-
bling to their counterparts of the truly integrable ones. In this context the so-called
quasi-integrability concept has been put forward [4]. These properties have been
examined in the frameworks of the anomalous zero-curvature [4-7] and the
Riccati-type pseudo-potential approaches [8-10], respectively.

The main developments have been focused on the construction of infinite number
of quasi-conservation laws which give rise to asymptotically conserved charges, i.e.
conserved charges, such that their values vary during the scattering of the solitons
only. The main observation in the both approaches to quasi-integrability is that, in
general, the conserved charges of the standard integrable systems turn out to be the
so-called asymptotically conserved charges in the deformed models. In fact, the exact
conservation laws of the usual integrable systems become quasi-conservation laws of
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the deformed integrable models. The non-homogeneous terms of the quasi-
conservation laws are dubbed as anomalies such that they vanish when integrated on
the space-time plane, provided that the fields satisfy a special space-time symmetry.

The properties of the soliton-like configurations in the quasi-integrable models are,
so far, largely unknown. We summarize the main results. First, the one-soliton sectors
exhibit infinite conserved charges. Second, the space-time integration of the anomalies
vanish when one-soliton like solutions are located far away from each other. The
anomalies are significant around the space-time regions of their interaction. Third, a
sufficient condition for the vanishing of the space-time integrated anomalies is that the
N —soliton possesses definite parity under a shifted parity and delayed time reversion
(PsT ;) symmetry. When the anomaly densities possess odd parities the space-time
integration of them vanish, which imply the existence of anomalous charges. Fourth,
the conserved charges of the usual integrable systems turn out to be the anomalous
charges upon deformation. Fifth, there exist infinite towers of infinitely many anoma-
lous charges, different in form from the ones of the usual integrable models. New
towers of anomalous charges have been uncovered in [8-10]. Remarkably, even the
usual integrable models possess quasi-conservation laws with anomalous charges for
analytical N— soliton with CP;7 ; symmetry [9, 10]. For the standard SG theory it has
been discussed for the 2-soliton sector of the theory [8]. Sixth, there is a subset of exact
conserved charges for soliton eigenstates simply of the shifted space-reflection ;. The
deformed NLS model for two-soliton solutions [6, 7] and the deformed sine-Gordon
model [11] for two-kink and breather solutions exhibit this property.

In the context of the Riccati-type method there have been shown that the
deformed SG, KdV and NLS models [8-10], respectively, possess linear system
formulations and that they exhibit infinite towers of exact non-local conservation
laws. The NLS-type, KdV-type and SG-type models share the same importance due
to their potential applications, since they are ubiquitous in all areas of nonlinear
physics, such as Bose-Einsten condensation and superconductivity [12-14], soliton
gas and soliton turbulence in fluid dynamics [15-20], the Alice-Bob physics [21, 22]
and the understanding of a kind of triality among the gauge theories, integrable
models and gravity theories [23].

Here, we discuss the previous results in the field by utilizing a deformed sine-
Gordon model. We will introduce the relationship between the space-time parity and
asymptotically conserved charges. Next, we clarified on the space-reflection parity
related to the linear combination of the dual sets of anomalous quantities. In addition, it
is focused on the space-reflection symmetry of some two-soliton solutions of deformed
sine-Gordon models. Then one proceeds to construct a tower of exactly conserved
charges for each solution possessing a definite space-reflection parity. Lastly, by con-
sidering linear combinations of the anomalous conserved charges it is showed, through
analytical and numerical methods, that there is a subset of exactly conserved charges.

A modified SG model and the space-time symmetries are presented in the next
section. In Section 3, the towers of quasi-conservation laws are presented. In Section
4 our numerical simulations are described. The linear formulation and the non-local
conservation laws are discussed in the Riccati-type pseudo-potential approach in
Section 5. Finally, in Section 6 we present some conclusions.

2. A deformation of the sine-Gordon model

Let us consider the relativistic field theories in (1 + 1)-dimensions with equation
of motion®

" In the x and ¢ laboratory coordinates: § = %, & = 5,9, = 9, + 0y, 0; = J; — 0x, 0,0z = 97 — 02
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0:0,w + VW (w) = 0, (1)

where w is a real scalar field w, V (w) is the scalar potential and V! (w) = LV(w).
The family of potentials V(w) will represent certain deformations of the usual SG
model. The theory (1) has been studied using the techniques of integrable field theo-
ries, such as the anomalous zero-curvature [4, 11] and deformed Riccati-type pseudo-
potential formulations [8], respectively. In our simulations we will consider [4, 24].

V(w,q) = q% tan2w(1 — |sinw|?]?, (2)

where g is a real parameter such that for ¢ = 2 the potential reduces to the SG
potential

Viw,2) = % 1 — cos (4w)]. 3)

So, we introduce the deformation parameter € as ¢ = 2 + ¢, such that in the limit
€ = 0 one reproduces the SG model.

The model (1) possesses several towers of anomalous charges associated to
quasi-conservation laws [4, 8, 11]. In [11] it has been introduced a subset of exactly
conserved charges associated to space-reflection eigenstates as kink-antikink, kink-
kink and breather configurations, respectively. New types of two sets of dual towers
of asymptotically conserved charges have been uncovered [8]. Remarkably, even
the usual sine-Gordon models possesses anomalous charges. So far, it is attributed to
the space-time symmetry properties of the solitons. Those charges can be relevant
in the study of soliton gases and formation of certain structures, such as soliton
turbulence, soliton gas dynamics and rogue waves [16].

The quasi-integrability has been introduced for deformed sine-Gordon models
such that the field w and the potential V satisfy the symmetry [4, 8, 11].

P:w — —w + const.; V(w) — V(w), (4)
under the special space-time reflection
P=PT,y Ps:x— —X, Td:fa—;,ﬁEx—xA,f:t—tA, (5)

defined around a given point (xa,ta). Moreover, let us consider the space-
reflection transformation

Py i X > —x, (6)
and assume that the scalar field is an eigenstate of the operator P;
Py :w — ow, Q= =+1. @)
In addition, consider an even potential V under P,
Pe(V)=V. (8)
Several towers of quasi-conservation laws, with anomaly terms possessing
odd parities under (6)-(8), have been found [8, 11]. Next, we consider those

quasi-conservation laws and examine their anomalies in view of the symmetries
(4)-(5) and (6)-(8), respectively.
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3. Quasi-conservation laws of the deformed SG model

We will discuss some of the infinite towers of quasi-conservation laws of the
deformed SG model (1).

3.1 First type of towers: The SG-type quasi-conservation laws

The usual SG charges turn out to be the anomalous charges of the DSG. So, one
has the infinite set of quasi-conservation laws [4, 11].

jtqaZn-H deﬁ 2n+1)’ n= 1 2 3 (9)

where the quantities 4"*V) define the anomalous charges, provided that the

(2n+1)

time-integrated anomalies [ dt [ dx B ) vanish for solitons satisfying (4) and (5).

This condition, when combined with Eq. (9), implies q (2141)(1 — Jo0) =

q<2”+1> (t — —o0). So, we have that g, (21+1) 3re anomalous forn = 1,2, 3, ..... The

charges q*)) maintain the same form as the ones of the usual SG.

In (1 + 1)-dimensional Lorentz invariant integrable field theories one has dual
integrability conditions or Lax equations. Analogously, for the deformations of the SG
model there exist a dual formulation for each equation as in (9) by interchanging
£ < n in the procedure to obtain the relevant quasi-conservation laws. So, one can get

2n+1 2n+1 _
= Jd A —1,2,3, .. (10)

where the quantities q (21+1) define the dual asymptotically conserved charges,

provided that the time-integrated anomalies [dt [ dx ﬁ(znﬂ) vanish. Likewise, this

result implies ¢ q @141 — Joo) = éfnﬂ)(

These towers of quasi-conservation laws reproduce the same polynomial form as
(2n+1)

t — —oo).

in the usual sine-Gordon charge densities. In fact, the anomalies S+ and /)’
vanish identically provided that the deformed potential V(w) recovers the form of
the standard SG potential.

The importance and the relevance of such a dual construction will become clear
below when the linear combinations of the charges in (9) and (10) give rise to
infinite towers of exactly conserved charges, provided that the space-integral of the

. I . ~(2n+1 . :
linear combination of the anomaly densities #?**? and ﬂ( "™ Sanish for special
two-soliton solutions.

3.1.1 Space-reflection parity and conserved charges

The above dual sets of quasi-conservation laws are used to construct a sequence
of conserved charges and vanishing anomalies. The space-reflection symmetry of
some soliton solutions of the deformed SG model will imply the existence of an
infinite tower of conserved charges. So, let us examine a linear combination, at each

order n = 1,2, ..., of the above two sets of quasi-conserved charges q‘(f”“) (9) and

g*Y (10). Consider the new quasi-conservation laws

d
dtqizl“) deﬂif”“’, n=12, .., (11)
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(2n41) (2n+1)

with the charges q ) and anomalies ﬁ , respectively, defined as

1 -
qflzlﬂ) - = ( q(2n+1) + q22n+1)>, (12)
1 -
poi = wg (0 £0™) )
in Wthh the quantities ¢>"*V and "V defined in (9) and the quantities 3** "
and /3 1n (10) have been used, respectively.
Since the theory (1) is invariant under space-time translations one has that the

energy momentum tensor is conserved. In fact, one has pY = ,B(l) = 0 at the zero’th
order n = 0, and the linear combinations of the charges (! and 'V leads to the

energy and momentum, respectively [11].
a 1 1 2
gy = dx (8tw) + 5 (Ow)” + V|, (14)

+o0
q@ = J dx 0xwosw, (15)

—o0

where E = q‘ﬁ is the energy and P = ¢V is the momentum.
The first non-trivial anomalies become [11].

" zz{a,: (0’| 70, (0w)’] }, z=Vv® +16v -1, (16)

g = i%z[(m(afw)za;w +0tw) 0w + (24(0,w) 0w + ofw o] (17)

Notice that for the SG potential (3) the factor Z above vanishes identically;

therefore, the anomalies vanish [J’S_f) = 0, and the relevant charges qf) turn out to be
the exactly conserved charges of the standard SG model at this order.

The properties of the quantities q i Y and [dx ﬁ @+ §n (11) will depend on the
symmetry properties of the solitons, in partlcular on the space-reflection symmetry of

ﬂf’“), as we will see below. So, let us examine the space-reflection symmetry of them.

Let us write the anomalies in terms of the d, and 0, derivatives. So, once the eq.
of motion (1) is used to substitute 6t2w — [cﬁw - V’(w)} , as well as, neglecting
surface terms one has

o = —2de ¥ (x,1), (18)
FOw0 = [V +16v]{o | (0a0)’] + o[ (20)?] }, (19)

where we have defined the anomaly density f (f). Notice that for even parity
potentials (8) and for definite parity (even or odd) fields w the density f (f) is an odd

function, and thus the x—integrated anomaly a(+3> vanishes.

Following analogous procedure as above one has

a® = 4 de £ (x,1), (20)
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fO%,1) = [V +16V]{owd*w + owd.omw}, 1)

where we have defined the anomaly density f®. Notice that for even parity
potentials (8) and for definite parity (even or odd) fields w the density f* is an

even function, and thus the x—integrated anomaly a® will not vanish solely by a
space-reflection parity reason.

The anomalies af) and fdtaf) in (18) and (20), will be computed numerically
for two-solitons and breather-like solutions below.

By direct construction it has been found new towers of anomalous charges in
[8]. In the next subsections we will discuss those charges and anomalies in relation
to the symmetry (4) and (5).

3.2 Second type of towers

The quasi-conservation laws [8].

d
Z oW — V)
7 av), (22)
Q;N) = de [% (051/())1\[ + V((k“))Nﬁz ) (23)
alV) = de (N —2)(0:zw)" >0kwV, N>3, (24)

define the asymptotically conserved charges Q') and the corresponding
anomalies a®™),

The dual quasi-conservation laws become

d ~ ()

= — 3(V)
7 alNv); (25)
QY = [ax [Ilv (0,0)" + V(aw)" 2], (26)
AN = de (N —2)(9w)" 2wV, N=3, 27)

where we have introduced the dual asymptotically conserved charges QEIN) and
the relevant anomalies 3.

The densities of the anomalies a®™ and 3V) in (24) and (27), respectively,
possess odd parities under (4) and (5), so the quasi-conservation laws (22) and (25),

respectively, allow the construction of asymptotically conserved charges.

3.3 Third type of towers

Let us define the quasi-conservation laws [8].

d
ZonN .0
™) = [ gy [Ty 2, 1oy
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y N = de % (0aw)?0, VN1, N>2, (30)

where we have introduced the asymptotically conserved charges Q((JN) and the
corresponding anomalies y™).

The interchange # < & allows us to reproduce the dual quasi-conservation laws.
So, one has

d ~ (N -

20, =7, (31)
~(N) _ 1 ~No1 2 1_n
y™ = de%(anw)zaéval, N>2, (33)

where we have defined the dual asymptotically conserved charges Q((lm and the
anomalies 7).

Similarly, the densities of the anomalies y™ and 7™) in (30) and (33), respec-
tively, possess odd parities under (4) and (5), so the quasi-conservation laws (28)
and (31), respectively, allow the construction of asymptotically conserved charges.

The relevant anomalies of the lowest order quasi-conservation laws of the above
towers will be simulated below for 2-soliton interactions.

Remarkably, the above charges turn out to be anomalous even for the standard
sine-Gordon model. In fact, the relevant 2-soliton solutions have been constructed
analytically [4, 11] which possess a definite parity under (4)-(5), such that the odd
anomaly densities vanish upon space-time integration. The usual explanation for
the appearance of novel anomalous charges in the standard sine-Gordon model is
the symmetry argument. The anomalous charges also appear in the standard KdV
and its deformations [9].

These charges have been computed for soliton collisions in the treatment of
soliton gases and formation of some structures in integrable systems, such as integra-
ble turbulence and rogue waves. In the context of the usual KdV model it has been
analyzed the behavior of the statistical moments defined by (see e.g. [16, 17])

M,(t) = jj:v" dx,n >1; where v is the KdV field. The M ; cases are conserved
charges. It is remarkable that the moments, M3 4, respectively, in the interaction
region of two-solitons, behave as the anomalous charges of the quasi-integrable KdV
models [9]. In fact, in the quasi-integrable KdV models the moments M, 3 are in fact
anomalous charges [9]. So, since the two-soliton collision is an important ingredient
in the formation of soliton turbulence and the dynamics of soliton gases, we can
expect they will be important in the quasi-integrable counterparts. In the case of the
SG soliton ensemble, to our knowledge, it is needed a further theoretical research.

4. Numerical simulations

Here we will check numerically the lowest order expressions of the various
towers of quasi-conservation laws presented above. For this purpose we will
numerically solve the Eq. (1) with the particular deformed potential (2). In the
Figures 1 and 2 we plot the kink-kink and kink-antikink collisions, respectively.
Moreover, we show the first conserved charges, i.e. the energy and momentum for
these field configurations.
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Figure 1.
Kink-kink with velocities v, = —v, = 0.15 and q = 2.01 in (2), for initial (green), collision (blue) and final
(red) times. Bottom, the energy (E) and momentum (P) charges of the kink-kink.

4 B —_—
3 H N
2 /f : \ :
1 J-J. H '\\ !
0 S AN

> ' N

-2 B :

-3 .

-4 H

=15 -10 -5 0 5 10 15

! : - E(t)
15] — Py

0 20 40 60 80 100 120

Figure 2.
Kink-antikink with velocities v, = —v, = 0.15 and q = 2.01 in (2), for initial (green), collision (blue) and
final (ved) times. Bottom, the energy (E) and momentum (P) charges of the kink-antikink.

4.1 First non-trivial anomalies of the SG-type quasi-conservation laws

We have checked our results by numerical simulation of the anomalies af) (18)-
(21) for kink-antikink, kink-kink and breather solutions of the model (2).
So, let us write (11) in the form

A
48L0) - 4%, (ko) = —j dta® (1), (34)

to

where af) (¢) were defined in (18) and (20) and ¢y is the initial time.

The simulations of the kink-antikink, kink-kink and breather systems of the
deformed SG model will consider, as the initial condition, two analytic solitary wave
solutions presented in Eq. (1.2) of [4], located some distance apart and stitched
together at the middle point.

4.1.1 Kink-antikink

In the Figures 3 and 4 we show the results for kink-antikink system with
velocities v; = —v; = 0.5and € = 0.06. The plots of (19) and (21) as ff) (x,t)vsx are

72



Deformed Sine-Gordon Models, Solitons and Anomalous Charges
DOI: http://dx.doi.org/10.5772/intechopen.95432

Density
10 T T T T ="
o on AN AN
- V7 VW
-0.5 A
=20 =10 0 10 20
T
10 Ano;naly
0.5+
"‘g 0.0
-0.5-
-1.0 L I L L i
0 5 10 15 20 25 3C
10 lntegrale? Anomaly
0.5+
0.0
-0.5-
-10 L
0 5 10 15 20 25 3C

Figure 3.
_f(f), rx(f) and .['dm(f) in (18) and (19) for kink-antikink with velocities v, = —v, = 0.5 and ¢ = 0.06. The
density figure shows initial t; (green), collision t. (blue) and final t¢ (ved) times of the kink-antikink.
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Figure 4.

f(f), a3 and jdta@ in (20)—(21) for kink-antikink with velocities v, = —v, = 0.5 and & = 0.06. The
density figure shows initial t; (green), collision t. (blue) and final t ¢ (ved) times of the kink-antikink.
shown for three successive times (top figures). Their integration in space furnish
vanishing a(f) (t) and non-vanishing a® (¢) (middle figures). The bottom figures
show [dt'a'® ('), vanishing in Figure 3 and [ d#'a® (') asymptotically vanishing in
Figure 4, respectively. According to (34) our numerical simulations show the
asymptotically conservation of the charge ¢'>' and the exact conservation of the

3) o .
charge qf,,l, within numerical accuracy.

4.1.2 kink-kink

In the Figures 5 and 6 we show the results for kink-kink system with velocities

v, = —v1 = 0.5 and ¢ = 0.06. The plots of (19) and (21) as f(f) (x,t)vsx are shown
for three successive times (top figures). Their integration in space furnish vanishing

a(f) (t) and non-vanishing a® (¢) (middle figures). The bottom figures show
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Figure 5.
f(j), a(f) and fdta@ in (18) and (19) for kink-kink with velocities v, = —v, = 0.5 and ¢ = 0.06. The

density figure shows initial t; (green), collision t. (blue) and final t; (ved) times of the kink-kink.

[dt'a?) (), vanishing in Figure 5 and [d#'a®® (') asymptotically vanishing in
Figure 6. According to (34) our numerical results show the asymptotically conser-
vation of the charge qf)_ and the exact conservation of the charge qgl, within
numerical accuracy.

So, one can conclude that for kink-antikink (kink-kink) solution the definite
parity related to the space-reflection symmetry is a necessary condition in order to

achieve a conserved qffl charge, within numerical accuracy.

The both kink-antikink and kink-kink solitons of the SG model with opposite
and different velocities do not possess the required parity symmetry. However, it
has been shown that in the center-of-mass reference frame (x’,¢') the parity sym-
metries are recovered, as discussed in [11]. So, the simulations performed in these

reference frames, in the both kink-antikink and kink-kink cases, will provide

)

- 3 .
vanishing 01(+ anomalies as shown above.
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Figure 6.
f(_3), a®) and [dta® in (20) and (21) for kink-kink with velocities v, = —v, = 0.5 and & = 0.06. The
density figure shows initial t; (green), collision t. (blue) and final t ¢ (ved) times of the kink-kink.
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4.1.3 Breather: kink-antikink bound state

Figures 7 and 8 show the results for breather (kink-antikink bound state) with
€ = 0.06. The densities f f> (%,t) in (19) and (21), respectively, have been plotted as

functions of x for three successive times (top figures). They show the vanishing a(f) (¥)
and non-vanishing (periodic in time) a® (¢) (middle figures). The bottom figures of
Figures 7 and 8 show the vanishing [ dt’ a(f) (#') and periodic [ d#'a®® (') expressions.
According to (34) our numerical results show the oscillation of the charges qffl around

a fixed value and the exact conservation of the charge qffl, within numerical accuracy.

4.2 Lowest order anomalies of the second and third types of towers

We will compute the linear combinations of the lowest order anomalies of the
second and third types of towers in (22)-(27) and (28)-(33), respectively,
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Figure 7.
f(f), a(f) and fﬂltoz&r3> in (18) and (19) for breather with & = 0.06. The density is shown for three times

t€ [ty — To,tf], To = 7.025. The long-lived breather for tp~105.
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Figure 8.
f B, a3 and [dta®) in (20) and (21) for breather with e = 0.06. The density is shown for three times
te [tf — To,tf], T, = 7.025. The long-lived breather for t y~10°.
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a. =a® +30), (35)
e =r?£7%. (36)
4.2.1 Second and third types of towers and lowest ovder anomalies
The two anomalies in (35) can be written as

a, = dez[afw +dw|V, (37)
a_ = de4[at6xw] V. (38)

Similarly, the two anomalies in (36) can be written as
v, = de [(()tw)z — (0xw)2} oV, (39)
y_=— de [(atw)2 - (6xw)2} oV, (40)

Notice that under the space-time reflection transformation (4) and (5), the

densities of the above anomalies a? and y_, respectively, are odd; then they must

vanish upon space-time integration. Therefore, one has asymptotically conserved
charges associated to the relevant quasi-conservation laws.

Under the space-reflection symmetry (6) and (8), some of the densities of the
above anomalies will present odd parities; therefore, they must vanish upon space
integration. So, in such cases one can have exact conserved charges. These results
will be verified for certain solutions as we will see below in the numerical simula-
tions for the kink-kink and kink-antikink solutions.

Figures 9-12 show the anomalies a; and y. and their corresponding densities.
The anomalies a_ and y_ vanish as shown in the Figures 9 and 10, respectively, for
symmetric kink-antikink soliton (see Figure 2), within numerical accuracy, since
their densities are odd under space reflection. Similarly, for anti-symmetric kink-
kink soliton (see Figure 1) the anomalies a; and y_ vanish in the Figures 11 and 12,
respectively, since their densities are odd under space reflection.

These results suggest that the quasi-integrable models set forward in the litera-
ture [4, 6, 7], and in particular the model (1), would possess more specific integra-
bility structures, such as an infinite set of exactly conserved charges, and some type
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Top: The anomaly densities (37) and (38), respectively, plotted in x—coordinate for three times t;(green),
t. (blue) and ty (ved). Bottom: The anomalies a. vs t, for kink-antikink collision shown in Figure 2.
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Top: Anomaly densities (39) and (40), respectively, plotted in x—coordinate for three times t;(green), t.(blue)
and t¢ (ved). Bottom: Anomalies y . vs t, for kink-antikink shown in Figure 2.
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Top: Anomaly densities of (37) and (38), respectively, plotted in x—coordinate for three successive times
ti(green), t.(blue) and ty (ved). Bottom figures show the velevant anomalies a. vs t, for kink-kink shown in
Figuve 1.
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Top: Anomaly densities of (39) and (40), respectively, plotted in x—coordinate for three successive times t;
(green), t.(blue) and t ¢ (ved). Bottom: Anomalies v, vs t, for kink-kink shown in Figure 1.

of linear formulations for certain deformed potentials. So, in the next section we
will tackle the problem of extending the Riccati-type pseudo-potential formalism to
the deformed sine-Gordon model (1).

5. Riccati-type pseudo-potentials and non-local conservation laws
The Lax equations and Backlund transformations, as well as the conservation

laws for the well-known non-linear evolution equations can be generated from the
pseudo-potentials and the properties of the Riccati Equation [25-29].
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So, in the next steps we consider a convenient deformation of the usual
pseudo-potential approach to integrable field theories. Let us consider the system of
Riccati-type equations

O = —22" u 4 dsw + daw u?, (41)
o = —24(V =2)u —%AV“) —&-%AV(l)uz +w, (42)

and the next linear first order equation for y
Oy + 2 Yy — moawy = (24 — 2u — Ao:u)Z, Z =V (w) +16V(w) —1. (43)

The compatibility condition 9,(dsu) — 9 (d,u) = 0 of the system (41) and (42),
taking into account (43), provides the equation of motion of the DSG model (1).
Moreover, the ordinary differential equation for y in the variable ¢ can be inte-
grated by quadratures [8]. Its expression will become highly non-local and, once
inserted into (42), the system of Egs. (41) and (42) will provide a non-local Riccati-
type representation of the DSG model (1).

From the system (41) and (42) one can get a quasi-conservation law

1
0y (u0zw) + 0; (/1 (V—=2)=iu V<1>> = —J0:wuZ + d:wy. (44)

This equation has been used to construct a tower of infinite number of quasi-
conservation laws [8]. For the standard SG one has Z = y = 0; so the Eq. (44) can
generate the well known conservation laws of the usual SG model.

5.1 Pseudo-potentials and a linear system associated to DSG

In this section we search for a linear system formulation of the DSG model. It is
achieved by taking into account the Riccati Eq. (41) and the conservation law (44),
as well as the Eq. (43). So, the following system of equations has been proposed as a
linear formulation of the deformed SG model [8].

LD =0, L,®=0, (45)
A 2 (851,0)3
=0:— A, Ac == -2 4
,Cl 65 13} £ 2(()51/0) aéw ) ( 6)
Lr=0,— A, Ay=-21-V+¢, (47)

where the auxiliary non-local field ¢ is defined as

2
¢ = Jda:/ 6V (ai_w) —2v® (48)

5|
dg,w <0§,w)

In fact, taking into account the expression for the auxiliary field ¢, the compat-
ibility condition of the linear problem (45) provides the equation

2
AEmA— 6% A ) + 2%

0:A(&,n) = 0, (49)
P (2)
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with
A(&,n) = 90,0 + VI (w). (50)

In (49) the coefficient of the linear term in A A(¢, #) must vanish, providing the
DSG equation of motion (1). The other terms in (49) must also vanish provided that
A(&,n) = 0 is imposed. So, £1 and £, in (45) become a pair of linear operators
associated to the DSG model (1).

5.2 Non-local conservation laws

For non-linear equations, not necessarily integrable, which can be derived from
a compatibility condition of an associated linear system with spectral parameter,
explicit expressions of local and non-local currents can be obtained (see e.g.
[30, 31]). In the non-linear c—model the non-local conserved charges imply the
absence of particle production and the first non-trivial one alone fixes almost
completely the on-shell dynamics of the model (see e.g. [3, 32]). These charges may
be constructed through an iterative procedure [33]. Following this method one gets
a set of infinite number of non-local conservation laws for the system (45). In fact,
this system satisfies the properties: i) (A¢, A,) is a “pure gauge”; i.e. A, =
0,007,y = & ;i) J, = (As, Ay) is a conserved current satisfying

d,As — 0:A, = 0. (51)

So, one can construct an infinite set of non-local conserved currents through an
inductive procedure. Let us define the currents

J = 0™, u=&m n=0,1,2, .. (52)
AV = Adé + Aydn = dlo(&,n) + AdI(&,n); (53)
I = 0™ — Ay 20 =1, (54)

where

dIO(ga 77) = aO(‘f’ ﬂ)dé:‘i‘bo(f, ﬂ)dﬂ, dIl(f, '7) = al(g’ ﬂ)dé: +bl(§’ ﬂ)dﬂ, (55)

where
(0sw)’ (0,w)* (9w)"
a9 = =25 = bo=¢= Jdg’ 6v<1>T —2v@ 515 (56)
w W 2
¢ £ (af,w)
1
a =5 (Oaw)’; by=-2-V. (57)

Then one can show by an inductive procedure that the (non-local) currents ],S")
are conserved

0/4]<n)” = O; n = 1’ 2, 35 eeey + oo. (58)

The first current conservation law 9,/ M# = 0 reduces to the Eq. (51), and then
provides the first two conservation laws
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()”ﬂo — 0§b0 = 0, anﬂl — dfbl =0. (59)

The next conservation law 9,/?* = 0, in powers of A, furnishes

an((lolo) — ag(bolo) = 0, (60)
Oy(aol + a1lo) — 0¢(bol1 + b1lo) = O, (61)
0,7(5;111) — 0§(b1[1) =0. (62)

The construction of analogous linear systems have been performed for defor-
mations of the KdV and NLS models [9, 10]. The construction of the classical
Yangian as a Poisson-Hopf type algebra [34] for those non-local currents is worth to
pursue in a future work.

6. Conclusions

Our work presents an in-depth demonstration of the quasi-integrability prop-
erty of the modified sine-Gordon models and the presence of several towers of
infinite number of asymptotically conserved charges for soliton configurations
satisfying the space-time symmetry (4) and (5). In addition, it is observed that
there exist a subset of towers of infinite number of exactly conserved charges,
provided that some two-soliton configurations are eigenstates (even or odd) of the
space-reflection symmetry (6)-(8).

Moreover, we have uncovered a linear system formulation (45) of the modified
SG model, and an infinite set of exact non-local conservation laws (58) associated to
that linear formulation.

The space-time and internal symmetries related to quasi-integrability deserve
further investigations, due to their applications in several areas of non-linear sci-
ence, but we hope that the results reported here have opened new lines of research
in the context of the quasi-integrability phenomena.
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Chapter 5

Continuous One Step Linear

Multi-Step Hybrid Block Method
for the Solution of First Order
Linear and Nonlinear Initial Value
Problem of Ordinary Ditferential
Equations

Kamoh Nathaniel, Kumleng Geoffrey and Sunday Joshua

Abstract

In this paper, a collocation approach for solving initial value problem of ordinary
differential equations (ODEs) of the first order is presented. This approach consists
of reducing the problem to a set of linear multi-step algebraic equations by approx-
imating the ODE with a shifted Legendre polynomial basis function to determine
the unknown constants. The proposed method is simple and efficient; it approxi-
mates the solutions very closely to the closed form solutions. Some problems were
considered using Maple Software to illustrate the simplicity, efficiency and accu-
racy of the method. The results obtained revealed that the hybrid method can be
suitable candidate for all forms of first order initial value problems of ordinary
differential equations.

Keywords: collocation, hybrid block method, consistent, zero stable, convergent

1. Introduction

The development of mathematics parallels the human endeavor to understand
our physical environment. Differential equations were discovered when the need to
understand the behavior of nearly all systems undergoing change became more
demanding. They are found in science and engineering as well as economics, social
science, biology, business and health care. Many systems described by differential
equations are so large and complex that a purely analytic solution is sometimes not
traceable [1-5]. However mathematicians have studied the nature of these equa-
tions for decades of years and there are many well-developed numerical methods
for the solution of different order initial value problems of ordinary differential
equations. Unfortunately, in trying to achieve efficient and accurate solution, the
choice of the numerical method to be adopted becomes very essential [4, 6-8].

The main goal of this paper is to derive a one step continuous hybrid block
method using shifted Legendre polynomials basis function with the expectation that
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the numerical (proposed) method will give a solution that is close to the close form
solution of the initial value problems of first order nonlinear ordinary differential
equations. The paper is structured as follows. In Section 2, we derived and analyze
the obtained schemes for consistency, zero stability and convergence. Some first
order nonlinear problems of ordinary differential equations were solved using the
derived schemes and the main results are presented in Section 3. Finally, we end
with some concluding remarks in Section 4, where we compared our results with
some earlier results contained in the literature.

1.1 Linear multistep methods (LMMs)

Linear Multi-step Methods (LMMs) are very popular for solving Initial Value
Problems (IVPs) of Ordinary Differential Equations (ODEs). They are also applied
in solving higher order ODEs. LMMs are not self-starting and therefore, need
starting values from single-step methods like Euler’s method and Runge-Kutta
family of methods [1, 9, 10].

The general k — step LMM of the discrete form as given in [11-14] is;

k k
D Wy =hD Bif @
j=0 j=0

where @; and ; are uniquely determined and a; + §; # 0. The LMM (1)
generates discrete schemes which are used to solve first order ODEs. However, the
continuous Linear Multi-step Methods (CLMMs) which is now being used was
introduced by [15] and used by so many researchers such as [6, 7, 9, 16, 17] leading
to the development of what is now called continuous Linear Multi-step Methods
(CLMMs) given by;

k

k
> i@y, =k ) )
=0

j=0

where aj(x) and f3(x) are expressed as continuous functions of x and are
continuously differentiable at least 7 times (m >1). According to [1, 2, 11, 12, 18],
the existing methods of deriving the LMMs in discrete form include the interpola-
tion approach, numerical integration, Taylor series expansion. While the collocation
and interpolation technique is widely used for the derivation of CLMMs, this
method is derived using different techniques and approaches.

The introduction of CLMMs have numerous advantages which is of great
importance; better global error is estimated, it can be used to recover some standard
schemes, it provides a simplified form of coefficients for further analytical work at
different points and guarantee easy approximation of solutions at all interior points
of the integration interval [1, 7, 16, 19, 20].

In this work, the CLMM is developed for the solution of (linear and nonlinear)
first-order initial value problems of ordinary differential equations using the shifted
Legendre polynomials basis function. The corresponding discrete schemes are
obtained from the evaluation of the continuous scheme at some selected grid points.

1.2 Shifted Legendre polynomials

The shifted Legendre polynomials are well known family of orthogonal poly-
nomials on the interval [0, A] and are denoted by P;(t), the P;(t) can be obtained by
the recurrence formula:
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VN GO LA
pz(t)_;( 1) (i_k)!(k!)zAkrl—lxzr eeey

where Py(t) =1and P1(¢) =2t —1
The first few terms of the shifted Legendre polynomials on the interval [0, A]
with A =1 are:

Po(r) =1,
Pi(t) =2t — 1,
P,(t) = 6t* — 6t + 1,
Ps(t) = 208> — 30¢% + 12t — 1,
P,(t) = 70t* — 14083 + 90> — 20t + 1,
Ps(t) = 252¢° — 630t* + 560¢> — 210> + 30t — 1,
Ps(t) = 924t° — 2772¢° + 3150¢* — 1680¢ + 420 ¢ — 42t + 1.

1.3 Collocation method

A collocation is a method which involves the determination of an approximate
solution of a functional equation in a suitable set of functions called trial or basis
functions. The approximate solution is required to satisfy the equation and its
supplementary conditions at certain points in the range of interest called collocation
points.

2. Derivation of one step hybrid block methods with shifted Legendre
polynomials

We consider the first order ordinary differential equation of the form

Y () = (2, 9()), 3 (x0) = yo» (3)

where y(x) is the unknown function to be determined. The idea here is to
approximate the exact solution y(x) of (3) in the partition I, =
[a =x0 <x1<x2< .. <x, = b] of the integration interval |4, b] with a constant step
size h = x; — x;j_1,i = 1, ..., n by a shifted Legendre polynomial basis function of
degree s + 7 — 1 of the form;

y(x) = aPilt), (4)

[=)

where ¢; € R,yeCl (a,b) and t = (x — x,). The first derivative of (4), is
substituted into (3), to obtain a differential system of the form

s+r—1

Y (x) =Y ) =fxy(x)), Q)

i=0

3
4

k where s and r represents the interpolation and collocation

Now interpolating (4) at x,;,5 = %, and collocating (5)

11 3

at Xy iy, 7 = Oy 4°25 4>
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points respectively, and & is the step number, after some substitutions and
manipulations the continuous scheme of the form;

J’(x) = %( )ynJrl + 0!3( )yn+3 + h (Zﬂr xn+‘f’yn+f) +ﬂ/4( ).f(x"Jfﬂ’ynJru)) 2
_113
H = 4, 2’ 4 .
(6)
is obtained with the following continuous coefficients
( )__gz 24576 5 26880 , 12800 ; 2304 , 8192
)= 1155 1144 1143 2. 1ks
) = - 16 2304 , 12800 , 26880 , 24576 ; 8192
G 1142 1143 1144 1145 1146
B 149 , 10, 16, 32, 128 g
Bolx) = 40h 30% 4+ 9h2 W3 3h4t 45h5t
21 736 . 5248 . 2864 , 2176 9472
1(x) = ——h +——12 — 3 - > t° 7
P = —5sh T 55,7 ~og52” T 33t~ 33nat T 2083 ()
9 2154 . 6916 , 4608 , 4032 . 19456
() = —h — 2 3 — t* > — t°
A =gsh — g P 332t ~ et Yt 16
9 3712, 12608 . 3024 , 8576 . 44288
() = —h — 2 3 4 5 6
) = 55"~ Tesn 99h? 117° 33t 4951°
3 97 518, 400, 416 5 2432
A== 220" TTion ¥ " oon2t T3t 33t 2ot

In order to obtain the block discrete scheme for (K = 1), Eq. (7) is evaluated
At X = Xy Xy 1, X115 X1 and its first derivative at x,, 4ito give the following discrete

15

735

19

2895

15

17

15
h h
35277~ 2048 T 35301 T msag Mt T 5630 et T Tiga M et 1260 M et

i3 = 365 H 901+ 355 ~ 65t =I5 vt ~ 355 o

" 3360 hfoii 1420 1440 7 "1 480
16

schemes;
325 27
yn+%
11
ynJr% =
11 13
yn+% :yn+% - 72_0
27 1
Inir = 70t T3g0fn —

16

283

281

1

49

151

hf s+

azofrat

11 1 7 1
270t 3egtfu t g Vnis tggghfun — a5t - Ehfn+%

315 hf ntg

117+ T 3060 i1 T 165" st — 295wt T 305" nit

(8)

Eq. (7) is the continuous scheme while (8) is the block discrete schemes for step

number K = 1.

2.1 Order and error constant

Expanding (8), in Taylor’s series gives;
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(050 6 prr{dar () ) 3R e ) <o
B~ 0 a5 0) 20 B ) B - g )r) o
(650 Forht-a(Goor 50) 5 G +sorrpir) =0

B0 @) )56 ) v} -0
(0 B0 30 pr( o ZR0) B ) o) o

and collecting like terms in powers of &, givesco =¢1 =¢; = ... =

T (17 311 1 1
(0,0,0,0,0)" and ¢; = ( 85155840 1981808640 °  7741440° _ 12386304 2583691264) Hence,
the method has order p = (6,6, 6, 6, 6)T and with error constants

ofcf(— 17 311 1 1 5 )T
7 = \7 85155840° 1981808640 > ~ 7741440’ ~ 12386304> 2583691264/ °

2.2 Consistency

The linear multi-step method (8) is said to be consistent if the following
conditions hold:

i. it has order p > 1,
e ke «
ii. Y% 0a; =0,
S koo
L. Zj:()]aj = Zj:Oﬁj)
iv. p(1) = 0and p'(1) = 6(1),

where p(r) and o(r) are the first and the second characteristic polynomials of (8)
respectively, [21]. Following [8, 14], (i) is sufficient condition for the block method

(8) to be consistent since p = (6, 6, 6, 6, 6)T > 1. Hence, the method is consistent.

2.3 Zero stability

The block solution (8), is said to be zero stable if the roots z,;7 = 1, ..., % of the
first characteristic polynomial p(z), defined by

ple) = det}zQ — T|

satisfies |z,| <1 and every root with |z,| = 1 has multiplicity not exceeding the
order of the differential equation in the limit as 2 — 0.

Calculations from all available information revealed that the block method (8)
has the following roots

z*(z—1)=0=2=(0,0,0,0,1)
Hence the block method is zero stable, since all roots with modulus one do not

have multiplicity exceeding the order of the differential equation in the limit
ash — 0.
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2.4 Convergence

According to [8, 14, 22], we can safely assert the convergence of the block
method (8) since the method is consistent and zero stable.

2.5 Region of absolute stability of the block method

Reformulating the block (8) as a General Linear Method (GLM) containing a
partition of matrices A and B using the stability polynomial (Ar — B), where

and

2895 =
11264
17
0 1+ mZ
7
0 — 4—52
22 49
——3Z
315 480
13
0 4—9SZ
B =

s 7 7 15 15
352 ' 5632 352 11264° 22528
60 180 360
Ll 16 1
15° 27 157 360
L 283 L 13
1440° 1440° 3360
27 49 16 257 281
1 165° 11 495° 3960
15 7
O 0 O mz
1
O O O 36—OZ
11 1
00 0 —tycs
1
O O 0 72—02
13
000 5% |

0

we obtain the region of absolute stability shown in Figure 1 below

Figure 1.

1
!

Im(

Region of absolute stability.
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3. Numerical experiments

This section discusses the implementation of the derived method by solving
some first order nonlinear initial value problems of ordinary differential equations.

Problem 1

We consider a nonlinear first order initial value problem of ordinary differential
problem which was solved by [23].y'(x) = —10(y — 1)% y(0) = 2,
h = 0.01 With exact solution given as y(x) = 1+ 7455 the result is shown in Table 1,

while the theoretical and numerical results are presented graphically in Figure 2.
Problem 2
Given a nonlinear first order ordinary differential problem solved by [24] (Table 2).

y'(x) =2xy,9(0) =1, h = 0.1x € [0, 1] with exact solution given by y(x) = ¢, the

result is shown in Table 2, Figure 3 shows the solution curve for problem 2.

x Exact solution Result of Proposed Error in Proposed Error in [23]
Method Method

0.01  1.90909090909091 1.90909090891558 1.7533 x 10710 2.829001 x 1077
0.02  1.83333333333333 1.83333333310133 2.3200x 10710 4.045782 x 1077
0.03  1.76923076923077 1.76923076898962 2.4115 x 10710 4.472541 x 1077
0.04  1.71428571428571 1.71428571405431 23140 x 10710 4.509027 x 1077
0.05  1.66666666666667 1.66666666645183 21484 x 10710 4.356251 x 10~/
0.06 1.62500000000000 1.62499999980340 1.9660 x 10710 4.117637 x 1077
0.07  1.58823529411765 1.58823529393878 1.7887 x 10710 3.846989 x 1077
0.08  1.55555555555556 1.55555555539306 1.6250 x 1071 3.572176 x 1077
0.09  1.52631578947368 1.52631578932595 1.4773 x 10710 3.307245 x 1077
0.10 1.50000000000000 1.49999999986543 1.3457 x 1071 3.058785 x 1077

Table 1.

(Problem 1): Comparing results of proposed method with [23].
x Exact solution Result of Proposed Error in Proposed Error in [24]

Method Method

0.1 1.01005016708417 1.01005016708855 4.3800 x 1072 1.899500 x 107?
0.2 1.04081077419239 1.04081077421089 1.8500x 101 1.714527 x 107!
0.3 1.09417428370521 1.09417428375087 4.5660 x 1071 1.556419 x 107!
0.4 1.17351087099181 1.17351087108422 9.2410 x 1071 1.415053 x 107!
0.5 1.28402541668774 1.28402541685820 1.7046 x 1071 1.280382 x 1071
0.6 1.43332941456034 1.43332941486021 2.9987 x 10710 1.141249 x 107!
0.7 1.63231621995538 1.63231622047036 51498 x 10710 9.839200 x 1072
0.8 1.89648087930495 1.89648088017992 8.7497 x 10710 7.9005900 x 1072
0.9 2.24790798667647 2.24790798815910 1.48263 x 1077 5.3376500 x 1072
1.0 2.71828182845905 2.71828183097715 2.51810 x 1077 1.7703800 x 1072

Table 2.

(Problem 2): Comparing results of proposed method with [24].
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Figure 2.
Solution curve for problem 1.

Problem 3
Considering the first order initial value problem of ordinary differential problem
solved by [25] (Table 3).y'(x) = —y?,y(0) =1, h = 0.01x € [0, 1] with exact

x Exact solution Result of Proposed Error in Proposed Error in [25]
Method Method
0.01 0.990099009900990  0.990099009900989 1.000000 x 10~ 2.91799 x 10~
0.02  0.980392156862745 0.980392156862744 1.000000 x 1075 3.71577 x 10~ %
0.03  0.970873786407767 0.970873786407766 1.000000 x 1075 3.93663 x 1071
0.04 0.961538461538462 0.961538461538460 2.000000 x 1075 3.39936 x 107
0.05  0.952380952380952 0.952380952380951 1.000000 x 107 2.94922 x 1071
0.06 0.943396226415094 0.943396226415093 1.000000 x 10~ 261278 x 1071
0.07  0.934579439252336 0.934579439252335 1.000000 x 1075 2.31487 x 1071
0.08  0.925925925925926 0.925925925925925 1.000000 x 1075 6.80704 x 101
0.09  0.917431192660550 0.917431192660549 1.000000 x 107 8.31745 x 1071
0.10  0.909090909090909  0.909090909090908 1.000000 x 1075 7.50649 x 1071
Table 3.

(Problem 3): Comparing results of proposed method with [25].

Exact Solution
B Proposed Method

12 - -
-_-——
Rp—— Ladas

0 01 02 03 04 05 06 o7 0B 0s

Figure 3.
Solution curve for problem 2.
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Figure 4.
Solution curve for problem 3.

solution given by y(x) = 15 with the result is shown in Table 3, Figure 4 compare
the two results (theoretical and numerical graphically).

4, Conclusion

In this paper, we derived one step block hybrid continuous linear multi-step
method for solving first order initial value problems of ordinary differential equa-
tions, the method was found to be consistent, zero stable and convergent. The
method was implemented on some nonlinear initial value problems of ordinary
differential equations and the numerical results were found to be accurate when
compared with the exact solutions and other numerical methods as contained in
Tables 1-3 and their respective solution curves. The new hybrid block method can
be suitable candidate for all forms (linear and nonlinear) of first order initial value
problems of ordinary differential equations.
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Chapter 6

Existence and Asymptotic

Behaviors of Nonoscillatory
Solutions of Third Order Time
Scale Systems

Ogzlkan Oztiirk

Abstract

Nonoscillation theory with asymptotic behaviors takes a significant role for the
theory of three-dimensional (3D) systems dynamic equations on time scales in
order to have information about the asymptotic properties of such solutions. Some
applications of such systems in discrete and continuous cases arise in control theory,
optimization theory, and robotics. We consider a third order dynamical systems on
time scales and investigate the existence of nonoscillatory solutions and asymptotic
behaviors of such solutions. Our main method is to use some well-known fixed
point theorems and double/triple improper integrals by using the sign of solutions.
We also provide examples on time scales to validate our theoretical claims.

Keywords: nonoscillation, three-dimensional time scale systems, dynamical
systems, existence, fixed point theorems

1. Introduction

This chapter deals with the nonoscillatory solutions of 3D nonlinear dynamical
systems on time scales. In addition, it is very critical to discuss whether or not there
exist such solutions. Therefore, the existence along with limit behaviors are also
studied in this chapter by using double/triple integrals and fixed point theorems.
Stefan Hilger, a German mathematician, introduced a theory in his PhD thesis in
1988 [1] that unifies continuous and discrete analysis and extend it in one compre-
hensive theory, which is called the time scale theory. A time scale, symbolized by T, is
an arbitrary nonempty closed subset of the real numbers R. After Hilger, the theory
and its applications have been developed by many mathematicians and other
researchers in Control Theory, Optimization, Population Dynamics and Economics,
see [2-5]. In addition to those articles, two books were published by Bohner and
Peterson in 2001 and 2003, see [6, 7].

Now we explain what we mean by continuous and discrete analysis in details.
Assuming readers are all familiar with differential and difference equations; the
results are valid for differential equations when T = R (set of real numbers), while
the results hold for difference equations when T = Z (set of integers). So we might
have two different proofs and maybe similar in most cases. In order to avoid
repeating similarities, we combine continuous and discrete cases in one general
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theory and remove the duplication from both. For more details in the theory of
differential and difference equations, we refer the books [8-10] to interested
readers.

3D nonlinear dynamical systems on time scales have recently gotten a valuable
attention because of its potential in applications of control theory, population dynam-
ics and mathematical biology and Physics. For example, Akn, Giizey and Oztiirk [3]
considered a 3D dynamical system to control a wheeled mobile robots on time scales

pA() = T(t)v(t) —w(t) )
10 = S ),

where a is the distance of the reference point from the origin, g is the angle of
the pointing vector to the origin, y is the angle with respect to the x axis, and v, w
are controllers. They showed the asymptotic stability of the system above on time
scales. Another example for T = R, Bernis and Peletier [11] considered an equation
that can be written as the following system

Uy =uy
Uy =us (2)
uy = h(u)

to show the existence and uniqueness and properties of solutions for flows of
thin viscous films over solid surfaces, where (u1, %2, u3) is the film profile in a
coordinate frame moving with the fluid.

We assume that readers may not be familiar with the time scale basics, so we
give an introductory section to the time scale calculus. We refer the books [6, 7] for
more details and information about time scales. Structure of the rest of this chapter
is as follows: In Section 3.1 and 3.2 we consider a system with different values, 1
and — 1, respectively, and show the qualitative behavior of solutions. In Section 4,
we give some examples for readers to comprehend our theoretical results. Finally,
we give a short conclusion about the summary of our results and open problems in
the last section.

2. Time scale essentials

In the introduction section, we have only mentioned the time scales R and Z.
However, there are some other time scales in the literature, which also have gotten
too much attention because of the applications of them. For example, when T =
g = {1, 9,9 -+ }, g > 1, the results hold for so-called g-difference equations, see
[12]. Another well-known time scale is T = 2Z,h > 0.

Definition 2.1 Let T be a time scale. Then for allt€ T,

1.0(t):=inf {s €T : s>t} is called forward jump operator (c(t) : T — T).

2.p(t):=sup{s €T :s <t} is said to be backward jump operator (p(t) : T — T).

3.u(t)==0(t) —t for allt € T is called the graininess function ((u(t) : T — [0, o0)).
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t t 0
hz t+h t—h h
g tq : tig—-1)
Table 1.
Some time scales with o, p and p.
¥ .
- fisdense, o(f)=pl) =t
! . .
— . fis loft dense and right scattered, o () > # = pit)
t f o
. -— t is right dense and left scattered, «(f) = £ > pif)
£ L
. N . tisisolated, p(#) <t <o)

Figure 1.
Classification of points.

For the sake of the rest of the chapter, Table 1 summarizes how o, p and y are
defined for some time scales.

As we know, the set of real numbers are dense and set of integers are scattered.
Now we show how we classify the points on general time scales. For any t € T,
Figure 1 shows the classification of points on time scales and how we represent
those points by using o, p and y, see [6] for more details.

Now, let us introduce the derivative for general time scales. Note that

T — T\(p(supT), supT] if supT<oo
AT if supT = oo.

Definition 2.2 If there exists a § > 0 such that
lh(a(t)) — h(s) — ™ (t)(a(t) —s)| <éelo(t) —s| forallse (t — 6,t + 5) N'T,
for any e, then / is said to be delta-differentiable on T and h* is called the delta
derivative of h.

Theorem 2.3 Let 1, h; : T — R be functions with t € T*. Then.

1. k4 is said to be continuous at t if /4 is differentiable at z.

ii. k4 is differentiable at t and

A h1(o —hq
B () = Mol

provided £ is continuous at ¢ and ¢ is right-scattered.

iii. Suppose ¢ is right dense, then & is differentiable at ¢ if and only if
B2 () = lim MO0

exists as a finite number.
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iv. If hy(¢)ha(6(t)) # O, then Z—; is differentiable at ¢ with

) () = ROk Ok
ha T m®kle() -

A function k4 : T — R is called right dense continuous (rd-continuous) if it is
continuous at right dense points in T and its left sided limits exist at left dense
points in T. We denote the set of rd-continuous functions with C,4(T, R). On the
other hand, the set of differentiable functions whose derivative is rd-continuous is
denoted by C,(T, R). Finally, we use C for the set of continuous functions
throughout this chapter.

After derivative and its properties, we also introduce integrals for any time scale
T. The Cauchy integral is defined by

th(t)At = F(b) — F(a) foralla,b eT.

a

Every rd-continuous function has an antiderivative. Moreover, F given by

F(t) :Jf(s)AsfortE']l‘

to

is an antiderivative of f.

The following theorem leads us to the properties of integrals on time scales,
which are similar to continuous case.

Theorem 2.4 Suppose that /1 and %, are rd-continuous functions, ¢,d,e € T, and
PER,

a. hy is nondecreasing if 43 > 0.

b. If hy(t) >0 for allc <t <d, thenj hy(t)Ar>0.

c. Ld[(ﬁhl(t + (Pha(t) f hy(t) At —I-ﬂf ha(t)

A [ha()Ar = [hi(t) At + [Sha(2)

e. ["h(O)h3 (0)At = (hha)(d) — (haha)(e) — ['h3 (B (o () At
f. [*hi(t)At = 0.

Table 2 shows how the derivative and integral are defined for some time scales
fora,b eT.

T iR0) [Pf (o)At

R N0 [f (t)dr

z Af () =fE+1) —f(t) S (e)

7" Af(r) = L0 Lta) o OR)
Table 2.

Derivative and integral for some time scales.
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This chapter assumes that T is unbounded above and whenever it is written ¢ > 4,
we mean t € [t1, o) = [t1, o0) N T. Finally, we provide Schauder’s fixed point theo-
rem, proved in 1930, see ([13], Theorem 2.A), the Knaster fixed point theorem,
proved in 1928, see [14] and the following lemma, see [15], to show the existence of
solutions.

Lemma 2.5 Let X be equi-continuous on [to, 1] for any ¢ € [tg, o). In addition
to that, let X € BC[to, o)y be bounded and uniformly Cauchy. Then X is relatively
compact.

Theorem 2.6 (Schauder’s Fixed Point Theorem) Suppose that X is a Banach
space and M is a nonempty, closed, bounded and convex subset of X. Also let T :
M — M be a compact operator. Then, T has a fixed point such that y = Ty.

Theorem 2.7 (The Knaster Fixed Point Theorem) Supposing (M, <) being a
complete lattice and F : M — M is order-preserving, we have F has a fixed point so
that y = Fy. In fact, the set of fixed points of F is a complete lattice.

3. Nonoscillatory solutions of nonlinear dynamical systems

Motivated by [16, 17], we deal with the nonlinear system

x%(t) =pE)f (r(®)
y2(t) = q(t)g(=(1)) ®3)
z8(t) = Ar(t)h(x(t)),

where p.q,r€Cyy ([to, 001, ]R‘L), A= 41, andf and g are nondecreasing func-
tions such that uf (u) > 0, ug(u) > 0 and uh(u) > 0 for u # 0.

The other continuous and discrete cases of system (3) were studied in [18-20].
We first give the following definitions to help readers understand the terminology.

Definition 3.1 If (x,y,%), where x,y,z € Cid([to, oo)1, R)T > 1o, satisfies system
(3) for all large t > T, then we say (x, y,2) is a solution of (3).

Definition 3.2 By a proper solution (x,y,2), we mean a solution (x, y,2) of
system (3) that holds

sup{lx(s)l, y(s)|, lz(s)| : s €[t,00)p} >0

fort>tg.

Finally, let us define nonoscillatory solutions of system (3).

Definition 3.3 By a nonoscillatory solution (x,y,z) of system (3), we mean a
proper solution and the component functions x, y and z are all nonoscillatory. In
other words, (x,y,2) is either eventually positive or eventually negative. Otherwise,
it is said to be oscillatory.

For the sake of simplicity, let us set

P(to,t):Jt P(5)As, Q(to,t):rq(s)As and R(to,t):Jt r(s)As,

to to to

where s,2,t9 € T and we assume that P(tg, o0) = Q (o, o) = oo throughout the
chapter.

Suppose that N is the set of all nonoscillatory solutions (x,y,z) of system (3).
Then according to the possible signs of solutions of system (3), we have the follow-
ing classes:
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N*:={(x,y,2) €N : sgnx(t) = sgny(t) = sgnz(t), t>1o}
Nt = {(x,y,2)EN: sgnx(t) = sgnz(t) # sgny(t), t>to}
N°:={(x,y,2) EN: sgnx(r) = sgny(t) # sgnz(t), t>to}.

It was shown in [21] that any nonoscillatory solution of system (3) for 1 =1
belongs to N* or N¢, while it belongs to N* or N” for 2 = —1. In the literature,
solutions in N*, N” and N¢ are also known as Type (a), Type (b) and Type (c)
solutions, respectively.

Next, we consider system (3) for A = 1and 1 = —1 separately in different sub-
sections, split the classes N“, N? and N¢ into some subclasses and show the existence
of nonoscillatory solutions in those subclasses. To show the existence and limit
behaviors, we use the following improper integrals:

Y, = wr(t)h (Jt P(5)f (klﬁoq( )m) As) AL,

Yo=| p@)f|k+ wq(s)g (k er(r)Ar) As) At,

t

(
(k4 + e (ksfu p(f)m) As) At,

t

Y;

I
O*q

Y4: f

P
(o)}
~
=
'S

N
ol
~
+
P
@

- 8
S
—~
>
I

N———

N————
>
Ny

e[

e (k-
([0
o= [ (ko]
(] e

N b
8 =
§ o
_.»
3. Q
/;\
g E
—_—
>
S
)

Yg = g(ku + knJ r(s )Af,

v = LU (0)h (k14LOP( 9as)ar,

for some nonnegative k;, i = 1, ..., 14.

3.1Thecasei =1
In this section, we consider system (3) with 4 = 1 and investigate the limit behav-
iors and the criteria for the existence of nonoscillatory solutions. The limit behaviors
are characterized by Akin, Dosla and Lawrence in the following lemma, see [21].
Lemma 3.4 Let (x,y,2) be any nonoscillatory solution of system (3). Then we

have:

i. Nonoscillatory solutions in N satisfy

lim fe(2)| = lim [y(¢)] =
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ii. Nonoscillatory solutions in N* satisfy

tlim lz(¢)| = 0.
Therefore, for a nonoscillatory solution (x, y,2), we at least know that

the components x and y tend to infinity while the other component 2 tends to
Oast — oo,

3.1.1 Existence in N*

Let (x,y,2) be a nonoscillatory solution of system (3) in N such that x is eventually
positive. (x < 0 can be repeated very similarly.) Then by System (3), we have that
x,y and g are positive and increasing. Hence, one can have the following cases:

(i)x —c1orx — oo, (il) y — ¢y 0ry — oo, (ili) 2 — ¢3 0rz — oo,.

where 0 <c¢1,¢2,¢3 <oo. But, the cases x — ¢; and y — ¢, are impossible due to
Lemma 3.4 (i). So we have that any nonoscillatory solution (x,y,z) of system (3) in
N’ must be in one of the following subclasses:

N, = {<x,y,z> EN: limx(t)|= limy(t)|= oo, lim|z(r)|= C3}
NY {<x,y,z> EN‘: lim|x(t)|= lim |y(r)|= lim|e(s)|= oo}.

Now, we start with our first main result which shows that the existence of a
nonoscillatory solution in N¢, , p.

Theorem 3.5 N¢, ,  # @ if the improper integral Y is finite for some k; > 0.
Proof: Suppose that Y; < co. Then choose t; >0, k1 > 0 such that

rr(t)h <Jtp(s)f (kljslq(T)AT> As> At < % , >t (4)

11 11 t-

where k1 = g(1). Suppose that @ is the partially ordered Banach space of all real-
valued continuous functions with the norm ||z|| = sup, ., |2(¢)| and the usual
pointwise ordering <. Let ¢ be a subset of ® so that

Sz(t)sla tZtl}

N =

¢= {z eXx:
and define an operator Tz : ® — ® by

@0 =3+ [ ron( [ pr([ageeiar)an)as o

151 11 t1

for ¢t > 1. First, it is trivial to show that T is increasing, hence let us prove that
Tz : ¢ — ¢. Indeed,
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by (2). Also, it is trivial to show that inf B € ¢ and supB € ¢ for any subset B of
@, ie., (¢, <) is a complete lattice. Therefore, by Theorem 2.7, we have that there
exists Z € ¢ such thatz = T%, i.e.,

N

0 =3+ [ ron([ sy ([ aeeenac)an)as @

11 151 t1

Then taking the derivative of (4) gives us

() = r(e)h (Jt p(w)f (Juq(r>g(z(f))m) Au> >,

t1 11

By setting

w0) = [ o ([ g(eratenac) au @

t1 151

and taking the derivative of (5), we have

Finally letting

5(t) = j 4(0)g(E(0)) Ar ®)

7 (0) =q@)gE@), t2n,

that leads us to (X,7,%) is a solution of system (3). Thus, by taking the limit of
(4)-(6) ast — oo, we have that X,y tend to infinity and Z tend to a finite number,
ie., N7, 5 # @. This completes the proof.

Showing existence of a nonoscillatory solution in N¢, , .
open problem in Conclusion section). So, we only provide the following result by
assuming the existence of such solutions in N*. We leave the proof to readers.

Theorem 3.6 Suppose that (x,y,2) is a nonoscillatory solution of system (3) in
a

N* with C(to, 00) = co. Then any such solution belongs to N¢, _, ...

is not easy (left as an

3.1.2 Existence in N°

Similarly, for any nonoscillatory solution of system (3) in N° with x > 0, we have
x is positive increasing, z is negative increasing and y is positive decreasing, that
results in the following cases:

(i)x —c1orx — oo, (il)y —cy0ry — 0, (iii) 2 — c3 orz — 0,

where 0 <¢1,¢; < oo and —oo < ¢3 < 0. However, the component function z cannot

tend to ¢3 by Lemma 3.4 (ii). Hence, any nonoscillatory solution of (3) in N° must
belong to one of the following sub-classes:

N0 ={ (5322) €N fimw(0)= e, im (0 = e i (0) = 0}
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N o= {<x,y,z> EN*: lim (1) = oo, lim [y (t) = co, lim J2(e)|= o}

Nyo0i={ (rns) €5 Jim (0= s fim (o) O, fine()

N 07={ (5,305) €N s Jim 0= o, lim ()= O, fim (1)} 0 |

where 0 <c¢q,cy < oo.

Next, we show the existence of nonoscillatory solutions of (3) in those subclasses
by using fixed point theorems. Observe that we have some additional assumption in
theorems such that g is an odd function. This assumption is very critical and cannot
show the existence without it.

Theorem 3.7 Let g be an odd function. Then N3 5 , # @ if Y, < oo for some
kz, k3 > 0.

Proof: Supposing Y, < oo and g is odd lead us to that we can choose k,, k3 > 0 and
t1 >to such that

J:p(t)f (kz + J:Oq(s)g (k3J:°V(T)AT) As) At< % , )

where k;, =1 and k3 = & (%). Suppose @ is the space of all bounded, continuous

and real-valued functions with ||x|| = suplx(z)|. It is easy to show that @ is a Banach
t>t

space, see [22]. Let ¢ be a subset of ® so that
1 1
¢:= {xEX b <x(t) < > tZtl}.
Set an operator Tx : & — ® such that

(T)(£) = % + Jt PG G + J:oq(u)g (J}@h@(ﬂ)m) Au) As.

51

One can show that ¢ is bounded, closed and convex. So, we first prove that T :
¢ — ¢. Indeed,

% <(Tx)(t) < % + J;p (5)f G + J:oq(u)g (h (%) J:V(T)Ar> Au) As < %

Second, we need to show T is continuous on ¢. Supposing x, is a sequence in ¢
such that x, — x €¢ = ¢ gives us

[[(Txa) (&) — (Tx) (@)
< Jtp(s) f (% + J:Oq(u)g (J:V(r)h(xn (T))AT) Au) —

f é + fq(u)g (J:r(f)h(x(f))m> Au) ‘As.

So the Lebesgue dominated convergence theorem, continuity of f,g and % lead
us to that T is continuous on ¢. As a last step, we prove that T is relatively compact,
i.e., equibounded and equicontinuous. Since
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(1% = pler (5 + |t (]| rehiatenac) au) <on

we have that T is relatively compact by Lemma 2.5 and the mean value theorem.
So, there does exist X € ¢ such that ¥ = Tx by Theorem 2.6. In addition to that,
convergence of X(¢) to a finite number as t — oo is so easy to show. Therefore,
setting

() = =+ J:Oq(u)g (J}(ﬂh(%(ﬂ)&) Au>0, >t

and
Z(t) = —Jwr(r)h(p_c(r))Ar <0, t>t,

and by a similar discussion as in Theorem 3.5, we get y(t) — 3 and 2(¢) — 0. So
we conclude that (x,y,%) is a nonoscillatory solution of system (3) in N3 5 ..

Next, we focus on the existence of nonoscillatory solutions in N¢, 3 , and N g ;.
In other words, we will show there exists such a solution (x, y,2) such that x tend to
infinity while y and z tend to a finite number. After that, we provide the fact that it
is possible to have such a solution whose limit is finite for all component functions
x,y and 2. Since the following theorems can be proved similar to the previous
theorem, the proofs are skipped.

Theorem 3.8 Let ¢ be an odd function. Then we have the followings:

i. There does exist a nonoscillatory solution in N, 5 , if Y3 is finite for ky = 0
and some ks> 0.

ii. There does exist a nonoscillatory solution in N} ; if Y < oo for k; = 0 and
k3 > 0.

Finally, the last theorem in this section leads us to the fact that there must be a
solution such that x — oo while the other components converge to zero according to
the convergence and divergence of the improper integrals of Y, and V3.

Theorem 3.9 Supposing the fact that g is an odd function, N, , , # @ if Y2 = o0
and Y3 < oo for k; = k4 = 0 and k3, ks > 0.

Proof: Suppose that Y, = oo and Y3 < oo. Then choose t; >t and k3, ks > 0 such
that

J:q (t)g <J:or(5)h <k5‘[;p(7)AT) As) As< % t>1. (10)
and
J:P )f <J:°f] (s)g (k3J:°V(T)A1) As) At > % , t=t, (11)

where ks =1 and k3 = 1 (3). Let @ be the partially ordered Banach space of all

. . . t
continuous functions with the supremum norm |x|| = sup,.,, Pj(ctg )t)

and usual

pointwise ordering <. Define a subset ¢ of ® such that
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¢:={x€¢>:

and an operator Tx : & — @ by

100 = [ porr (| atoie ([ rmtstunan)ac) ac

t1

One can easily show that T : ¢ — ¢ is an increasing mapping and (¢, <) isa
complete lattice. So by Theorem 2.7, there does exist X € ¢ such that X = Tx. So
X(t) — oo ast — oo. By setting

30 = rqv)g(rr(u)h(x(u)mu) Ae, 21,

t T

and
2(t) = —rr(u)h(g—c(u)mu, >t

one can have y(t) >0 and 2(¢) < 0 for t > ¢; so that y(¢) — 0 and 2(¢t) — O ast —
oo. This proves the assertion.

3.2 The case A = —1

This section deals with system (3) for A = —1. The assumptions on f,g and / are
the same assumptions with the previous section. The following lemma describes the
long-term behavior of two of the components of a nonoscillatory solution, see ([21],
Lemma 4.2).

Lemma 3.10 Supposing (x, y,2) is a nonoscillatory solution in N”, we have

lim y(t) = lim 2(t) = 0.

t—o0 t—o0

In the next section, we examine the solutions in each class N* and N?. We used
fixed-point theorems to establish our results.

3.2.1 Existence in N*

For any nonoscillatory solution (x,y,z) of system (3) in N* with x > 0 eventually,
one has the following subclasses by using the same arguments as in Section 3.1.1:

Ny = { (5302) €N fim 0=, fim b=, fim )=

(x,9,2) EN" : tlim lx(t)|= c1, tlim [y(t)|= c2, hm l2(2) }

c3

t—o00

Ng 5= {( x,9,2) €N : lim |x(¢)|= c1, tlgg ()= hm lz(z)

(x,9,2) EN? tILm lx()|= c1, tILm [y(t)|= oo llm l2(¢) O}
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N = { (59,8) €N im ()= o fin ()| e fn )|
N = { (542) €N s fim[a(0) = o fia 1) = e fn ()| 0
N = { G02) €N Jim )= fim 0= ol ()|
N o= { (5,9) €N fim (6= fim (0= o fim (1)} .

where ¢1, ¢; and ¢3 are positive constants. Finally, we have the following results:
Theorem 3.11 Suppose R(tg, o) <oo. If Y4 < o0 and Yg < oo for all positive
constants ke, k7, ks, k12, k13, then N3 g 5 # @.

Proof: Assume Y4 < oo and Yg < oo for all kg, k7, kg, k12, k13 > 0. Choose t1 > tg

such that
J:p(t)f (ks - J:oq(S)g <k7 + kgj:oV(T)AT) As) At< %

and

J q(s)g (klz + k13j V(T)AT) As < kg,
11 s

where kg = ki3 = h(%) >0 and k7 = kq fort > 1.
Let X be the set of all continuous and bounded functions with the norm ||x|| =
Sup,s,, |x(¢)|. Then X is a Banach space ([22]). Define a subset Q of X such that

1
Q:= {xEX: > <x(t) <1, tZtl}

and an operator Fx : X — X by

(E)0) =3+ [ p6yr (ko [ atlg (ko + [ romx(onar) au)as

5]

for t > ;. First, for every x € Q, ||x| = sup|x(¢)|, we have ; < ||x(¢)|| <1 fort >z,
t>1

which implies € is bounded. For showing that Q is closed, it is enough to show that
it includes all limit points. So let x,, be a sequence in Q converging to x as n — co.
Then } <x, () <1 for ¢t > #;. Taking the limit of x, as# — oo, we have J <x(t) <1 for
t >t1, which implies x € Q. Since x, is any sequence in Q, it follows that Q is closed.
Now let us show Q is also convex. For x1,x; € Q and a € [0, 1], we have

<axi+(1—a)x<a+(1—a)=1,

N =

—254’(1—(1)

where % <x1,%2 <1, i.e., Qis convex. Also, because

3 <0< 3+ [ pr (ke [ atulg (b +1(3) | rorae) au )

t u

<1,
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i.e., F: Q — Q. Let us now show that F is continuous on Q. Let {x,} be a
sequence in Q such that x, — x€Q as#n — . Then

|(Fx, — Fx)(t)|

< Jtp(s)

t1

7 (ke [ atatg (k2 + [ romma(oar) au)

As.

(i~ [ atwlg (b + [ rthintenac ) )

Then the continuity of f,g and # and Lebesgue Dominated Convergence theo-
rem imply that F is continuous on Q. Finally, since

(B0 = plef (ke — [ g (ks + [ romx(ear ) au ) <o

we have F is relatively compact by the Mean Value theorem and Arzela-Ascoli
theorem. So, by Theorem 2.6, we have there exists X € Q such that x = Fx. Then by
taking the derivative of X, we obtain

XA (t) = ple)f <k6 - J:oq(u)g <k7 + J:r(f)h(x(f))m) Au>, t>1.

Setting

o

70—k - |

t

q(u)g (k7 + er(r)h(a‘c(1))Ar> Au

for kg > 0 and taking its derivative yields

7(0) = g (ko + [ rhirinac), r2

Finally, differentiating

gives
ZAt) = —r(t)h(x(t), t=t.

Consequently (%,7,Z) is a solution of system (3) such that X(t) — a, y(t) — ke
and z(t) — k7, where 0 <a <oo, i.e., Ny p 3 # @.

The following theorems can be proven very similarly to Theorem 3.11 with
appropriate operators. Therefore, the proof is left to the reader, see [17].

Theorem 3.12 We have the following results:

i. Suppose R(tg, o) <oo. If Y4 < o0 and Yg < oo for k7 = k1, = 0 and for all
k6, kg, k13 > 0, then NﬂB,B,O # @.

ii. If both Y3 and Yy are finite for k4, = 0 and for all ks, k14> 0, then N 5y # @.

109



Recent Developments in the Solution of Nonlinear Differential Equations

iii. If Y;3<ooand Yg < oo for all k4, ks, k14 > 0, then NZQ,B,B #+ @.
iv. If Y1 <o and Yg = oo for all k4, k1o > 0, then NZO’OO’B #+ Q.

We continue with the case when z(¢) converges to 0 while other components x(¢)
and y(¢) of solution (x,y,2) tend to infinity as ¢ — oo.

Theorem 3.13 Suppose R(tg, 00) <o0. If Y1 <oo and Y5 = Yg = o for all positive
constants k1, kg, k13 and k1, = 0, then N‘;,w’o #* ..

Proof: Suppose Y; <o and Y5 = Yg = oo for ky, kg, k13 > 0, k1 = 0. Then choose

aty >to such that
J:V(t)h (J:P(s)f (klﬁ()Q(T)AT) As> At < %

pr )f <Jslq(r)g (kgjwr(v)m)) AT) As>1, t>ty,

11 T T

and

where ki = g(3) and k9 = k13 = h(1). Suppose that @ is a space of real-valued
continuous functions and partially ordered Banach space with ||| = sup, ,, ly(t)I
and the usual pointwise ordering <. Let ¢ be a subset of ® such that

and set an operator F : & — ® such that

(=) = [ rom( [ par ([ ateigtetoar)au) s

t 4 Ju
The rest of the proof can be done as in proofs of the previous theorems by using

the fact Ys = Yg = oo, and therefore, N7, , # @.

3.2.2 Existence in N?

Assuming (x, y,2) is a nonoscillatory solution of system (3) in N’ such that x > 0
eventually and by a similar discussion as in the previous section, and by Lemma
3.10, we have the following subclasses:

N%,O,O = {(x,y,z) EN’ . tlim lx(t)|=c1 tlim ly(t)|= 0, tlirn lz(t)|= O}

N?),o,o = {(x,y,z) eN’ . tlim lx(t)|= 0, tlim ()= 0, tlim lz(2)|= 0},

where 0 <¢q < oo.

The first result of this section considers the case when each of the component
solutions converges.

Theorem 3.14 Suppose R(to, ) < oo and f is odd. Then Ng,o,o # @ if Yy <ocoand
Yg < oo forall k3 = k13> 0 and k1, = 0.
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Proof: Suppose that Y, < oo and Yg < oo for all k3 = k13 > 0 and k1, = 0. Then
choose k3, k13> 0 and t; >t sufficiently large such that

ot ([ g (] rac)as)ar<,

where k3 = h(3). Let ® be a partially ordered Banach space of real-valued
continuous functions with x| = sup,, x(¢)| and the usual pointwise ordering <.
Let us set a subset ¢ of ® such that

$i= {xetb: 1<x(t) < % t2t1}

and an operator Fx : & — ® by

)0 =1+ | ([ gtuig ([ romsconar) au)as

t

One can prove that F is an increasing mapping into itself and (Q, <) isa
complete lattice. Therefore, by Theorem 2.7, there does exist ¥ € Q such that ¥ = Fx.
It follows that X(¢) > 0 for £ >¢; and converges to 1 as t approaches infinity. Also,

w(0) = -p(ef (| g (| romisienac)an), e2n

Now for t >1t1, set
and

Then, since f is odd, we have

x4(t) =p)f (5(t))
yA () = q()g(z())
2 (t) = —r(t)h(E(t)).

Consequently (%,7,Z) is a solution of system (3). Since both 7(¢) and Z(t)
converge to 0 as ¢ approaches infinity, N}g,o’o # 0.

4. Examples

In this section, we provide some examples to highlight our theoretical claims.
The following theorem help us evaluate the integrals on a specific time scale, see
([6] Theorem 1.79 (ii)).

Theorem 4.1 Suppose that [a, b| has only isolated points with 2 <b. Then
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Example 4.2 Let T = 3", ks = 1 = k14 and consider the following system

Ax(t) = () H )

1 3
Asy(t) = Ezﬁ(t) (12)

where
= Q(tOx oo

)=o0.Ifs =3"and ¢t = 3", m,n €N, we have

First we show P(t¢, o)
) T /)(3”) 54 % n—1
J pls)As = lime(s)As:Zlim ( > >2lim » 3" =
3 t—oo 3 n—oo = — 1 nﬂoom f

Similarly one can obtain [;g(s)As = eo.
Now we consider Y3. With ¢ = 3" and s = 3", m,n €N, we have

[ )%A,_zz(;‘j“ )%<2mz_:1(3"’)

since 3" — 1>1 on N. We claim that

S
._n

(37")% <(3")3.

1

3
I

The sum formula for a finite geometric series, 1 — 33 <0, and

(3%) T 1<1 forneN yield

1-n
O<M<1.

T 1.3
So the claim indeed holds, and consequently we have
ST N3 4
| (59 ar<at (13)
Also, we obtain
s T 1 6
261 5 26-2 1 1
(2f)ar =225 & <2 =
> s€[t, T3y St s€[t, T)3n sB

JTV(s)h (J p(T)AT> As< L 542

t 3

by (11). Therefore, as T — oo, we obtain
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1 1
Z == 0 s (14)
se [t, oo>3N S5 tlS

where g =1 — 5{4 Finally, with¢ = 3" and T = 3", m,n €N, we have
15

Lim(f <J;p< o 2 (5 =

= _2QapE (1"
2 3m =
3 3 25; <3%)

m=1

by (12). Since the above integral converges as T approaches infinity, we have
Y3 <oo. By using a similar discussion and (12), it is shown Y9 < co. One can also

show that (t 1—-4 t;) is a nonoscillatory solution of system (10). Hence N¢, 3, # @
by Theorem 3.12 (ii).

Example 4.3 Let T = ¢"°. Consider the system

A _ 1 3

x(ﬂ—a+ﬂg@)

YA (0) = (3)20) (15)
Arey 1

(ﬂ—%gw

We show that N7, , ; # @ by Theorem 3.5 fors = ¢”,t = ¢",ky = 1and #o = 1.
So we need to show P(tg, 00) = Q(tg, 00) = oo and Y < c0. Indeed,

T
1
pAt = > (g — 1.
Jl te [1,/,(T)]qN0 (1 + t)3

So as T — oo, we have

Pl00) = (q—1) Y ——

n01+q3

._.

by the ratio test. We can also easily show Q(1, o0) = oo. As the final step, let us
show Y1 < oo holds. Indeed,

[ o))

1
3

(g—1t | As | At

I
—
~
=
—
~
—
=
)
=
“
~—
~
uny
N——
i

<(@-1)

L€ [Ll’(T)]qNo
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Hence, by the geometric series, and taking the limit of the latter inequality as
T — oo yield us

<1
> <o
n=0 q

Therefore, we have Y7 < oo. One can also show that (t, 1+1,2— %) is a solution of
system (13) in N7, p..

Exercise 4.4 Let T = 2" Show that (1+1¢, 3, =1) is a solution of

(0 = (35) 90

yA(6) = 55(0) (16)
20 = g

in N° such that x(t) — co,y(t) — 3and 2(¢) — O ast — oo, ie., N 5o # @ by
Theorem 3.8 (i).

5. Conclusion and open problems

In this chapter, we consider a 3D time scale system and show the asymptotic
properties of the nonoscillatory solutions along with the existence of such solutions.
We are able to show the existence of solutions in most subclasses. On the other
hand, it is still an open problem to show the existence in N? for system (3),
where 4 = 1. In addition to that, there is one more open problem that also can be
considered as a future work, which is to find the criteria for the existence of a
nonoscillatory solution in Ng,o,o of system (3), where 1 = —1.

Another significance of our system that we consider in this chapter is the fol-
lowing system

©0,00,00

x(t) =p@)ly(t)“ sgn y(¢)
yA(8) = q(0)l=(t)) sgn = (1) (17)
Z8(t) = —r(t)lx7 (1) sgn x7(t),

which is known as the third order Emden-Fowler system. Here, p,g and » have
the same properties as System (3) and a, 3, y are positive constants. Emden-Fowler
equation has a lot of applications in fluid mechanics, astrophysics and gas dynamics.
It would be very interesting to investigate the characteristics of solutions because of
its potential in applications.
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Chapter 7

Global Existence of Solutions to a
Class of Reaction—Diffusion
Systems on R”

Salah Badraoui

Abstract

We prove in this work the existence of a unique global nonnegative classical
solution to the class of reaction-diffusion systems

u(t,x) = alu(t,x) —g(u)p™,
v(t,x) = dAv(t,x) + AL, x)g(u)o™,

where a>0,d>0,t>0, xeR", n,meN", 1is a nonnegative bounded
function with A(¢,.) € BUC(R") for allt € Ry, the initial data g, v9 € BUC(R"), g :
BUC(R") — BUC(R") is a of class C?, ‘% €L*(R),g(0) = 0andg(u) >0 for all
u > 0. The ideas of the proof is inspired from the work of Collet and Xin who proved
the same result in the particular case d >a =1, 1 = 1, g(u) = u. Moreover, they
showed that the L*-norm of v can not grow faster than O(In In¢) for any space
dimension.

Keywords: reaction-diffusion systems, local existence, positivity,
comparison principle, global existence

1. Introduction

In the sequel, we use the notations.

R, = [0, oo], Ri =0, oo|.

N ={0,1, ...} the set of natural numbers and N* = N\{0}.

For p €R : [p] the integer part of p.

ForneN* and x = (x1, ...,x,) €R" : |x|* = DX

Z ={--,-1,0,1, ---} the set of integers.

Forx(¥ eR” and peR?,:

B (x,p) = {x€R" : |x —x®| <p} the closed ball of center x(*) and radius p.

S(x©,p) = {xeR" : |x —x9| = p} the boundary of B'(x?, p).

Let Q CR” (n €N™) a subset. 0Q denote the boundary of Q.

In: the natural logaritm function.

wn(p) = 21’:?;—7;; the surface area of S(0, p), where I'(x) = [;¢ ™'t *dt (x €R}) is
the Gamma function.
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BUC(RR") the Banach space of bounded and uniformly continuous functions on
R"  with the supremum norm ||u||., = sup, g~ |#(x)|.
X = BUC(R") x BUC(R") which is a Banach space endowed with the norm
1@, 0)lx = ltlleo + 112]loo-
Foru € LF(R") (p € [1, oo[), we denote by [[ull} = [ |u["dx.

For u,v : R" — R two regular functions, Vu = (ﬂ ‘}“) and Vu.Vy =

oxg 2 M
Z”A Ou O

J=1lox; ox;"

Reaction-Diffuison equations are nonlinear parabolic partial differential equa-
tions arises in many fields of sciences like chemistry, physics, biology, ecology and
even medicine. It appears usually as coupled systems.

The somewhat general form of these systems of two equations is

{ut(t,x) =alu(t,x) + f,(t,x,u,v),
v(t,x) = dAv(t,x) + f,(t,x,u,0),

where t> 0, x € Q with Q CR"(n €N™) is an open set, A is the Laplacian
operator, 4, d are two real positive constants called the coefficients of the diffusion.
For a chemical reaction where two substances S; and S,, # and v represent their
concentrations at time ¢ and position x respectively, and f, and f, represent the rate
of production of these substances in the given order. For more details see [1, 2].

In this chapter, we are concerned with the existence of global solutions to the
reaction—diffusion system

uy(t,x) = alu(t,x) —gup™, (t,x)eR] xR", 1)
vi(t,x) = dAv(t,x) + At,x)g(u)o™, (t,x)€R] x R", 2)

with initial data
u(0,x) =ug(x), v(0,x) =vo(x), x€eR" 3)

Whe assume that.
(H1) The constants a, d are such thata, d €R} .

(H2) 2: R" x R* — R is a non-null, nonnegative and bounded function on R* x
R” such that A(¢,.) € BUC(R") for allz € R,. We denote 1o, = sup, , (||A(?)].,)-

(H3) n and m are positive integers, i.e. n,m € N*. B

(H4) g : BUC(R") — BUC(R") is a function defined on BUC(R") such that:

i.g(0) =0andg(u) >0 pouru >0.
ii.gisof class C' and % is bounded on R.

(H5) The initial data u, v¢ are nonnegative and are in BUC(R").

One of the essential questions for (1)-(3) is the existence of global solutions and
possibly bounds uniform in time. Recently, Collet and Xin in their paper [3] published
in 1996 have studied the system (1)—(3) but witha =41 =1,d>1and ¢(u) = u. In
this particular case, this system describes the evolution of # the mass fraction of
reactant A and that v of the product B for the autocatalytic chemical reaction of the
form A +mB — (m + 1)B. They proved the existence of global solutions and showed
that the L* norm of v can not grow faster than O(ln In?) for any space dimension.

If we replace g(u)v™ by u exp {—E/v} where E> 0 is a constant and take 1 = 1,
there are many works on global solutions, see Avrin [4], Larrouturou [5] for results
in one space dimension, among others.
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It is worth mentioning here the result of S. Badraoui [6] who studied the system
Uy = alu — uv™,
v, =bAu +dAv +u™,

wherea>0,d>0,b # 0,xeR",neN", m €2N" is an even positive integer.
He has proved that if ug, v¢ are nonnegative and are in BUC(R") that:

Ifa>d, b>0, vo> -2uo on R”, then the solution is global and uniformly
bounded.

Ifa<d, b<0, vy > ﬁuo on R”, then the solution is global.

Our work here is a continuation of the work of Collet and Xin [3]. We treat the
same question in a slightly general case. Inspired by the same ideas in [3] we prove
that the system (1)-(3) under the assumptions (H1) to (HS) has a unique global
nonnegative classical solution.

The chapter is organized as follows: In section 2, we treat the existence of local
solution and reveal its positivity using the maximum principle.

In section 3, firstly, we prove by a simple comparison argument that if a >d, the
solution is uniformly bounded and we give an upper bound of it. Afterwards, we
attack the hard case in which a4 <d where we used the Lyapunov functional

L(u,v) = [a+2u — In(1+u)]e” (a, £>0) and the cut-off function ¢(x) =

(1 + |x|2) . We show that for a sufficiently large and e small enough we can

control the L¥-norms of » (p > max {1,%#/2}) on every unit spacial cub in R” from
which we deduce the L*-norm of v at any time ¢ > 0.

We emphazise here that I have engaged to calculate the constants encountered
in all equations and inequalities exactly.

2. Existence of a local solution and its positivity

We convert the system (1)-(3) to an abstract first order system in the Banach
space X :=BUC(R") x BUC(R") of the form

w'(t) = Aw(t) + F(w(t)), t>0,
{ (4)

w(0) =wo eX.

Here w(t) = (u(t),v(t)); the operator A is defined as

aA 0
Aw:= w = (alAu,dAv),
0 dA

where D(A) :={w = (u,v) €X : (Au, Av) € X}. The function F is defined as
Fw(t)) = (=p(u(®)v" (1), Ae)g(u(t))o™ (¢))-

It is known that for ¢ > 0 the operator cA generates an analytic semigroup G(t) in
the space BUC(R"):

Gl = (4m)*"/2j
.

2
exp {— b 4_;' }u(y)dy. (5)
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Hence, the operator A generates an analytic semigroup defined by

_ Sl(t) 0
SM( 0 sz<t)>’ ©

where S;(¢) is the semigroup generated by the operator aA, and S(t) is the
semigroup generated by the operator dA.

Since the map F is locally Lipschitz in w in the space X, then proving the
existence of a loacl classical solution on [0,#;] where t; R} is standard [7, 8].

For the positivity, let w(t) = (u(¢),v(t)) is a local solution of the problem (1)-(3)
under the assumptions {Hj}Sj:1 on the interval [0, ;].

We can write the first equation as

U, — alu + {vm %g(&f)}u =0, (t,x)€]0,1] x R", (7)

for some £ €R. Thanks to the assumption (H4)-ii we deduce that v™ £¢(£) is
bounded on [0, ;] x R”. Whence, by the theorem 9 on page 43 in [9], we obtain that

u(t,x) >0, forall (¢,x)€[0,#1] x R”, (8)
The second equation can be written as
v, —dAv + [—ig(up™ o, (t,x)€]0,t1] x R". 9)

By the same theorem we get
v(t,x)>0,forall (t,x)€[0,t;] x R™. (10)

For the existence of a global solution, we use the contraposed of the characteri-
zation of the maximal existence time tn,x ([8] on page 193) as follows

there existsamap C : R, — R, such that:

tmax = . 11
4@, + (). <C@) forallee®, |~ mx =+ a

3. Existence of a global solution

For this task we will use the fact that the solution is nonnegative.
Theorem 3.1. Let (u,v) be the solution of the problem (1)-(3) under the

assumptions {Hj }5]‘:1 and such that
a>d. (12)

Then, the solution is global and uniformly bounded on R* x R”. More precisely,
we have the estimates

[#(®)]l.. < ll#0llo, forall zER,, (13)

a\ /2
[0l < looll + 2 (5) " o], forall R, (14)
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Proof. By the comparison principle we get (13).
The solution (u,v) satisfies the integral equations

t

u(t,x) = S1(t)uo — LSl (t —7)g(u(z))v"(r)dx, (15)

T

v(t,x) = S(t)vo + JOSZ(t — D)A(0)g(u(c)p™ (2)dx. (16)

Here S;(¢) and S, (t) are the semigroups generated by the operators aA and dA in
the space BUC(R") respectively. As u is nonnegative, then from (15) we get

J;Sl(t — 2)g(u(e))™ (D) < S (tuo. (17)

Since a >d, using the explicit expression of S1 (¢ — 7)g(u(z))v™(r) and
Sy(t — 1)g(u(r))v™ (1), one can observe that (see [10])

2

| ;Sz(t gl (e s (5 | it~ ArIga(e)" (e

N (18)
<7e(5) le(r — o)e(u(e) (2)d.
From (17) and (18) into (16) we get
0(£) <2 ()00 + Jeo C—i’)"/ "8y (o (19)

This last inequality leads to the veracity of (14).

Thus, from (13) and (14), we deduce that the solution (u,v) is global and
uniformly bounded on Ry x R". ¢

In the case where d > a, it seems that the idea of comparison cannot be applied.
Nevertheless, we can prove the existence of global classical solutions; but it appears
that their boundedness is not assured.

Theorem 3.2. Let (u, ) be the solution of the problem (1)-(3) with the

assumptions {H]}5]:1 If
a<d, (20)

the solution (u,v) is global. More precisely we have the estimates (13) and (83).

Proof. In this case, it is not easy to prove global existence. But can derive
estimates of solutions independent of  t; by using the same method used in [3] and
the same form of the functional used in [6] but with different coefficients.

We need some lemmas.

Lemma 3.3. Let (u,v) be the solution of the problem (1)-(3) under the assump-

tions {Hj}sjz1 on the local interval time [0,#1]. Define the functional
L(u,v) = [@a+2u — In(14+u)le” with a,e€R}. (21)

Then for any ¢ = ¢(x) (x € R") a smooth nonnegative function with exponential
spacial decay at infinity, we have
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d
—J @Ldx =d| A@Ldx + (d — a)J L1V.Vudx
dt R R R
—| @ [aL11|Vu|2 + (a +d)L,VuVo + dL22|Vv|2} dx (22)
Rn
+| @@Ly — Lq1)g(u)p™dx,
Rn
where
JoL 1 JdL .
L= w <2 - m)ew,Lz === ela+2u— In(1+4u)le”,
oL 1 o*L 1
Lyi=—= P Lp=——=¢(2———)€7, 23
T T rw? T uw 8( 1+u)e )
2
Ln= i ea+2u — In(1+ u)le”.

Proof. Notethat L>0, L1>0, L,>0, L;1>0, Li;>0and Ly»>0.We can
differentiate under the integral symbol

gJ @Ldx = aJ @Lqudx + dJ @L,Avdx + J @(AL, — L)g(u)o™dx.  (24)
t g R R” R”

Using integration by parts, we get

n

V(@L1)Vudx = —J L1VoVudx

JRngoLlAudx = J n(q)Ll)Audx = —J . o5

fJ ¢L11|Vu|2dx - J @L1pVuVvdx,
R” R”
In fact, let peR}, then we have by the Geen theorem

J @L1Audx = J (pL1)Audx
B'(0,p) B'(0,p)
(26)

ou
= —J V(¢Lq).Vudx + J (pL1) —dx,
B(0,0) S(0,0) ov

where 2 is the derivative of u with respect to the unit outer normal v to the

boundary S(0, p).
We have
J (§0L1(t))aua—(t)dx S2€E|v(t)”mHaua_(t) J pdx
v v
o wJs00.) 27)
1 Zﬂ"/zpn_l

<200 || 9 (0)
- ov

LA+ Tw/2)

From (27) we obtain

limJ [@L1(2)] au—dx =0. (28)
S(x0,p) v
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We pass to the limit for p — oo in (26) taking into account (28) we obtain (25).
By the same way we get

J @LyAvdx = —J LyV.Vodx — J 40L22|Vv|2dx — J @L1pVuVvdx, (29)
R R R R

J LAgdx = —J LiVo.Vudx — J LyVo.Vudx. (30)
n Rn RVL
From (30) we find that
J LoV .Vodx = —J LiVg.Vudx — J LAgdx. (31)
R R R

From (25), (29) and (31) into (24) we get our basic identity (22).
Lemma 3.4. There exist two positive real constants a = a(a,d, y1, ||[uol|,,) and
e =¢€(a,d, 71,72 Ao, || 0| ) such that

ij @Ldx sdj LAgpdx + (d — a)J LiVo.Vudx

dt R? R” R”

(32)

_ylj @ {aL11|Vu|2 + dL22|Vv|2} dx — sz @Lig(u)v™dx,
R R"

where y,,7, €]0, 1] are two arbitrary constants.
Proof. We seek L such that

aLu|Vaul® + (a + d)LupVuVo + dLp|Vol*> 7, [aL11|Vu|2 n dL22|vU|2] (33)
and
AL — L1 < — L4 (34)

for Y1, 72 G]O, 1[.
The inequality (33) is satisfied if

272
L
(ﬂ + d) = 12 Sl (35)
4ﬂd(1 — }’1) L11L12

From (23); (35), then (33) is satisfied if

(@t d?[1+2]uoll..)*

(36)
4ad(1 - y,)?
. o1 ep (@t 2fuoll..) . 17,
Also, (34) is satisfied lfT <l,ie.e< T (@2lall)’ and from (36)
we get
1-n 4ad(1—yy)*

O<e<

. (37)
Ao (a+d)*[1+2|uo|..]* + 8ad(1 —yy)uo]..

Whence, if a satisfies (36) and ¢ satisfies (37), we obtain (32). ¢
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As a consequence of (33) we have

;J q)deSdJ LA(pdx+(d—a)J L1V(p.Vudx—y1aJ @Ly1|Vul’dx.  (38)
t n R R R

Lemma 3.5. With the functional L defined in (21) and «, ¢ defined in (36) and
(37) respectively and with the truncation function ¢ : R” — R defined by

o) = . (39)
(1 + x — x0|2>
We have
d 1 2,2 L7
%J ngode Sdkl(n)Jan)de + o (d—a) kz(n)JRngade, (40)
where
ki(n) =2n(3n 4 2),k2(n) = 2n. (41)
Proof. Calulate Agp and estimate it
2n? _4n(n—|—1)|x—xo|2.

Ap =~ N NG
(1+\x—xo|) (1+|x—x0|)

whence
|Ap| <2n(3n + 2)¢p. (42)
Calulate V¢ and estimate it
2
2 42 | — o] .
|V(p| - 47’l ) Z(VH-Z) b}
(1 + |x — xo‘ )

whence

|Vo| < 2n¢. (43)

Using the Cauchy-Schwarz inequality Vo.Vu <|Vg||Vu| and the inequalities
(42) and (43) into (38) we get

iJ @Ldx sdkl(n)J oLdx + (d — a)kz(n)J @L1|Vo|dx — ylaJ oLy |Vu|*dx.
dt Jpr R R R
(44)
We pove that
2_ 1 (@d—-a)l, L7
(d — a)ka(n)pLa|Vo| — yrapLn|Vul” < — ky(n)p— (45)
47, a Ln
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To do this, it sufficies to compute the discriminant of the trinoma in |V¢|

1 (d—a) L2
A= —papLulVul + (d - alka(mgLa Vol - ——E= D g2y 11
4y, a Ly

From (45) into (42) we find the desired result (40). ¢
Lemma 3.6. For « and ¢ defined in (36) and (37) respectively and for all real
constant y

1
y > max {;,8||u0||00+4}, (46)
we have
J @Ldx < pe”, forallt eR,; (47)
Rﬂ
where
2 elloll
B = (a+2uoll)one I, (48)
and
o = dki(n) + # (d — a)k2(n). (49)

Proof. We seek a constant y € R} such that
2

L <yL,forallue [O,||u0||oo]. (50)
Ly

The inequality (50) is equivalent to (2u + 1)% <yla +2u — In (1 +u)]. We

prove that if y satisfies (46) then (50) follows.
Whence, from (50) into (40) we obtain

iJ @Ldx < {dkl(n) - (d — )’k (n)} J @Ldx, forallt eR .. (51)
dt Jpn 4}/1ﬂ R"

As

J @L(t = 0)dx = J @la+2uo — In(1+ ug))e™°dx; (52)

n

then, from (51) and (52) we get
J @Ldx < (a+ 2|juoll,) ol [ exp (ellvoll.)|e”, forallt e R, (53)
R‘W

where o is defined by (49).
Now, let us estimate ||¢||;. We have ([11] on page 485)

1 e 1
@l = J @dx = J ——dx = a)nJ e ——
ol . . (1 |X\2) o 1+ )
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As
oo anl 1 anl oo anl
——dr=| ———d ——d
L @+ L(Hﬂ)" ”L R
n—1
SJOV dV+L yn+1dVS;’
then

2
ol < 5 on (54)

Thus, from (54) in (53) we get the estimate (47) with § and o given by (48) and
(49).

In the following step we trie to control the second component v of the solution
on any unit spacial cube in the I” — norms with p €1, co|.

Let x(0) = (xgo), ,xi,o)) €R” be an arbitrary fixed point and

Q= {x = (X1, e xy) ER” : ‘xk —x,(eo)‘ < %, forallk =1, ... ,n}. (55)

Lemma 3.7. Let (u,v) be the solution of the problem in consideration. For « and
¢ satisfying (36) above and (63) below respectively, then for any unit cube Q of R”
of the form (55) we have

p+1 n
J wdx < PP E]?l (4 : ") ¢, forall(p, £) € [1, oof x R, (56)
Q ae

Proof. It’s obvious that

4 \" "
o(x) > (m) ,forallx e R", (57)
and
£v gk e %
e’ > & ,forallk e N*. (58)
Then
ag® [ 4 \"[ ,
[ nchdx > T <4 " n) JQD dx. (59)

J oy < P2 (4 : ”) e, forall(k,t) eN* x R,. (60)
Q

By induction we prove that

k! <p?,forallkeN*andp >k . (61)
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Letp >1and k = [p] + 1, then we have by the imbedding theorem for L” —spaces

Jva dx < (Jkadx>p/k. (62)

Taking e enough small such that 2% (+£2)" > 1. Combining this with (37)

1-7, 4¢d(1 - 71)2
O<e<min{ A= (a+d)?[1+2)uoll.]” +8ad(1 -y lluoll. 5.  (63)
1/k

35k (457)"]
From (60), (61) and (63) into (62) we get (56). ¢

Lemma 3.8. Let Q; et Q ; be two different unit cubes of center x@ =

(xgi), ...,xg)) and x(/) = (xgﬂ, X j)) respectively of the form

Q; = {x = (X1, ., xy) ER" : ‘xk —x,(;)‘ 31/2},forallk =1, ..,n,
. (64)
Q= {x = (X1, oerxy) ER™: ’xk fx,ij)‘ 31/2},forallk =1, ..,n,

with x() = x0 4+, wherel = (I3, ..., 1y) €Z"\0z. Then, there exists a positive
constant

5(n) = 2+ V), (65)
such that
. 2 . 4 2
dist(x(’), Qj) < |x<’) —y|2 < 6(n)dist(x<1), Q]-> ,forallyeQ;. (66)

Proof. By Pythagorean theorem we have

: n
7 —y|3§ (67)
As |x® — x(J)| > 1, then from (67)
%) —y| < \/Tﬁw) ], (68)
Also, it’s clear that dist (xw, Q j) = dist (x(i), Q j), but every point z =
(215 ---»2n) € 0Q; is of the form
z=x) 45, (69)

where s = (s1, ...,5,) # O and s, € [— %, %] , forallk =1, ...,n with at least one of
thes, e {—14,1}.
It’s easy to prove that

‘xm —x,?’ 52’x,(ej) —x,(? + 5|, forallk =1, ...,n. (70)
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Then
‘xU) - x(i)’ < 2dist (x(i), Qj). 71)
As x® —y| <]x@ — x| + [x() — y| we get from (68) and (71) the estimate

) ] <2die(x9,Q,) + g 1 — x|
(72)

< (24 Vn)dist (x(i), Q]->.
We have obviously
|x(i) —y’ >dist (x(i), Qj). (73)

From (71) and (73) we get (66). ¢
Proof of theorem 3.2.

Let x € R" an arbitrary point and {Q j} o be the family of pairwise disjoint
VAS]
measurable cubes of the form (64) covering R” such that the center of Q is x0) = x.
Firstly, using the fact that R* = U7_, Q; and applying the left-hand inequality

in (66)

J eiﬁig(u)vmdy = ZJ ef%efﬁlg(u)vmdy
R j=0"Q;
) 2 (74)
oo din (x,Q j) —g’;( r{‘;)
< Z e J Ag(u)p™dy ».
j=0 Q;
By Holder ineguality with p > max {1, %} andg=1- 1%
k= 2 7Y N
J Ag(u)™dy < J dy J g (" dy| . (75)
Q, Q; Q,
As
L e n/2
Q; R q
and by (56) we have
g (Wt dy < pﬂ(pm+1)Pm+l 4+n ne"f o
; g y— oegoo ag[pmHl 4 b
where
g.= sup g(u). (78)

u€ 0, [luol..]
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Then, from (76) and (77) into (75)

-y

T8d(t—s ( ) n 1
[ gy < (P20) T D g o, 79)
Q;

where

1/p

m—+1 n
K = K(p,m,n,a,¢) = [ﬂ (pm + 1) <4 i "> (80)

aglpml+1 4

On the other hand, we deduce from the right-hand inequality in (66) that

‘Xiy‘z dist (x,Qj 2 )
J e wwiedy > e s forallj e N*. (81)
Q;
Then
oo dist (x Q; ) dx:t x Q b2
Ze* BaG—) <1—|—Ze 8d(ts) <1+ZJ e sdom);gd;v
=0

(82)
51+J ey <1+ [82ds(m)]" (¢ — 5)"12.

We have from (79) and (82) into (74)

-y

1 T4 m
e R

1(1-3) \
<2 (1 —%) - s)’EKloogmewp)t{l + [8ds(n)]" (¢t — s)"/z}

<22 <1 1%)%(17) I(ﬂwgwe*("/p)t{(t —§) 7% + [8rdd(n)]" (¢ — s)%(lfi) }

Whence

J;Sz(t —5)Ag(u)v™ds

%(171) n n 1
<2 (1 - 1) " Kiung 0" [i {5+ o)) L)
p 2p—n pn+2)+2p

and finally we have for allz e R,

0@ < lloll.,

1\:() 2 21i ntli%
w2R(1p) " K s v gaga| @
n 2(1-1)+
+[8rdé(n)] 12— nt »
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Asp > max {1, 2}, the function in ¢ on the right-hand side of the estimate (83) is
continuous on R . As ||u(t)].. < |[#o|,, on [0, tmax| and v satisfied (83), we conclude
from (11) that ty,x = +o00. Whence, the solution is global. ¢

Remark. We can extend the system to the case where instead of v we put vk (v)

provided that.

i. h : BUC(R) — BUC(R) is a locally continuous Lipschitz function, namely: for
all constant p€R, there exists a constant ¢(p) €R such that for all
u,v € BUC(R") with |l#||., <p and |||, <p we have

Hoo

[h() —g@)ll. <clp)llu — |-
ii. There exist two constants M € R} and » €N such that:
0<h(w)<Mv, forallveR,.

In this more general case, by examining the proof of the theorem 3.2; we see that
under the same assumptions above, the system has also a global nonnegative
classical solution. ¢

4. INlustrative example

To illustrate the previous study about global existence, we give the following
reaction—diffusion system

cqu3

¢y + c3u?
3 (84
u
— ", (t,x)eR} xR" , )
¢ t+c3u

u(0,x) = uo(x),v(0,x) = vo(x),x €R”,

u(t,x) = alu(t,x) — ", (t,x) R} xR",

v (t,x) =dAv(t,x) + ue‘“"’”z

where ¢, k =1, ..., 4 are real positive constants and ¢s is a real nonnegative
constant. If a,b €Ry, n,meN", ug,v9 € BUC(R”) and are nonnegative; the
system (84) admits a unique global nonnegative classical solution
(u,v) EC(Ry;X)NCHRF;X). &

5. Conclusion and perspectives

We have prouved in the case where a <d that the solution is global, but it
remains an interesting question that if it is uniformly bounded or not.

As perspectives, we will replace the function g = g(u) satisfying the hypothesis
(H4) by the function g(u) = »" with » > 1 is a real constant and replace the term v
by ¢® with a> 0; namely that reaction term is of exponential growth. The system
was studied on bounded domain by J. I. Kanel and M. Mokhtar in [12]. 4
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Chapter 8

The Fourier Transform
Method for Second-Order
Integro-Dynamic Equations on
Time Scales

Svetlin G. Georgiev

Abstract

In this chapter we introduce the Fourier transform on arbitrary time scales
and deduct some of its properties. In the chapter are given some applications for
second-order integro-dynamic equations on time scales.

Keywords: time scale, Fourier transform, generalized shift problem,
integro-dynamic equation

1. Introduction

Starting with the pioneering work of Hilger [1], the measure chains and in
particular, the time scales have gained a great attention in the last decades.
Especially, theoretical studies on dynamic equations on general time scales,
which can be regarded as generalization of the differential equations, achieved
big progress [2, 3].

The main aim of this chapter is to introduce the Fourier transform on arbitrary
time scales and to deduct some of its properties. We give applications for solving of
second-order integro-dynamic equations on time scales.

The chapter is organized as follows. In the next section we give some basic
definitions and facts from time scale calculus, Laplace, bilateral Laplace transform.
In Section 3 we define the Fourier transform and deduct some of its properties.

In Section 4 we give applications for second-order integro-dynamic equations on
time scales.

2. Preliminaries and auxiliary results
2.1 Time scales

Throughout this paper, we will assume that the reader is familiar with the basics
of the time scale calculus. A detailed introduction to the time scale calculus is given

in [2, 3]. Here, we collect the definitions and theorems that will be most useful in
this paper.
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Definition 2.1. A time scale, denoted by T, is a nonempty, closed subset of R. For
a,b €T, we let |a, b] denote the set |a,b] NT.

Definition 2.2. Let T be a time scale. For t € T, we define the forward jump operator
6:T—Rbyo(t) = inf {se€T :s5>t}, and the backward jump operator p : T — T is
given by p(t) = sup{x €T :s<t}.

By convention, we take inf @ = supT, sup@ = inf T. For a functionf : T — R,
we will use the notation f°(¢) for the composition f (o(t)).

Definition 2.3. The graininess function y : T — [0, o) is defined by u(t) = o(t) — t,
teT.

Definition 2.4. Let t € T. If o(t) = t and t < supT, then t is right-dense. If o(t) > 1,
then t is right-scattered. Similarly, if p(t) = t and t > inf T, then t is left-dense. If p(t) <t,
then t is left-scattered.

Definition 2.5. If supT = m such that m is left-scattered, then define T* = T\{m},
otherwise, define T = T.

Definition 2.6. A function f : T — R is rd-continuous provided it is continuous at
right-dense points in T and its left-sided limits exist and ave finite at all left-dense points
in T. A function p : T — R is regressive provided 1+ u(t)p(t) # 0, t € T*. The set of all
regressive and vd-continuous functions on a time scale T is denoted by R = R(T). We use
the notation R to denote the subgroup of those p € R for which 1+ u(t)p(t) > 0 for all
teT".

Definition 2.7. The delta derivative of f : T — R at t € T%, is defined to be

fA(t) = lim M (1)

s=t  o(t)—s

provided this limit exists.
Definition 2.8. For p € R, the generalized exponential function e, : T x T — Riis
defined by

(t5) = exp (Jt.smf)(p(r»m), @

s

for s,t €T, where the cylinder transformation, &,(z), is defined by

1
£(2) = {ELog(l +zh), h>0, 3)
z, h=0.
Definition 2.9. For p,q € R, we define the operation @ and © as follows
PODO =p(®)+90) + uOp(Og0, (OO =~ E s @

The proof of the next theorem is given in [2, 3].
Theorem 2.1. If p,q € R and t,s,r €T, then

leo(t,s) =1,e,(t,t) = 1.
2.¢5(t,5) = (1+ p(t)p(t))ep (2, 5).

3.ep(s,t) = e}ﬂ(ﬁ = egy(t,s).
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4.ey(t,s)ey(s,r) = ey(t,7).

5.e,(t,5)eq(t,s) = ep@ql(t,s).

6.ey(t,t0) >0 forany to,t eTif peR and 1+ u(t)p(t) > 0 for any t € T,

Definition 2.10. For h > 0, the Hilger complex plane is defined by C; = C\{—}
and we take Co = C and C,, = C\{0}.

Definition 2.11. For given h € [0, o), the Hilger real part of a number z € C is given
by the formula

Re(z), h=0,
Rej(z) = %, 0<h < oo, (5)
2], &= co.

It is known, see [4], that for a fixed z and 0 </ < o0, Rej(g) is a nondecreasing
function of . This relationship extends to /2 = oo because for any 0 </ < oo,

ke -1 14l -1

Re,(2) 3 < 0 = |z] = Re(2). (6)
2.2 The Laplace transform
Here we suppose that supT = oo and s € T.
Definition 2.12. For 0 <h < oo and A €R, we define
Ciu(2) = {z€Cy : Rep(z)>1} @)
and
Cu(2) = {z€C), : 0< Rey(z) <A} (8)

Definition 2.13. Define minimal graininess as follows p , (s) = inf ;[ o)u(t).
If A is positively regressive, then for any z € C, (;(4), it is known (see [4]) that

lezoz (t,5)] Z€ioRe,, ((2) (t,s), tEJs,00),
lim Re, (@ (s) =0 and tlim €10z (t,s) = 0.

1—o0

9)

Definition 2.14. If X C T and a € R™" is a constant, then we say that f € C,4(T) is of
exponential order a on X if there exists a constant K such that for all t € X, the bound
[f ()| <Keq(t,s) holds.

If f €C,a([s, o)) is of exponential order a, then for anyz€C, ((a) (see [4])
lim,oof (t)ees(t,5) = 0.

Definition 2.15. If f : T — C and z € C is a complex number such that for all
t s, 00) we have 1+ pu(t)z # 0, then the Laplace transform is defined by the improper
integral

00

£(f)es) = j F(Dees(o(),)Ac, (10)

s

whenever the integral exists.
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Significant work has been conducted in [4, 5] and references therein to
understand the analytical properties of the Laplace transform.

2.3 The bilateral Laplace transform

Here we suppose that supT = oo, inf T = —co0 and s € T. Denote p*(s) =
SUP, ¢ (Lo sH(£); Jils) = INf & (—wo,su(t). For A€R, define

s 1
Mg(t,s) = JthT. (11)

For A€ R*((—o0,s]), AER, it is known (see [6])

1.M3 (t,5) <0 for all £ € (—o0,s), where the differentiation is with respect to t.
2. lim,, oM, (t,s) = oo.

3.lezes (t,5)] < €aore, - 4 (=) (55)-

4. 1im; . w€igRe,- ) (¢,5) = 0.

5.lim;._.e)e:(t,s) = 0.

Definition 2.16. Suppose that f : T — R is regulated. Then the bilateral Laplace
transform of f is defined by

ﬁumm=rﬂmwwww3 (12)

—oo

for vegressive z € C where the improper integral exists.
Definition 2.17. Let a,y € R. We say that a function f € C,4(T) has double expo-
nential order (a,y) on T if the restrictions f| ., and f1; ., ave of exponential order a

and y, respectively.

If f €C,u(T) is of double exponential order (a,7), in [6], they are proved the
following properties

1Lforanyze€C, ((r), im; .f (t)ec:(t,s) = 0.

2.for any z € C,« () (@), lim;—_oof (t)e:(t,5) = 0.

For z € C, we define

(13)

) = 1\ Reno@ =0
’ A(s),  Repy)(z)>0.

Definition 2.18. Let a € R* ((—oo,5]) and y e R"([s, 00)), @, y €R. We say that
(s, a,y) is an admissible triple if

Coay = {2€C: Re,-(5(3)<a, Rey ((2)>y, 1+ h(s,z)Reyi)(z) # 0} # @.
(14)
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If (s, a,y) is an admissible triple and if f € C,4(T) is of double exponential order

(a,7), then in [6] it is proved that £”(-,s) exists on C,,,, converges absolutely and
uniformly, and

lim £ (f)(z,s) = 0. (15)

|g]—00

3. The Fourier transform

Suppose that T is a time scale so that inf T = —oo, supT = co and s € T.
Definition 3.1. Suppose that f : T — R is regulated. Then the Fourier transform of
the function f is defined by

00

F(Pons) = | fOegu o (16)
for x € R for which 1+ ixu(t) # 0 for any t € T* and the improper integral exists.
Definition 3.2. Let a € R" ([s, 0)), y ER " ((—o0,s]). We say that (s, 7, @) is a real
admissible triple if

Riyo= {x €R: Re,(»(ix)<y, Re, (5(ix)>a,

_ 17)
1+ i(s) Re g (ix) # 0} # @.

If f €C,y(T), then the triple (s, 7, @) is a real admissible triple and f is of double
exponential order (a, y), then F( f)(,s) exists on R;, , and converges absolutely and
uniformly on R, , ,. Below we will list some of the properties of the Fourier

transform.
Theorem 3.1. Let f,g : T — R, a, f€C. Then

F(of +fig)(x,s) = aF (f)(x,s) + fF(g)(x5) (18)

for those x €R for which 1+ xu(t) # 0, t € T*, and the respective integrals exist.
Proof. We have

Flof + fg)(xr5) = jw (of -+ Bo) (£)ese (6 5)A
- (19)

- aJ“"’ f(£)ed, (t,5) At + ﬂr 20l (t,5) At = aF (f)(x,5) + BF(g)(x,5).

—oo —oo

This completes the proof. O
Theorem 3.2. Let f : T — R be enough times A-diffeventiable. For any k €N,
we have

F( ) (05) = @) F(f)x5) (20)
for those x €R for which 1+ xu(t) # 0, t € T, and the respective integrals exist and
Jim ¥ Oeoix(t,s) =0, 1€{0, ...,k —1}. 1)

Proof. We will use the principle of mathematical induction.
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1.For k = 1, we have

F(f)(x,5) = JiofA(t)e‘éix (t,5)At = }Lr?df(t)eeix(t,s) - tEI_nof(t)eeix(t’S)

| emerteentsn—ix| fleg. e @2
=ixF(f)(x,s).
2. Assume that
F(*) ) = @) F(f)x5) (23)
for some k € N.
3.We will prove that
F(F)es) = @) Ff) 0. (24)
Really, we have
]-"( fAM)(x,s) - ixf( fAk)(x,s) = (i) F () (x,9). (25)
This completes the proof. O
Theorem 3.3. Let f : T — R. Then
F(f)x,5) = F(f)(=x,5) (26)

for those x €R for which 1+ xu(t) # 0, t € T*, and the respective integrals exist.
Proof. From the definition of the Fourier transform, we have

FOGT = | ol Aostmeie@)og oz,

—o0o

R e S C IR

oo 7)

oo

- e‘ﬁa(z)“(%)Log(1+ﬂ(1)(e(i(*X)))(T))A":f(t)At

—o0

= F(f)(—x,s).

This completes the proof. O
Theorem 3.4. Let f : T — R be regulated and

F(t) = Jf(T)AT, teT, (28)

a

for some fixed a € T. Then

FF)x0s) = — L F()(w9) 29)
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for those x € R, x # 0, for which

lim F(t)egix (£,5) = 0. (30)

t—too

Proof. We have

FE)s) = | Foedulto)ne= | FO1+u)(©()0)eon(ts)ar

= Ji}o F(t) mEGM (t,s)At = — % Ji:o F(t) %eem(tﬁ)At
1| Foemeeentsa =" Foed (s

—o0 —o0

. (oo

_1 <lim Ft)eei(t,s) — lim F(t)eoix (t,s)) - ;CJ f(t)es; (t,5)At

X \t—oo —oo
i
= - LFf)s)
(31)
for those x €R, x # 0, for which
lim F(t)egix(t,s) = 0. (32)

t—=+oo

This completes the proof.

4. Applications to second-order integro-dynamic equations

Consider the equation

2

y¥ +ay® +ay = Jf (s)As, (33)

a

where a1,a; €R, f €Cy(T),f : T — R. Lets € T be fixed. Let also, x €R be
such that

x? —ia1x —a, # 0 (34)

and
lim 2 (Deai(t,s) =0, 1=0,1, (35)

and
tliin F(t)egix(t,s) = 0, (36)

where
3

F(t) = Jf(s)As, teT. (37)
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Here a €T is a fixed constant. Set

Y (x) = Fl)w.s). (39)
Then
F*) () = F ()9
— ixY (x),
F(5) ) = (@727 ()9 &
= —x%Y(x)
and
F(f)ws) =~ F(ws) (40)
Then the Eq. (33) takes the form
Cx2V () + iarxY (x) + ar¥ (x) = —Dé}'(x,s), (41)
or
(® —diarx — a2) Y (x) = ;C]-"( )(x,s), (42)
V() = s T ws) (43)
Consequently
90 = F g S F ()0, teT (9

provided that 7! exists.
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Chapter 9

Effect of Additive Perturbations
on the Solution of Reflected
Backward Stochastic Differential
Equations

Jasmina Dordevi¢

Abstract

This chapter has as a topic large class of general, nonlinear reflected backward
stochastic differential equations with a lower barrier, whose generator, final condi-
tion as well as barrier process arbitrarily depend on a small parameter. The solutions
of these equations which are obtained by additive perturbations, named the
perturbed equations, are compared in the L?-sense, p €]1, 2[, with the solutions of
the appropriate equations of the equal type, independent of a small parameter and
named the unperturbed equations. Conditions under which the solution of the
unperturbed equation is L -stable are given. It is shown that for an arbitrary 2 > 0
there exists t(a) < T, such that the L?-difference between the solutions of both the
perturbed and unperturbed equations is less than a for every ¢t € [t(a), T].

Keywords: reflected, backward, stochastic, perturbation, estimate

1. Introduction

This chapter is dedicated to the problem of additive perturbations of reflected
backward stochastic differential equations (shorter RBSDEs) with one lower
barrier. Motivation for the topic comes from a large application of perturbation
problems in real life problems from one side, and reflected backward stochastic
differential equations in finance from another. Perturbed stochastic differential
equations are widely applied in theory and in applications. Randomness from the
environment can be introduced via stochastic models with perturbations. In such
manner, complex phenomena under perturbations in analytical mechanics, control
theory, population dynamics or financial models, can be compared and approxi-
mated by appropriate unperturbed models of a simpler structure, i.e. the problems
are translated on more simple and familiar cases which are easier to solve and
investigate (see [1-3] for example). Problem of additively perturbed backward
stochastic differential equations is analysed by Jankovié, M. Jovanovi¢, J. Dordevié
in [4], while generally perturbed reflected backward stochastic differential equa-
tions are already observed by Pordevi¢ and Jankovié¢ in [5]. Topic of this chapter is
additive type of perturbations for reflected backward stochastic differential equa-
tions as a special type of mention general problem for reflected backward stochastic
differential equations, and a more general one than the additive perturbation
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problem for simple backward stochastic differential equations. Finer and more
precise estimates are deduced and generalizations emphasised.

Backward stochastic differential equations (BSDEs for short) was introduced and
developed by Pardoux and Peng [6-8] in the 90s. Notation of nonlinear BSDE and
proof of the existence and uniqueness of adapted solutions is given in their fundamental
paper [6]. After that, many applications incited to introduction various types of BSDEs,
in mathematical problems in finance (see [9]), stochastic control and stochastic games
(see [10, 11]), stochastic partial differential equations, semi-linear parabolic partial
differential equations (PDEs) (see [8, 12]) etc. (for further reading see also [13-17]).

Type of RBSDEs which is observed in this chapter have been first introduced in
literature by El-Karoui et al. in [18]. Introduced RBSDEs with one lower barrier has
following form,

T T
Yi=¢+ J f(s,Y,Z)ds + Kr — K; — J Z.dBs, 0<t<T,
t . t (1)
Yi>L,, t< Tandj (Y, —L)dK, =0 P—as,
0

where one of the components of the solution is forced to stay above a given
barrier/obstacle process L = {L;,t € [0, T]}. The solution is a triple of adapted pro-
cesses {(Y, Z;,K;),t € [0, T|} which satisfies Eq. (1). The process K = {K;,£ € [0, T|}
is nondecreasing and its purpose is to push upward the state process Y =
{Y;,t€[0, T]} in order to keep it above the obstacle L.

As it was already mentioned, RBSDEs are connected with a wide range of applica-
tions within which, the pricing of American options (constrained or not) in markets is
most famous one. Further, the important applications of RBSDEs are in mixed control
problems, partial differential variational inequalities, real options (see [9, 18-21] and
the references therein) etc. El-Karoui et al. proved in [18] the existence and unique-
ness of the solution to Eq. (1) under conditions of square integrability of the data and
Lipschitz property for the coefficient (also called driver) f. Field of RBSDEs is
developing in two directions, some authors deal with the issue of the existence and
uniqueness results for RBSDEs under weaker assumptions (than the ones in [6] which
are for the general BSDEs), while others are introducing some new types of those
equations by adding jumps, introducing second barrier etc.

Systematization of the papers which are done in the framework of RBSDEs can
be found in paper [5] by Pordevi¢ and Jankovié.

Recently, Hamédene and Popier in [22] proved that if &, sup, ¢ o 1 (L}) and

fOT [f (¢, 0, 0)|dt belong to L? for some p €1, 2[, then RBSDE (1) with one reflecting
barrier associated with ( f, £, L) has a unique solution. Aman gave [23] a similar
result for a class of generalized RBSDEs with Lipschitz condition on the coefficients,
and he extended these results under non-Lipschitz condition in his paper [24].
There are several papers by Hamadéne [25] and Hamadéne and Ouknine [26],
Matoussi [27], Lepeltier and Xu [28] and Ren ez al. [29, 30] in which authors
emphasise the significance of the case when the data are from L? for some p €]1,2].

The aim of this chapter is a study Eq. (1) if the terminal condition £ and
generator f are p-integrable, p € |1, 2[. Regarding that in several applications such as
in finance, control, games, PDEs, etc., data are not square integrable, and the
influence of some random external factors on the system can be seen as perturba-
tions of the solution of Eq.(1), it is natural to introduced additive perturbation in
the parameters of equation &, f and barrier process L, in order to better describe the
change of the system and find some measurement for the change.

This chapter is organized in following way; In Section 2 elementary notations,
definitions and preliminary results regarding RBSDEs are introduced. Next section
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is dedicated to the formulation of the main problem, i.e. problem of additively
perturbed RBSDEs with one lower obstacle is stated. Together with the set up for
the problem, some auxiliary estimates are proved in this section. In Section 4,
conditions under which the solutions are stable are given, and estimates for the
stability are derived. Section 5 contains the most interesting result, i.e. the estima-
tion of a time interval for a given closeness of the solutions. The chapter is finished
with the Section 6, Conclusions remarks, where the highlights of the chapter are
emphasised and ideas and open problems for the future research are stated.

2. Preliminaries

All random variables and processes are defined on a filtered probability space
(Q, F, F¢, P), where {F;,t €[0, T]} is a natural filtration of a standard d-dimen-
sional Brownian motion B = {B;,t € [0, T|}, that is, it is right continuous and
complete. Also, all stochastic processes are defined for ¢ € [0, T], where T is a
positive, fixed, real constant, and they take values in R” for some positive integer #.
ForanykeNandx e R*, |x| denotes the Euclidean norm of x.

Further, for any real constant p €1, 2], we recall on standard notations which
will be used:

i. & (R) is the set of R-valued, adapted and continuous processes
{X:,t€[0, T]} such that

IXllg =E

r
sup [, | <oo.
te[0,T]

The space & (R) endowed with the norm ||-||g is a Banach type.

ii. MP? is the set of predictable processes {Z;,t € [0, T]} with values in R? such

that
T 5
(J |Zt|2dt>1 < oo.
0

Likewise, M?(R") endowed with the norm ||-|| ,» is a Banach space.

=

Xl aw =E

iii. The space & x M? will be denoted by B?.

Let £ be an R-valued and F7-measurable random variable and let a random
function f : [0, T] x Q x R x RY — R be measurable with respect to P x B(R)x
B (Rd) , where P denotes the o-field of progressive subsets of [0, T| x €, while

L:={L;,t€[0,T]} is a continuous progressively measurable R-valued process.
The following hypothesis are introduced for &,f and L:
(Hy) £€LP(Q).
(Hz)

i. The process { f(¢,0,0),t [0, T|} satisfies E(fOT|f(t, 0, 0)\dt>p < 003

ii. (ii) (Lipschitz condition) there exists a constant k£ > 0 such that for all
te[0,T], (y,2), (y',2') €R x RY,
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If (t:3,2) —f (65,2 <k(ly —y'| + |z —2'|).
(H3) The barrier process L satisfies:
i.Lr<§
i LT:=Lv0eS(R).

The definition of the unique solution to Eq. (1), associated with the triple
(&,f,L), and the existence and uniqueness theorem under Lipschitz condition are
given in [22].

Definition 1

I.(Existence of the solution.) The triple {(Y;,Z;, K;),t €10, T]} is an L?-solution
to RBSDE (1) with a continuous lower reflecting barrier L, terminal condition
¢ and drift/generator/driver f if:

1.{(Y:,Z;),t €[0, T]} belongs to B;

2.K = {K;,t €[0, T]} is an adapted continuous nondecreasing process such
that Ko = 0 and Krel?(Q);

3.Y, =&+ ['f(s, Y., Z)ds + Kr — K, — [ Z,dB,as.,t€[0,T];

4-Yt ZLt,tE [O,T};
5. 00 (Y, —L)dK, = 0 P—a.s.

II. (Uniqueness of the solution.) The triple {(Y;,Z;, K;),t € [0, T|} is a unique L?-
solution to RBSDE (1) if for any other solution {(Y;,Z;,K;),t € [0, T]}, the
following holds,

Iv: = Yillg =0, |2 =2l =0, [|K: =Keflg = 0. @
Proposition 1 [Hamédene, Popier [22]] Let (H;) — (H3) hold for &,f and L.

Then, RBSDE (1) with one continuous lower reflecting barrier L associated with

(&,f,L) has a unique L -solution, p €1, 2], i.e. there exists a triple of processes

{(Y:,Z;,K,),t €0, T|} satisfying Definition 1.

The following lemma is well known result and it is widely used in stability
estimates.

Lemma 1 [Hameédene, Popier [22]] Assume that (Y,Z) € # is a solution of the
equation

T T
Y, :§+Jf(s,YS,ZS)ds+AT—At—J Z.dB,, t€[0,T],

t t

where:
i. f is a function satisfying the previous assumptions;

ii. The process {A;,t €0, T]} is P — a.s. of bounded variation.
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Then, for any 0 <t <u < T it follows that
Yl )| 1V 21y, ol P
t
U
<IVP p| IV Tda,
t

U U
erJ Y PV f (s, Yoo Z,) ds — pJ Y|PV, Z,dB,
t t

where ¢(p) = p(p;l) and j = 75140

When the model of some phenomenon is described by RBSDE, than, some
change of the system can be treated as additive perturbation of the initial equation.
The size of the change could be estimated as the difference between the solutions of
the initial equation and the perturbed one. In view of this direction, together with
Eq. (1), we study the following perturbed RBSDE,

T T
Y, =¢& +J Fe(s, Y5, 28, ) ds + K& — K& — J Z:dB,, 0 te[0,T],
t r t (3)
Ye>LE, t<Tand J (Ye—Lf)dKE =0, P—as,
0

where £, f© and the barrier L are defined as &,f and L, respectively, they
depend on a small parameter ¢ € (0, 1), and they are of a special additive form

& =E+p(T,e),

fe(t,}’)z, 8) :f(t,y,z) + a(t,y,z, 8),

For a given ( f*, &, L¢), a triple of adapted processes { (Y%,Z{,K¢),t€[0,T]} isa
solution to Eq. (3). In the sequel Eq. (1) will be named the unperturbed equation,
while Eq. (3) a additively perturbed one. It is usually expected that the additively
perturbed Eq. (3) is more general and more complexed than the unperturbed one.
Furthermore, it is obvious that in case when f(¢) = a(t,y,2,¢) =17 = 0, additively
perturbed equation reduces to unperturbed equation. This fact is a basic motivation
for us to introduce conditions guaranteeing the closeness of the solutions of the
additively perturbed and unperturbed equations in the L?-sense, and to estimate the
conditions for the additive parameters in order for the solutions of these equations
to stay close in the L”-sense in some way.

After basic notations, definitions and results are present, the formulation of the
main problem is given in following section.

3. Formulation of the problem of additively perturbed RBSDEs with one
lower obstacle & and auxiliary results

In order to deduce estimates for the closeness of the solutions of additively
perturbed and unperturbed equations, following assumptions are introduced,;

(A0) For the additional part in final condition of perturbed equation (T, ¢),
such that & = ¢+ (T, ¢), while &, £ € LP (Q), there exists a non-random function
pi(e),e€(0,1), such that

EIB(T,e)]” <ps(e).
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(A1) For the additional part in the generator/driver integral, a(z,y,z2, €), there
exists a non-random function a;(¢), € € (0, 1), such that

sup la(t, y,2,€)| <ai(e) as.
(t,y,2) €0, T|xBF

(A2) For the additional part in barrier processes I;, there exists a non-random
function [;(¢), e € (0, 1), such that

E sup | <li(e).
te[0,T]

We give first an auxiliary result for the stability of the solutions which we will
use to prove main result.

Proposition 2 Let p €11, 2[ and let {(Y;,Z;, K;),t €0, T]} and
{(v:,Z¢,K¢),t€[0,T]} be the solutions to additively unperturbed and perturbed

Egs. (1) and (3), respectively. Let also assumptions (LA0) — (A2) and conditions
(Hy) — (H3) be satisfied. Then,

E|Y: - Y[ <Cie T, tel0,T], 4)

2 p—1 N 1
wherec; =p — 1+ pk +% and C; = By(e) + i (e) T+ 1] () (E’I(T‘p>p.
Proof: Let us denote for t € [0, T the differences of the processes of the solutions,

Y, =YY, Z=Z'—-Z;, K,=K:—K,.

If we subtract Egs. (1) and (3), we obtain

T T
als, Y8, Z¢, e)ds + Ky — K, — J Z.dB,, te|0,T). (5)

t

Y, = B(T, ) +J

t
Applying Lemma 1 on ’Yt |p, we have
Y2 T o p—2 ~ 12
|Yt’ +C(Z”)J |Y:| 1?,750’25‘ ds
t
T
<|B(T, &)l +pj " s (V) (s, Y2, 25, €) ds

t

Y, |p71 sgn (?S)ZSdBS

T . . T
erj [Y|" sgn (Y,)d(AK;) fpj
t t
T oo
<|B(T,e)f +pJ Y[ lals, Y6, 28 €) |ds (6)
t
T T
+ka \Y[" 1Y — Y| ds +ka Y. [" 1z — Z\ds
t t
T . X T o
+pJ ’Y;‘ sgn (Ys)d(AKS) —pJ ‘Ysl sgn (YS)ZSdBS
t t
T
=|B(T, &) +I1(z) +ka |V["ds + L(t) + I5(t) + La(2),
t
where I;(t),i = 1,2, 3, 4 are the appropriate integrals. In order to estimate I (),
we apply the elementary inequality a? b < 1%1611’ + %bp ,a,b >0 and assumption

(A1). Then,
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T p-1 e rze
Il(t):pj Y| la(s, Y, 28, )| ds

S @)
S(p—l)J 9, ds + & (e)(T —¢).

In order to estimate I>(t), we use the elementary inequality 2ab < % + 20,

pk
L)< 22 J]Y\der Jm EI AP

wherec¢(p) =p(p —1)/2.

For estimation of member I3(t), we will use mapping (x,a) — 0(x,a) =
e — alf 1 sq(x — a), (x,a) €R x R. Function x — 6(x,a) is non-decreasing, while
the function @ — 6(x,a) is non-increasing. As it is known, I = L¢ — L, and since
Y;>L:,Y,>L,, then

T
Vo[ sgn (V,)d(AK,)

~ T..,
=p| OV Yo ye_yydK — th O(Y:, Yoy, dK,

T
< W= L gy (0~ L) = 8 = LTy (5 - L)

T 1 .
=p| K" d(K).
t
(8)

Substituting estimates for I;(t),i = 1,2, 3 in in (6), we obtain

7l + 2[5 1y s

k2
<IB(T, &)l + <p ~1+pk +pp—>J 7, |pds+pj 1Pk,
+a (€)(T —t) + L4(2).
Taking expectation on last inequality, and taking into account that expectation
of I, is 0, we have
5 i v
EV <pie) + ()T +1 () (B[R )
k2 T
+lp—1+pk +P— J E’Y;‘pds‘
r-1))

As K7,K5 € LP(Q), it follows that E ]K T ‘p < 0. So (4) holds straightforwardly by

applying the Gronwall-Bellman inequality ([31], Theorem 1.5):
Let u(¢) be a continuous function in [a b],f (¢) be Riemann integrable function in

[2,b] and ¢ = const > 0. If u(t) = +cft s)ds,t €la,b], then u(t) <f(t) +
cftbf(s)e”(H> ds,t €la,b).
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The theorem is proved.

For the introduced problem, conditions for the stability of the solutions and
estimates for the stability of the solutions are derived In next section.

4. Stability estimates for additive perturbations

For the estimate of L?-difference between the solutions to Egs. (1) and (3), the
LP-stability of the solution to Eq. (1) is necessary.

Following theorem provides the result, that in case of small additive perturba-
tions case, we can expect that the difference of the solutions of perturbed and
unperturbed equations tends to zero, when the perturbations are sufficiently small.

Theorem 1 Let all the conditions of Proposition 2 be satisfied and let the func-
tions (&), a1(€),l1(e) tend to zero as ¢ tends to zero, uniformly in ¢ € [0, T]. Then it
follows that

E sup ‘Yf—Yt‘p — 0, e—0,
te[0,T)

T , \?
E(J |zt — Z| ds) — 0,e — 0,
0

E sup E|Kf — K,/ -0, e— 0.
te[0,T]

Proof: Let us define

$(e) = max {ﬂl, (), (¢), f}*}e)}. (9

1
From Proposition 2, we have that C; <¢(¢) C,whereC=1+T + (E ‘I%T ‘p )P

and, therefore,
E|V.f <p(e)Cer T, telo,T).
Since ¢(¢) — 0 as € — 0, then for every ¢y €[0, T,

sup E|V,[" <¢(e)CerT™) — 0, ¢— 0. (10)

t € [to, T)

In order to estimate the L?-closeness between the processes Z; and Z¢(t), as well
as K; and K*(T), we need estimate Esup, . 0,7] |17t ” that is to estimate I4(t). By
applying the Burkholder-Davis-Guandy inequality [32] and Young inequality,

u v <au + (1 - a@)v,v>0,a€[0,1], we have

T. -2, 2 :
E sup 14(t)54\f2pE(J Y. [" 7|z ds>
to

t € [to, T)

1
2

T
smpE( sup |7 |ﬁr”|zs|2ds)
to

t€to, T)

oop T . =215 |2
<ZE sup |Y,| +16p2EJ |Yo|" °|Z| ds.
to

t € [to, T)

N =
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We can conclude that

E sup ‘Yt’p p (e )Ce”l (T—to) (11)

E sup I4(t)< = up )
t € to,

t€[to, T)

2

It follows that

T
E sup |Yt’ < E sup |Y|p qb(e)é'e“(T_tO)—l—clJ E|V,[ds + p(e)C

l‘E l‘o tE to (p) to
Hence,
& 1P A | ei(T—to) 32p° _
E sup |V, <2¢(e)C [T (14 =21 ) + 1| = ¢p(e)Aa(to)s (12)
t€[to, T) (1”)

where A1(2o) is a generic positive constant. By the assumption of the theorem,
¢(e) — as e — 0, then Esup, o, T] |f/} |p — 0,as & — 0. The desired estimate holds if

we take tg = 0.
Now we can estimate the other two parts.
For everyi€{0,1,2, ... } and arbitrary t € [0, T}, let us define stopping times

T = inf{tE[O T] J ||ZH d5>z}/\T

Clearly, ;M T a.s. wheni — oo. If we apply the Ito formula to e‘ktﬁ} |2, t € [to, 71,
we find that

¥ [* + rek‘|Z|2ds

to

_ ekri ’?Ti ’2 n Jri

to

&Y, [205(5, Yf,Zf,s) - qu + 2J igkf?sdf(S _ 2J iek‘?ZSdB:
to

to

e 2 AT
=Y, [T+ 4T, —zj Y, Z.dB,
to

(13)
where estimates J; and ], are the appropriate integrals. For 4; > 0 that
Ji= ZJ e’“f/:a(s, Ye,ZE e)ds — kJ e’“f’fds
to to
<2 sup ¥V |a(e)(T —to) — kJ ek‘?fds (14)
s € [to, i) to

<1 sup |0 a(r - rfadte) k[ 7 Pas
to

1 sE [to,‘l.',‘]
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Similarly, for 4, > 0,

J ksy dK, < 2 sup eksll?sljidfﬁ
Se[to,‘t,‘] to
1 no\?
— sup esz]Y| + A (J dKS> (15)
ﬂ € lto, 71 to
- sup e |V,|" + (K, - K,,)".
2256[1‘0 T,]
Also,
“ . 2 R R 'Ti T,A 2
(K, —Kpy)” = (Yfi -Y, —J a(s,YE,Z¢, e) ds +J stBS>
to to
2 s 2 T 2 RS z
<4V |+ Y|+ J a(s, Y, Z8 ) Lorpny ds| + JZ;dBS ]
to to
A2 A2 %, 2
<AV + |V | + 2T —t0)cd(e) + JZSdBS
to

(16)
Substituting (14), (15) and (16) in (13) yields

u—4b|%|+j |2, ds

to
a7, (1 l) 2kes f/sz
< (e +4n) |7 + (5 ") SRS "

2 T R T “
- 2J &Y Z,dB, — kJ ekS]YS\st + (A1 + 84)(T — t0) A2 (e).
Lo 11

0

+44;

J ZZ dBs
to
It follows that

JﬂyZ!zdss ( ki 440, + L 1 N 1) sup eZkSWs|2
to /1 /12

sE [to, Tl']
44, J ’Z;st — 2J *V.Z.dB, (17)
to to
i .2
—kJ |V, ds + (A + 84)(T — to) o (e).
to
The last inequality can be written as
7 2 O
J ‘Z ‘ ds<cy(to) sup ‘Y | + 43 J ZdB;| — ZJ &Y, Z.dB,
s € [to, 7] to (18)

+(21 + 8%)(T —to)*ai(e),

where

! +l —k( —to):|€2kT.

02(to) = { T4 4, T
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By applying the inequality (Z;ilai)k <(mk1v1)> " 4k, a;>0,k>0on (18)
and by taking expectation, we obtain

T 2 }% P ~op r .2 v
E J \Z|"ds | <c3(t0)E sup |V, +4243E
to

SsE [to,‘[i]

J 'Z.dB,

to

,i (19)
i + (/11 + 8/12)

P
2

12E

J 7.2, dB,

to

(T — o) p(e).

It is left to estimate two integrals with respect to Brownian motion, which will be
done by applying the Burkholder-Davis-Guandy inequality,

4 Ti oo £
gcpE(J || ds> ;

) 7 5

([iwrizra)]
to

- RN
<c3E sup ’Yt| +/13(J ‘Z;‘ ds) R

S [l‘o, ‘[i] to

E

J 'Z.dB,

to

4

2
%E <G 2T E

J 7.2, dB,

to

where 13> 0, ¢3 = %C%ZP_zeka, and C, = (32/p)"/* and G = (64/p)'/* are the

universal constants. Substituting previous estimates in (19), it follows that

, v - v
E(J |Z;|2ds)2§c%(to)E sup |17S]p+4%/1%CpE(J ]Zslzdsy
to to

se [tg, ‘r,v]

- PER

+c3E sup |V +/13E(J \Zi| ds>
SE[to,Ti] to

p

2

+(41 + 82)%(T —to F p(e),

ie.

. r
(1- 445G, - /13)E<J |ZS|2dS)Z
to

< (c%(to) +63)E sup |1A/s’p + (A1 + 812)%(T —top(e).

sE [tO:Ti]

(20)

The constants 1,, A3 can be chosen such that 1 — 4%1%6’}, — A3 >0, then, from (12)
and (20) it follows that

P
w2\ (Cé(tO)+03>A1(to)+(il+812)
E(J 1z ds) < "
to 1-44C, — 13
= As(to) p(e),

P
2

(T — t())p

¢(e) (21)

where A;(to) is a positive generic constant. By the Fatou’s Lemma,

T 5 \?
E<J \Z| ds> —0, &¢—0.
to

Then, second estimate holds if we take £y = 0.
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It is left to estimate the difference between the processes K and K*. From (5), we have

N N T
K; :ﬂ<T;€> - Yt+J

t

T
als, Y4, Z5 ) ds — J Z,dB, + Kr.

t

In view of (12) and (21), we derive that

E sup |Rt ’p
t€[to, T)
A T 12
<SP W E|B(T,e)f +E sup |Yt|p + J als,Y:,Z¢, €)ds
tE[to,T] to (22)
T V2 .
+E sup J Z,dB; JrE‘KT’p
t€to, T|1JE
< {1+ Aulto) + (T~ )% + Cyalto) fp(e) + 9 E[R "
Since
A A~ T TA
Kr=Yo—pB(T,e) — J a(s, Y5, Z8, e)ds + J ZdB,
0 0
in accordance with the last estimate, we have that
R R T 4 T r
E|Kr|" <477 |E|Yo|" +E|B(T,e)f +E J als,Y¢,Z5,e)ds| +E J Z,dB;
0 0

<41 [éeflT +14 T +A2(0)} b(e).
Hence, it follows from that there exists a generic constant A3(¢o) > 0 such that

E sup K| <As(to)p(e) — 0, &— 0. (23)
te[0,T]

Then, the last estimate of the theorem holds if we take £y = 0, which completes
the proof.

*

In this section complete proof for the stability of the solutions is given, which as
a strong result and it enable us to estimate the time interval for a given closeness of
the solutions. This result is proved in next section.

5. Time interval for a given closeness of the solutions

Theorem 1 provides that the state processes Y; and Y, the control processes Z;
and Z;, as well as K* and K could be arbitrarily close for ¢ sufficiently small. Le., if
perturbations are small enough, closeness of the solutions can be provided. But,
from the perspective of applications and modelling, it is usually important to study
the closeness between Y7 and Y; near to the terminal values & and £. Per example,
for the application in pricing American options, an agent would be interested how
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will the price behave near the exercise time. It is interesting and useful to find the
time interval on which we could preserve the wanted closeness, i.e. that for some
permissible a > 0 and ¢ sufficiently small, find #(a) = £ € [0, T so that the rate of the
closeness between Y; and Y; does not exceed 4 on [t, T]. Even-more, estimate of the
closeness between the control processes Z; and Z; on [t, T| can be estimated.

Theorem 2 Let all the conditions of Theorem 1 hold. Also, let the function
¢(e),e€(0,1) defined with (9) be continuous and monotone increasing. Then, for
an arbitrary constant a > 0 and ¢ € (0, ® !(a)], there exists f € [0, T}, where

such that
sup E|Y: -V, <a, (24)
te[i,T]
T £
E(J 2 ds> <A (o), (25)
E sup K| <As@)dle), (26)
te[E,T]

and A, (f) and As(f) are constants defined in (21) and (23), respectively.
Proof: Let us introduce function S(e, T —t),t € [0, T}, such that

S(e, T —t) = ¢p(e) Cer T,

where ¢; is given in Proposition 1 and C in Theorem 1. For an arbitrary a > 0, it
must be

S(e,0)<a<S(e, T),

that is,

Since ¢(e) decreases if ¢ decreases, it follows that

e =¢ ! (é;1T> <e<g! (%) = &,

where ¢! is the inverse function of ¢. For every ¢ € [e1, €], it is now easy to
determine ¢ from the relation S(e, T —t) = a, that is,

Ife€(0,61), thena>S(e, T). If e €(0, &), let us take

f = max {0,t} = max O,T—lln Tt
1 ¢e)C
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Hence, for every € € (0, ¢;), it is easy to see that

sup E|Y: - Y[ <S(¢, T —7) =a.
te[E,T}

Clearly, 1T asete;and £ 0 as €l ¢, thatis, £ 0 as €| 0.
*

This section illustrates the most important result of the chapter. Indeed, estimate
of a time interval, for the given, precise closeness of the solutions is very important
in the applications. Per example, if some random observation is modelled by
RBSDE, and its behaviour (value) on fixed time T is familiar, as well as its change
up to some other value in capital moment, and if the driver of the model is supposed
to linearly change, it is interesting to estimate the time interval on which we could.
“control” the observations, i.e. under which our change under linearisation of final
value and the drift will remain within the boundaries we impose.

6. Conclusions and remarks

It should be noted that this is a special case of generally perturbed problem
observed by Dordevi¢ and Jankovi¢ in [5], but we have provided and explicit,
concrete estimates for the additive type of perturbations. Interesting in this case
also is, that even-though we introduce the hypothesis (H2), i.e. Lipschitz condition
for the drift/driver/generator function, this hypothesis is not explicitly used in the
estimates for perturbations. It is necessary to have it in order to have the existence
of the solutions for perturbed and unperturbed equations, but it is not necessary for
the perturbation estimates with the given assumptions (A0)-(.A2). It follows that
results from this chapter can be generalized in several ways:

Lassumption (A1) can be weaken in the sense that it can be per example of the
form:

i. Lipschitz condition

2 2
a(t,y,z,€) — a(t,y;,%1,€)| SL(U -yl +l= le||2) +a1(t, ), as.
for some Lipschitz constant L and nonrandom function a4 (z, €).

ii. Non-Lipschitz condition.

There exist constants C > 0 such that for any (w,t) €Q x [0, T] and
(y1521)> (v522) eR* x R¥,

’a(t,yl,zl,e) - a(t»J’2’Z2’E)|2 Sp(t, b’1 _J’2|2) + Cllz1 _ZZH2 + ai(t, €),

where p : [0, T] x Rt — R satisfies: For fixed r € [0, T}, p(z, ) is: a concave
and non-decreasing function with p(z, 0) = 0;

o for fixed u, fgp(t, u)dt < oo

e for any M > 0, the ODE
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u' = —-Mp(t,u), u(T)=0
has a unique solution «(t) = 0, t €0, T].
iii. Linear growth condition
la(t,y,z, )| <K(|y|+|z]]) + a1(t, &), as.

for some constant K and nonrandom function a;(t, €).

In all alternatives, further assumption is that there exist nonrandom function
a(¢) such that

sup a(t,e) = a(e).
te[0,T]

I1.Conditions of existence and uniqueness of the solutions of perturbed and
unperturbed equations can be generalized in a sense for the driver f, f, of
Egs. (1) and (3) to satisfy some of mentioned conditions: non-Lipschitz or
linear growth one. In this manner, these assumptions would hold for the
additional function « in the perturbed driver also.

In the case when we change the initial conditions and assumptions, the steps will
be similar, while the main inequality at the end of the estimates will be established
by applying Bihari inequality and not Gronwall-Bellman one.
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Chapter 10

On Some Important Ordinary
Ditferential Equations of Dynamic
Economics

Anastasios Tsoularis

Abstract

Mathematical modeling in economics became central to economic theory during
the decade of the Second World War. The leading figure in that period was Paul
Anthony Samuelson whose 1947 book, Foundations of Economic Analysis, formalized
the problem of dynamic analysis in economics. In this brief chapter some seminal
applications of differential equations in economic growth, capital and business trade
cycles are outlined in deterministic setting. Chaos and bifurcations in economic
dynamics are not considered. Explicit analytical solutions are presented only in rela-
tively straightforward cases and in more complicated cases a path to the solution is
outlined. Differential equations in modern dynamic economic modeling are exten-
sions and modifications of these classical works. Finally we would like to stress that the
differential equations presented in this chapter are of the “stand-alone” type in that
they were solely introduced to model economic growth and trade cycles. Partial
differential equations such as those which arise in related fields, like Bioeconomics and
Differential Games, from optimizing the Hamiltonian of the problem, and stochastic
differential equations of Finance and Macroeconomics are not considered here.

Keywords: Walrassian condition, Marshallian condition, homogeneous function,
Cobb-Douglas form, endogenous growth

1. Introduction

Ordinary differential equations are ubiquitous in the physical sciences and are
fundamental for the understanding of complex engineering systems [1]. In eco-
nomics they are used to model for instance, economic growth, gross domestic
product, consumption, income and investment whereas in finance stochastic dif-
ferential equations are indispensable in modeling asset price dynamics and option
pricing. The vast majority of the ordinary differential equations in economic are
autonomous differential equations or difference equations, where time is an
implicit variable, whereas the more difficult to solve delay (differential-difference)
equations have received much less attention. Difference equations seem a more
natural choice of modeling economic processes as key economic variables are mon-
itored at discrete time units but they can present significant complications in their
asymptotic behavior and are thus more difficult to analyse. Differential equations
on the other hand, can be more amenable to asymptotic stability analysis. Partial
differential equations, usually of the second order, for functions of at least two
variables arise naturally in modern macroeconomics from solving an optimization
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problem formulated in a stochastic setting and in optimal control theory. Two books
that are recommended for delving deeper into the- economic applications of differ-
ential equations are the introductory one by Gandolfo [2] and the more advanced by
Brock and Malliaris [3]. Both books are excellent sources for ordinary differential
equations in economic dynamics. A more recent book which requires strong math-
ematical background is by Acemoglu [4].

2. Some differential equations of neoclassical growth theory and
business cycles

Some of the most important differential equations developed by economists
during a period spanning over sixty years are presented in this section. Most of them
beginning with Solow’s development of a growth model, which was partly moti-
vated by the works of Harrod and Domar, are models from Neoclassical Growth
Theory. The main postulate of Neoclassical Growth Theory is that economic growth is
driven by three elements: labour, capital, and technology. Economic growth is an
important topic in economics and Solow’s growth model is the first topic taught in
undergraduate economics because of its underlying simplicity and importance as
argued by Acemoglu [5]. The differential equation by Samuelson is concerned with
demand and supply scenarios. Phillips’ work is the earliest attempt to employ clas-
sical feedback control theory in order to steer a national economy towards a desired
target. The remaining works are differential equations with time lags inherently
present in production and capital accumulation. Due to space limitations, the expo-
sition is somewhat uneven with full mathematical analyses of most models and
cursory treatments of those with time lags. The choice of the differential equations
presented in this chapter is a judicious one, the list is by no means exhaustive, but is
meant to afford a glimpse into how the mathematical thinking of some famous
economists has influenced the economic growth theory in the twentieth century.

2.1 Harrod-Domar

The Harrod-Domar model was developed independently by Roy Harrod [6] and
Evsey Domar [7] to analyze business cycles originally but later was used to explain
an economy’s growth rate through savings and capital productivity. Output, Y, isa
function of capital stock, K, Y = F(K), and the marginal productivity, 4 = ¢ =
constant. The model postulates that the output growth rate is given by

1dy

2 -5,
var  *

where s is the savings rate, and § the capital depreciation rate. The straightfor-
ward solution,

Y(t) = Yoel ok,

clearly demonstrates that increasing investment through savings and productiv-
ity boosts economic growth but does not take into account labour input and
population size.

2.2 Samuelson

In his 1941 Paul Samuelson [8] paper employed simple differential equations
to investigate the stability of equilibrium for several demand-supply scenarios.
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The simplest stability analysis was carried out under the Walrasian and Marshallian
assumptions. In the former price increases (decreases) if excess demand is positive
(negative), whereas in the latter quantity increases (decreases) if excess demand
price is positive (negative). Excess demand is the difference between the quantity
that buyers are willing to buy and the quantity that suppliers are willing to supply at
the same price. Excess demand price is the difference between the price that buyers
are willing to pay for a given quantity and the price required by the suppliers.

Let D(p, @) and S(p) denote the demand and supply functions of price, p,
respectively with o a shift parameter representing “taste”. At equilibrium, price, p*,
and quantity, g *, are given by

q" =D(p",0) =S(p*)
oD oD

— >0, — <0.
oo op

It is the task of comparative statics to show the determination of the equilibrium
values of price and quantity and their sensitivity on the “taste” parameter, a.
The dynamic formulation of the Walrasian assumption is

W _ F(D@) - 50).£(0) = 0,£(0) >0.

Retaining the first order term in a Taylor series expansion near the equilibrium,
p*, we obtain the following linear differential equation

dp  (dD dS .
b (a), v

with solution for an initial price, p,,

a dD _dS
p&)=p* + (p* —po)e Ot(dp d>

The equilibrium is stable if (”fi—?) < (g—;) . Price must rise when demand
p* p*

increases.
The dynamic formulation of the Marshallian assumption is

0 g(pla) ~ ps(0)):£(0) = 0,¢/(0)>0.

Neglecting high order terms and using the trivial elementary calculus result,

dpp _ 1 dps _ 1 :
ZDb — 4 =S — L we obtain
et A

o 1 1
q4t) =q* +(q" —qo) exp bot<@—@>
dp dp q*

The equilibrium is stable if (é) < (d_1s> . Quantity supplied must rise when
@) 4 7

p dp
demand increases, while the change in price is dependent upon the algebraic sign of
the supply curve’s slope.
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2.3 Solow

Robert Solow [9] proposed a growth equation incorporating production, capital
growth and growth in the labour force absent from the Harrod-Domar model.

i. Production function: = F(K, L), the quantity of goods by K units of capital
and L units of labour at time ¢. In a closed economy where all output is
invested or consumed,

Y() =C()+ 1),

where C(¢) and I(¢) are the consumption and investment functions respectively.
An important assumption of the model are the Inada conditions [10]

oF oF 0*F *F

1 05 37 0, — O, ) 0.
oK~ oL~ oK? < dL? <
In the limits.
. OF . OF . OF . OF
i og = o lim op = oo lim 5 = 0, Jim 5= 0.

The Inada conditions ensure that F is strictly concave with slope decreasing from
infinity to zero.

The function F is linearly homogeneous of degree 1in K and L (in economic
terms this is known as constant returns to scale, increasing capital and labour by a
certain amount, results in a proportional rise of production) if

Y = F(aK,aL) = aF (K, L),Va > 0.

In particular, choosing a = £ and set y = ¥,k = X, representing the output and
capital per worker respectively

%:y F(IZ<1) — f (k).

The production function is expressed in terms of a unit of labour and the capital
to labour ratio. The assumption of constant returns to scale allows the simplified
function, f(k).

ii. Growth of Capital in Economy: The growth of the capital stock, K, is
equivalent to growth in investment, I, which is used to increase capital
subject to depreciation. Depreciation of capital stock will be accounted for so
that I is essentially

investment = rate of change of capital + capital depreciation rate

or

I(t) = % + 6K (t),

where 6 is the constant capital depreciation rate.
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Letting ¢(¢) and i(¢) denote the consumption and investment per labour unit

o) =it =1,
J’(t)=c(t)+i(t)zc(t)+%ﬂ%+5kzc(t)+0%+ (M%Z_ﬁ)k'

ili. Growth of the Labour Force with full employment: The assumption in the
labour market is that the labour supply is equivalent to the population. There
is no unemployment and the growth of labour as function of time follows an
exponential growth pattern:

L= Loe"t.
The fundamental differential equation of economic growth is then

% = f(k) — (6 +n)k — c(t).

The differential equations and production functions outlined in these three
assumptions are the fundamental elements for Solow’s basic differential equation.
In Solow’s paper, a constant fraction of income is allocated to savings, in particular,

=y(t) —c(t) =f(k) — (1 —s)f (k) = sf (k), so that

dk
%:sf(k) —(6+n)k.

The equilibrium solution to the basic differential equation is found from sf (k) =
(6 + n)k. A well-known function is the Cobb-Douglas production function, Y(K,L) =
aK’L'"?,0 < f <1, where § is the elasticity of output, X 2, with respect to capital. The
use of the Cobb-Douglas production function is justified because it exhibits constant
returns to scale: If capital and labour are both increased by the same factor, 1> 1, output

will be increased by exactly the same proportion, Y (K, L) = A(aK”L'"*) . Also the

marginal product, % , %, diminishes as either K or L increases since gj—g <0, 3%/ <0.
Introduce (k) = a(%)ﬂ = ak”, so the differential equation becomes

dk

— =sakl — (5 +n)k.

p (6+mn)

1
1-p

1
From% =0,k" = ((;_F—“n) ", Substituting k* = ((;_F—“n) into y = ak’, the steady

state level of per capita income is

s _ oS %
= al- .
Y S+n

The output per unit growth converges to n:

v kd "

A multiplicative factor in the form of technological progress, (t) = Aoé®, can be
introduced in the production function, so that, Y(¢) = aK(¢)’ (A(t)L(z))** and
k(t) = f%, leading to
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dk
—_—= 7z —
7 sak” — (6 +n +g)k.

The first order nonlinear differential equation has solution

=
k() = |—2 4 [k F — %G|
o+n+g o+n+g

This solution includes the solution to the labour growth only model, # = 0. The

steady state is
1
A U
o+n+g

Differentiation of % = sak” — (5 + n + g)k with respect to k at k* gives
(B —1)(6+n +g) <0, the equilibrium is stable. The steady state level of per capita
income is

a constant, since s, 6,7, are all constant.
1-5
Y(t) = aK? (AoLoe(lgTW”)t) = ak/}AoLoe(éﬁ“’)t. The output per unit growth,

1dy £
¥ ar> converges to 125 + n.

The Solow residual is the part of growth unexplained by changes in capital and
labour. For Y (¢) = aK(t)’(A(t)L(t))* "

oY 1 pdK p[dA . dL

Y _ p-1 Brq _ aL
= apK(@) AL T+ aK 0 (- HAGLE) | L) + 5 AR
The growth rate per unit output is
10Y pdK 1dL 1dA
va Ka Pttt Mg
, 1oy [pdK 1dL
Solow residual = v |k +(1- [})ZE .

A positive Solow residual would indicate a faster output growth than that of
capital and labour.

2.4 Phelps
Phelps [11] used the neoclassical growth model to address the consumption per

unit of labour at equilibrium in the so-called “golden rule”. At equilibrium with
labour force growth rate, 7, only the consumption per unit of labour is

c(t) =f(k) —nk.

For a maximum consumption per unit of labour
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dc df

2
Since % < 0, the turning point is a maximum given by % = n. The “golden rule”

concludes that the marginal output per worker must equal the growth rate of the
labour force at maximum per capita consumption.

2.5RCK

The Ramsey—Cass—Koopmans model, or RCK model, is a neoclassical model of
economic growth which differs from Solow’s model in its inclusion of consumption,
based primarily on the work of Ramsey [12], with later significant extensions by
Cass [13] and Koopmans [14].

dke
T L) = 5+ m)k —c(0).

A steady state is when c(t) =f (k) — (6 +n)k.
There is a second equation of the RCK model, the social planner‘s problem of
maximizing a social welfare function expressed by the integral

Je”’tL (Oule(t))dt = J Pty (e (1),
0 0

where p > 0 is the discount rate and #(c(t)) is a strictly increasing concave utility
function of consumption. The objective is formally stated thus

subject to

dk
4= 00— (3 + )k —c(t)
ko = k(0).

The Hamiltonian is
H(c) = e |u(e) + 2er " ( F(k) — (64 m)k — e(r))],

where 4 is the costate variable (Lagrange multiplier). From

oH ou
AN () Sty R o\
ax ¢ ac ’
ou
)= en—ri 22
¢ oc

Also for the costate variable

i oH [
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and

da L4 de

% = (n —p)ﬂ. +%Eﬂ
Hence

Pu
2 dC @C
— e _ 5
(n p)—i—%dt ak+( +n),

whence

dc % of
5—31—2[ ak”*ﬂ}

This is a nonlinear differential equation that describes the optimal evolution of
consumption, known as the Keynes-Ramsey rule. Along with the differential equa-

tion, % = f (k) — (5 + n)k — c(t), form the RCK dynamical system which does not
admit an analytical solution. At equilibrium,

(&), =2+

¢t =fk*) — (5+n)k*.

The Jacobian matrix at equilibrium,

p—n -1
ou
J= __(0f> 0
ou ok? ) i+
oc?

has eigenvalues real and opposite in sign as its determinant is
du

- (%)k* <0 (f(k) and u(c) are both concave), therefore the equilibrium is a
o

saddle point.

2.6 Romer

The growth in the Solow model is exogenous, the steady state depends on the
exogenous parameters, ,g, which are due to outside trends. In the absence of

A(t)L(t) growth cannot be maintained. The marginal product of capital, % =

apA@e) (k) =LA S s inversely proportional to the capital per labour, X. In

(£ )1 "
countries with lower capital per labour the marginal product of capital should be
higher which is not the case. The disparity could be attributed to the different g
values in A(t), which is treated as an exogenously given parameter in the Solow
model, so an explanation is lacking.
Romer [15] proposed a mathematical theory of endogenous growth based on the
following three assumptions:
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i. The production function, Y = F(K, A, L) offers increasing returns to scale,
that is F(AK, 1A, \L) > JF(K, A, L).

ii. The change in capital is identical to Solow’s model, %( =sY — 5K, wheress is the

fraction in savings, § is the exogenous capital depreciation rate. Labour, L, is
also exogenous, % = nL, and is comprises labour involved in research

technology, L4, and labour involved in the production of the final goods,
Ly,L =Ls+ Ly.

iii. Technology is exogenous and evolves in time, %4 = yLiA?,0<0<1,9 < 1.

As is evident from the three assumptions, Romer’s growth model consists of
three sectors: the research sector of ideas, the intermediate goods sector which
implements the ideas of the research sector and the final goods sector which pro-
duces the final output.

Let g, be the technology growth rate, taken to be constant along the stable path,

1 dA 0 a1
Ea T A ~ rLad”
(szdA _

d L
B4 _ o1 Lt g1y r(o —DLGAT

dt dt 0,

1 dL, 1dA
L_AW+(¢_ )ZE_O’
On+(p—1g, =0,

_ On
=14

ga

In Romer’s model, the output production function is given by

Ly\ 17
_p(Ly
r=¢(3)

and the capital dynamics is

dk Ly\*”
%:Skﬁ<%> — (n+gy+0)k.

The respective stable equilibria are

The labour involved in the production of the final goods, Ly, is determined in
Romer [15] by maximizing the net profit for the final goods sector and obtaining the

closed form expression for LL—Y = , where 7 is the interest rate, and all param-

r—n
r—n+pg,
eters are exogenous except for g, which is derived endogenously.
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A nice accessible exposition of both Solow’s and Romer’s growth models is Chu
[16]. Jones [17] argued that the predicted scale effects of Romer’s theory of growth
is inconsistent with the time-series evidence from industrialized economies and that
long-term growth depends on exogenous parameters including the rate of popula-
tion growth.

2.7 Mankiw, Romer and Weil

Mankiw, Romer and Weil [18] argued that the marginal product of capital, g%, is
lower in poorer countries is due to their deficiency in human capital. Human capital
is the accumulation of knowledge and skills achieved through training and educa-
tion, which are essential ingredients in adding economic value. The production
function is of the Cobb-Douglas type

. N l-ap _ H(t) \“( K(t) /
Y(t) = H)'K (0 (AL (D) ( pree ()) ( s ()) A()LD),

_ Y@ _( H@ (1) agf
y(”‘A(t)L(r)_ (A(r)L( )) ( ()L(t)) =R

where H(¢) is the human capital stock which depreciates at the same rate, 8, as
K(t). As in Solow’s model, a fraction of the output, sY (), is saved but in this model,
it is split between human and capital stock, s = sy + sx. The evolution of the
economy is determined by

dk o
= = sxh k' — (n +g + 6)k,
% = sphk’ — (n +g + 6)h.

The equilibrium is

. (nAg+d\T
k= Sl aga 4
K SH

1

. 1’!+g+5 atp—1

h* = 7/31/} .
SKSH

In the steady state,

_—a
ES

Yy =m+g+ 5)@“’ 1s””’ s

Introduce the transformations, x; = ki Xy = hi*, so that the equilibrium shifts to

(1,1). Then
d
%: (n +g+6)<x’l}x;’—x1>,
dx

ath: (n +g+5)<x/1}x§ —x2>.
For small deviations, &3, &, from the equilibrium the linear system
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d
% = (n+g+9)[(f— D& +aty),

% = (n+g +8)[pe + (a — 1)&,).

The eigenvalues of the Jacobian matrix,

p—1 a ]

(n+g+6)[ 5 a1

are given by the roots of the quadratic
P+ Q2-a-pit+(1-a—-p)=0.

From the production function, 1 — a — > 0. Since the sum of the eigenvalues is
a+ f —2<0, and the product is 1 — a — > 0, both roots have negative real parts
and the equilibrium point is stable.

2.8 Kaldor

Kaldor [19] presented a model of the trade cycle involving non-linear invest-
ment and saving functions that shift over time in response to capital accumulation
or decumulation so that the system moves from stable equilibrium to unstable
equilibrium to stable equilibrium again. In Kaldor’s model investment, I, and sav-
ings, S, functions are non-linear with respect to the level of activity, X, measured in
terms of employment.

Kaldor used a differential equation system with general non-linear forms.

Net investment, I, and savings, S, are functions of national income, Y, and capital
stock, K:

[=I(Y,K),
S=S(Y,K),
ol a oS oS
220, % <0, 250, % <o,
v VCak Py TV S
o _ oS
oK S K

Also growth in capital determines investment is given by

dK
= =1(V.K).

Since income will rise if investment is greater than savings, the dynamics of the
national income is captured by the differential equation

av

= = all(Y,K) = S(¥,K)],a>0.

The necessary and sufficient assumptions for the generation of a perpetual
cyclical movement are:

i. For normal income levels,
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a o
oY = oY’

ii. For extreme income levels, either low or high,
a_os
oY oYy’

iii. At equilibrium, where %€ = 0, income levels are normal.

2.9 Phillips

National governments design their expenditure policies to steer the national
economy towards a desired income. The theory of feedback control or servomech-
anisms provides the mathematical methodology of correcting deviations of the
controlled variables from their target values. Feedback policies applied to economic
stability were implemented by Phillips [20].

If Y is national income and D, is the aggregate demand then for some adjust-
ment coefficient, a > 0,

ay

E = [l(Da — Y)

A similar differential equation holds for the actual, D, and target government
demand, Dg* , with b > 0, namely,

%:b(pg —Dg).

Aggregate and government demand are related by
D, =mY + D,,

where m is the private sector’s marginal propensity to spend.
Eliminate D, to obtain
ay

pr a(m —1)Y +aD,.

Differentiate the above to obtain

d’y dy . dy . dy
Free a(m — 1)E+ab(Dg - Dg) =a(m — 1>E+ abD, +ab(m —1)Y — ba
or
d’Y dy )
-t b -s-a(l—m)}zﬁ—ab(l—m)Y—ang =0.

Phillips’ model is thus described by the linear second-order differential equation
where Y is the target variable and D, is the control variable. Investigated three

types of feedback policy:
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i. Proportional, D, = —kpY, where kp > 0. This policy does not prevent income
reduction and induces oscillations.

ii. Derivative, D,” = —kp 4Y where kp > 0. This policy does not prevent income
reduction but avoids oscillations.

t
iii. Integral, D" = —k; J Ydt, where k; > 0. This policy prevents income

reduction but can induce unstable movement.

2.10 Kalecki

Kalecki [21] was the first economist to investigate the relationship between
production lags and endogenous business cycles by considering a closed economic
system over a short period of time without trend. A(¢) is the gross capital accumula-
tion (unconsumed goods). There is a “gestation period”, 6, for any investment I(z).
Deliveries L(t) are equal to investment orders, I(t — ) at time, t — 0:

L(t)=1I(t—0).

Any orders placed during the “gestation period”, (¢ — 6,t), remain unfulfilled,
A(t) is equal to the average of investment orders I(t) allocated during the period
(t—6,1):

If K(¢) is the capital stock, and U its physical depreciation

dK
-%:L@—U:m—m—u

The rate of change in investment is for some constants, 7 > 0,7 > 0:

dal dA oﬁ_m

S=mes—n = DI ~ 1~ 0)] — nll( — 0) - U]

Denoting the deviation of I(¢) from the constant demand for restoration of the
depreciated industrial equipment U by J(¢) = I(t) — U, and differentiating J (t)

df m

I =) -3~ 0) - mi(t—0)
or

6’%+(n9+m)](t—9) —mJ(t) = 0.

During the interval ¢t € [0, 0] Kalecki assumed that J(¢) = 0. A standard way to
solve this differential equation with delay is to assume a solution of the form, De®,
with D and a (where a is a complex number), to be determined. The general
solution of the differential equation for some constants, ¢; and ¢; is
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J(t) = é®[c1 cos (wt) + ¢, sin (wt)].

The sign of the real parameter, b, classifies the behavior of the model as explo-
sive for b > 0, cyclical for b = 0, and damped for b < 0.

2.11 A Solow model with lags

Zak [22] considered a version of the Solow model with delay. Capital can be used
7 periods later, so at time ¢, the capital to be put into productive use is k(t — 7). If
f (k) is the production function, s € (0, 1) is the constant savings rate and § € [0, 1] is
the constant capital depreciation rate, Zak’s model is

dk
i sf(k(t — 1)) — Sk(t — 7).
At equilibrium,

(k™) =ok".

Deviations of the form, ¢/, from equilibrium are governed by

dk [ df .
E— (S%—(S)e 5

with characteristic equation

df -t __
A— (sdk—é)e =0.

In many cases depending on the initial conditions, the roots of the characteristic
equation have real parts with opposite signs, indicating the presence of a saddle
point unlike Solow’s stable model. The model exhibits endogenous cycles when the
roots are purely imaginary.

2.12 Goodwin

Goodwin [23] presented a nonlinear model of nonlinear business cycles with
time lags between decisions to invest and the corresponding outlays. Changes at
time, ¢, in income, y(¢), induce investment outlays, O;(t + ), at a later time, ¢ + 6.
Therefore

0ie +0) = o(%) = 0.

Hence the nonlinear delay differential equation modeling the evolution of
income is

edy(t +0)

5t (1= ap+6) =00 + o),

where O(t) is autonomous investment outlay and €, a are constants. The deriva-

tive, d(g—j(}y), measures the rate of growth in investment with relative to the income

growth, termed as acceleration coefficient. Expanding the two leading terms in
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Taylor series and neglecting higher order terms, Goodwin obtained the nonlinear
delay differential equation

2 .
ge%’+ [(1- )0+ e}%+ (1—-ap() —o(y) = 0).

Goodwin assumed that O(t) is constant, O(t) = O, and introduced a new
variable

*

where 2 is the income at equilibrium. The transformed differential equation
is then

d*z dz )
Seﬁ"’ [(1_0’)9"‘5]%—60(2) +(1—a)z=0.

The asymptotic behavior of the transformed equilibrium, z = 0, is determined
by the eigenvalue solutions of the characteristic equation

0> +[(1—-a)0+e—@(0)]i+(1—a)=0,

with characteristic roots,

9(0) = (A= @)+ £ \/[(1 - @0+ — ((0)] — 4e0(1 - a)

l =
L2 266

Since

and

@(0) — [(1—a)f + €]
e0 ’

M+i =

can be either positive or negative, both eigenvalues have positive or negative real
parts. So if ¢(0) < (1 — @)@ + € the deviations from equilibrium are damped oscilla-
tory motions, but if ¢(0) > (1 — a)0 + ¢ the system is unstable and drifts away from
the locally linearized region of stability.

2.13 A brief literature survey of current research

We close this chapter by providing a very brief snapshot of the current state of
the art in theories of economic growth. Most of the very recent works cited are
predominantly mathematical in nature. There is an enormous literature, not
touched upon here, which employs Econometrics methods, like for instance panel
data regression to estimate economic growth based on explanatory variables such as
income, investment, policy indicators, education and others over several decades.

In a short article Zhao [24] discusses how technology was integrated into
economic growth by Romer.
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Boyko et [25] use least squares linear regression to determine the values of the
coefficients at which the production functions of Cobb-Douglas in Solow’s growth
model provide the best fit for available statistical data. Borges et al. [26] examine
the dynamics of Solow’s economic growth model assuming that the labour force
growth rate function is a solution of a delay differential equation thereby avoiding
the use of exponential growth, L(t) = Lo¢™, often criticized as a rather unrealistic
choice. Their approach is motivated by the fact that there are delays in entering and
retiring an individual from the labour force, relative to their birth date.

Zhang et al. [27] base their analysis of how the redistribution of emission quotas
would impact short-run equilibrium in a specific market of interest and long-run
growth on the Solow growth model with endogenous dynamics and exogenous
technological shocks.

Zhang [28] develops an endogenous growth model based on modifications of
both Solow’s model by introducing endogenous knowledge. and Romer’s by
allowing knowledge to be gained from learning as well as from research.

The paper by Caraballo et al. [29] is devoted to analysis of the stability of the
economy according to an extended version of Kaldor’s economic growth model.
They consider the role of the government’s monetary and fiscal policies and we
study whether or not a time delay in implementing and the fiscal policy can affect
the economic stability.

Dayal [30] considers long run historical data and uses difference equation simu-
lation to explore the Solow growth model to assess the growth changes in the recent
decade.

Perez-Trujillo et al. [31] investigate the impact of improvement in accessing
innovation and knowledge on economic growth and convergence among countries
using an augmented Solow-Swan growth model on data from 138 countries.

Turnovsky [32] discusses contemporary aspects of stabilization policy in
reference to Phillips’ contributions in a lengthy paper of substantial mathematical
control theory content.
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Chapter 11

Multiple Solutions for Some
Classes Integro-Dynamic
Equations on Time Scales

Svetlin G. Georgiev

Abstract

In this chapter we study a class of second-order integro-dynamic equations on
time scales. A new topological approach is applied to prove the existence of at least
two non-negative solutions. The arguments are based upon a recent theoretical result.

Keywords: integro-dynamic equations, time scale, BVP, existence,
positive solution, fixed point, cone, sum of operators

1. Introduction

Many problems arising in applied mathematics and mathematical physics can
be modeled as differential equations, integral equations and integro-differential
equations.

Integral and integro-differential equations can be solved using the Adomian
decomposition method (ADM) [1, 2], Galerkin method [3], rationalized Haar func-
tions method [4], homotopy perturbation method (HPM) [5, 6] and variational
iteration method (VIM) [7]. ADM can be applied for linear and nonlinear problems
and it is a method that represents the solution of the considered problems in the
form of Adomian polynomials. Rationalized Haar functions and Galerkin methods
are numerical methods that can be applied in different ways for the solutions of
integral and integro-differential equations. VIM is an analytical method and can be
used for different classes linear and nonlinear problems. HPM is a semi-analytical
method for solving of linear and nonlinear differential, integral and integro-
differential equations.

In recent years, time scales and time scale analogous of some well-known dif-
ferential equations, integral equations and integro-differential equations have taken
prominent attention. The new derivative, proposed by Stefan Hilger in [8], gives
the ordinary derivative if the time scale is the set of the real numbers and the
forward difference operator if the time scale is the set of the integers. Thus, the
need for obtaining separate results for discrete and continuous cases is avoided by
using the time scales calculus.

This chapter outlines an application of a new approach for investigations of
integro-differential equations and integro-dynamic equations on time scales. The
approach is based on a new theoretical result. Let T be a time scale with forward
jump operator and delta differentiation operator ¢ and A, respectively. Let also,
a,b €T, a <b. In this chapter we will investigate the following second-order
integro-dynamic equation
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T

X2 (p) = J k(t,5)f (5,x(s), x> (5)) A, € [a,b), (1)

a

subject to the boundary conditions

x(a) =a, x(c*(b)) =p, (2)

where
(H1) k€Cy([a,c?(b)] x [a,c*(b)]), @, BER, a> 0.
(H2) f €C([a, o*(b)] x R?) and

[f(s,u,0)| Saq(s)[ulf* + ax(s)pff? +as(s), se [a,o-z(b)], u,v R, 3)

a; €Cpy(a, o2 (b)]),j €{1,2,3}, are non-negative functions, p;,p, > 0.

We will investigate the BVP (1), (2) for existence of non-negative solutions. Our
main result in this chapter is as follows.

Theorem 1.1. Suppose (H1)-(H2). Then the BVP (1), (2) has at least two
non-negative solutions.

Linear integro-dynamic equations of arbitrary order on time scales are investi-
gated in [9] using ADM. Nonlinear integro-dynamic equations of second order on
time scales are studied in [10] using the series solution method. Asymptotic behav-
ior of non-oscillatory solutions of a class of nonlinear second order integro-dynamic
equations on time scales is considered in [11].

The chapter is organized as follows. In the next section, we will give some basic
definitions and facts by time scale calculus. In Section 3, we give some auxiliary
results which will be used for the proof of our main result. In Section 4, we will
prove our main result. In Section 5, we will give an example. Conclusion is given in
Section 6.

2. Time scales revisited

Time scales calculus originates from the pioneering work of Hilger [8] in which
the author aimed to unify discrete and continuous analysis. Time scales have gained
much attention recently. This section is devoted to a brief introduction of some
basic notions and concepts on time scales. For detailed introduction to time scale
calculus we refer the reader to the books [12, 13].

Definition 2.1. A time scale T is an arbitrary nonempty closed subset of the real
numbers.

Definition 2.2.

1. The operator o : T — T given by
o(t)= inf{s€T:s>t} forteT (4)

will be called the forward jump operator.
2. The operator p : T — T defined by

p(t) =sup{seT:s<t} for teT (5)
will be called the backward jump operator.

3. The function y : T — [0, o0) defined by

182



Multiple Solutions for Some Classes Integro-Dynamic Equations on Time Scales
DOI: http://dx.doi.org/10.5772/intechopen.95621

ut)=o@)—t for teT (6)

will be called the graininess function.
We set

inf @ = supT, sup@d = infT. @)

Observe that o(t) >t for any t € T and p(t) <t for any ¢ € T. Below, suppose that T
is a time scale with forward jump operator and backward jump operator ¢ and p,

respectively.
Definition 2.3. We define the set

T — {T\(p(supT),supT] if supT<oo
| T otherwise.

(8)

Using the forward and backward jump operators, one can classify the elements
of a time scale.

Definition 2.4. The point t € T is said to be

1.right-scattered if o(¢) > ¢.

2.right-dense if  <supT and o(t) = ¢.

3.left-scattered if p(t) <t.

4.left-dense if t > inf T and p(t) = ¢.

5.isolated if it is left-scattered and right-scattered at the same time.

6.dense if it is left-dense and right-dense at the same time.

Definition 2.5. Let f : T — R be a given function and t € T*. The delta or Hilger

derivative of f at t will be called the number £ (t), provided that it exists, if for any e > 0
theve is a neighborhood U of t, U = (¢t — 6,t + 8) N'T for some 5> 0, such that

[fo(®) —f(s) — FA(E)(o(t) —5)| <e |o(t) —s| for all seU. (9)

If f2(t) exists for any t € T, then we say that f is delta or Hilger differentiable in T*.
The function f* : T — R will be called the delta derivative or Hilger derivative, shortly
derivative, of  in T*.

Remark 2.6. The delta derivative coincides with the classical derivative in the case
when T =R

Note that the delta derivative is well defined.

Theorem 2.7. Let f : T — R be a given function and t € T*.

1.The function f is continuous at ¢, if it is differentiable at .

2.The function f is differentiable at ¢ and

s - Fe®) =f)
A=, (10)

if f is continuous at ¢ and ¢ is tight-scattered.
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3.Let t is right-dense. Then the function f is differentiable at ¢ if and only if the

limit
lim £ =f6) (11)

st t—s

exists as a finite number. In this case, we have

f0) ~f5) )
4., We have

flo(®) =f (&) +u®)f* @), (13)

if f is differentiable at z.
Definition 2.8. Let f : T|toR is a given function.

1. We say that f is vegulated if its vight-sided limits exist (finite) at all right-dense
points in T and its left-sided limits exist (finite) at all left-dense points in T.

2. We say that f is pre-differentiable with vegion of differentiation D if
a. it is continuous,
b. DCT",
c. T*\D is countable and contains no right-scattered elements of T,
d. f is diffeventiable at each t € D.
To define indefinite integral and Cauchy integral on time scale we have a need of
the following basic result.
Theorem 2.9. Let to €T, x¢ €R, f : T* — R be a given regulated function. Then
there exists unique function F that is pre-diffeventiable and

FA(t) =f(t) foranyt€D, F(ty) = xo. (14)

Definition 2.10.

1. Letf : T — Ris a vegulated function. Then any function F in Theorem 2.9. is said
to be a pre-antiderivative of the function f and the indefinite integral of the
vegulated function f is defined by

Jf(t)At =F(t) +c. (15)
Here c is an arbitrary constant. Define the Cauchy integral as follows
Jf(t)At =F(s) — F(r) forall 7,s € T. (16)

T

2. A function F : T — R is said to be an antiderivative of the functionf : T — R if

FA(t) = £(¢) holds for all € T. 17)
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Definition 2.11. Let f : T — R be a given function. If it is continuous at right-dense

points in T and its left-sided limits exist (finite) at left-dense points in T, then we say
that f is rd-continuous. With C.q(T) we will denote the set of all vd-continuous functions
f: T — R and with CY4(T) we will denote the set of all functions f : T — R that are
differentiable and whose derivative are vd-continuous.

We will note that if f is rd-continuous, then it is regulated Below, we will list
some of the properties of the Cauchy integral.

Theorem 2.12. Let a,b,c €T, a€Rand f,g € C,y(T). Then we have the following.

i f,(f(e) +g(e)At = [[f(e)ar + [Jg(r)at,

ii. [, (of )(0)Ar = a[f (1) A,

i, [Jf () At = — [ (£) At,

iv. [if (0)a¢ = [if ()t + [F(0)Ar,

v. [f(e(0)g* (At = (f) (b) — (fg)(a) — [/ f*(t)g (),
vio [Jf (g2 () At = (f)(b) — (fg) (@) — [ £ (£)g(o(r))At,

vii. ['f(£)Ar =0,

viii. If |f ()| <g(¢) on [a,b), then

b b
[ Far|< [ ge)ar, (19)
ix. Iff(¢) > 0 foralla <t <b, then ['f(¢)At > 0.
Let
o(s) —a)(c®(b) —t
~(o(s) 026(23 _(a) ) . ols)<t,
G(t,s) = , (19)
_e= “()’g‘(’bgb_; o) ey te [a,6*(b)], s€la,o(b)]
We have
IG(t,s)|<o*(b) —a, t€la,c*(b)], s€la,a(b)). (20)
In [12], it is proved that G is the Green function for the BVP
x* =0, x(a)=x(c*(b)) = 0. (21)

3. Auxiliary results
Let X be a real Banach space.

Definition 3.1. A mapping K : X — X that is continuous and maps bounded sets into
relatively compact sets will be called completely continuous.
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The concept for k-set contraction is related to that of the Kuratowski measure of
noncompactness which we recall for completeness.

Definition 3.2. Suppose that Qx is the class of all bounded sets of X. The function
a: Qx — [0, ) that is defined in the following manner

a(Y) = inf {5>0 (Y = G Y; and diam(Y;)<s, je{1, ...,m}}, (22)
21

where diam (Y]-) = sup{ lx —yllx : x,9 € Y]'} is the diameter of Y ;,j € {1, ..., m},
is said to be Kuratowski measure of noncompactness.

For the main properties of measure of noncompactness we refer the reader to [14].

Definition 3.3. If the mapping K : X — X is continuous and bounded and there
exists a nonnegative constant k such that

a(K(Y)) <ka(Y), (23)

for any bounded set Y C X, then we say that it is a k-set contraction.
Note that any completely continuous mapping K : X — X is a 0-set contraction
(see [15]).
Definition 3.4. Suppose that X and Y are real Banach spaces. Then the map K :
X — Y is called expansive if there exists a constant h > 1 for which
IKx — Kylly 2hllx — yllx (24)

for any x,y € X.
Definition 3.5. A closed, convex set P in X is said to be cone if.

1.ax € P for any a> 0 and for any x € P,
2.x, —x € P implies x = 0.
Denote P* = P\{0},

Py ={ueP: |lull <r}, (25)
P, ={uEP i r <|lu|l <r}

for positive constants 74,7, such that 0 <7, <#,. The following result will be used
to prove our main result. We refer the reader to [16, 17] for more details.

Theorem 3.6. Let P be a cone in a Banach space (E, || - ||). Let Q be a subset of P, 0 € Q
and 0 <r <L <R are real constants. Let also, T : Q — E is an expansive operator with a
constanth >1, S : P — Eis a k-set contraction with 0 <k <h — 1and S(Pg) C (I — T)(Q).
Assume that P,;, N Q # @, PrrNQ # @ and there exist anug € P* such that
T(x — Aug) € Pforall 2> 0 and x € 0P, N (Q + Aug) and the following conditions hold:

a. Sx #x — Aug,x €0P,, 1 >0,

b. |ISx + TO|| < (h — 1)||x|| and Tx + Fx # x, x €9PL N Q,

c. Sx #x — Aug, x € Pr, 1> 0.

Then T + S has at least two fixed points x1 € P, NQ, x, €EPLrNQ, i.e.,

r<|lx1|l <L <%zl <R. (26)
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Let
A alo®(b)| + (a + 2|p|) max {al, |o*(b)| }
1— 2 )
o’(b) —a
A, = max [(2,5)],
(t,5) € a, % (b)]x[a, 0% (b)]
(27)
Az = max max a;(s), 7=1,2,3%,
} {se[a,ﬂ(hn 16> }
Ay — max{(az(b) —a)’,(b) - a},
and
ac?(b) — pa+ (B — a)t )
P(t) = 2(5) —a , t€la,o’(b)]. (28)
Then
(0] < ale®(b)| + |pl max {al, |6*(b)|} + (1f|+«) max {|a|, |s*(b)|}
- o*(b) —a (29)
=A, t€ [ﬂ,Gz(b)].
Suppose that E = CZ,([a, 6%(b)]) is endowed with the norm
x|| = max{ max |x(¢)], max |x*(¢)| ¢, (30
ol = max{ | max 5@, | max ¢} )

provided it exists. Next two lemmas give integral representations of the solu-
tions of the BVP (1), (2).
Lemma 3.7. If x € E is a solution to the integral equation

a(b) s
x(t) = J G(t,s)J k(s,51)f (s1,(51), % (52) ) As1ds + $(2), 1€ [a,2(B)],  (3D)
then x is a solution to the BVP (1), (2).

Proof. Since G is the Green function of the BVP (3) and o~ (t) =0,t€[a,o*(b)],
we get

X () = th(t,s)f(s,x(s),xA(s))As, t€[a,d?(b)], (32)
and
2(b) — pa+ (B— a)a
sla) = pla) = O A,
2 2 (33)
b) — - b
x((0)) = p(o)) = T :é“(lf) Voarbl_y
Thus, x is a solution to the BVP (1), (2). This completes the proof. O
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For x € E, define the operator
T

ﬂﬂﬂ=J@—dM@@

a

a(b) 1
—J G(s,sl)J k(s1,52)f (52,%(52), 6% (52) ) As2As1 — b(s)) As, (34)

a a

te[a,o(b)].
Lemma 3.8. If x € E is a solution to the integral equation
Fix(t) =0, t€ [a,o’(b)], (35)

then x is a solution to the BVP (1), (2).
Proof. We have

0 = (Fix)*(t)

: o(b) 5 (36)
= J (x(:) - J G(:,sl)J k(sl,sz)f(sz,x(sz),xA(sz))AszAsl —¢(s))As, te [a,az(h)},

a

whereupon

0 = (Fx)* (¢)
o(b) s (37)
= x(t) — J G(t,s)J k(s,s51)f (51,2 (s1), %% (51)) As1 — (2),

a a

t € [a,6%(b)]. Hence and Lemma 3.7, we conclude that x is a solution to the BVP
(1), (2). This completes the proof. O

Now, we will give an estimate of the norm of the operator F.

Lemma 3.9. If x € E and ||x|| < c for some positive constant c, then

IFix|| <Aq (c + (*(b) — a)(o(b) — a)*ArAs(cPr + P2 + 1) +A1). (38)

Proof. We have
T

WMUHSJG—GMMW@H

a

a(b) 1
+J |G(s,51) IJ Ik (51, 52)|[f (52,2 (52), %% (52) ) | Asp Asy

a a

+lp(s))As
< Jt (t—o(s))(c (39)

a

o(b) 51
+(c*(b) —a)J J Ay (ar(s2)e(s2) [P + aa(s2) e (s2) [P2

+ﬂ3(52))A52AS1 + A1)AS

<Aq (c + (6X(b) — a) (o(b) — a)?ArAs(cht + P +1) +A1),
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t€la,o*(b)], and
t

(Fax)(0)] < (05

a

o(b) 5
+J IG(5,51)|J [ (s1,52) |[f(52,x(52),xA(sz)) |Asp Asq

a

<[ (40)

o(b) 1
+(02(b) - ﬂ)J J A, (a1(sz)|x(52)|p1 +a2(52)fo(52)|p2

+a3(s2))AsyAsy + A1) As
<As(c+ (P(b) — a) (o(b) — A Ards(c + 2 + 1) + A4y),
t€a,o?(b)]. Thus,
IF x|l < A4 (c + (A(b) — a) (o(b) — a)*AxAs(eh +c +1) + Al). (41)
This completes the proof. l

Below, suppose

(H3) Suppose that the positive constants A, m, €, 1, L1, R; and R satisfy the
following conditions

L 4 L
71<$<L1<R1, mE(O, §>’ 8>1’ Rl<8ﬁ’ (42)
L
AA4(R1 + (62(b) — a)(o(b) — a)*ArA5 (R + RE> +1) +A1) <55 @3

AA, (L1 + (6*(b) —a)(o(b) — a)*ArAs (L + L +1) +A1) < (g - m) L. (44)

In the next section, we will give an example for constants A, m, €, 71, L1, Ry and R
that satisfy (H3). For x € E, define the operator

Fx(t) = AFix(t), t€ [a,0*(b)]. (45)

By Lemma 3.9, we get the following result.
Lemma 3.10. If x € E and ||x|| < ¢ for some positive constant c, then

IFx|| <AA, (c + (*(b) — a) (o(b) — a)Y*AzAs(ch + > + 1) +A1). (46)

Lemma 3.11. If x € E is a solution to the integral equation

0= % +Fx(t), t€la,o’(b)], (47)

then it is a solution to the BVP (1), (2).
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Proof. We have
0= (Fx)* (1) = A(Fix)~' (), € [a,d?(b)], (48)

whereupon

o(b) s
0=A (x(t) - J G(t,:)J k(s 51)f (51,2 (51), x* (51)) Asy — ¢(t)> , (49)

a a

t€la,c?(b)], and

o(b) s
x(t) = J G(m)j (s 51)f (51, x(52), 62 (51)) Asa + h(0), (50)

a a

t € [a,06%(b)]. Now, the assertion follows from Lemma 3.7. This completes the

proof. O

4. Proof of the Main result
Let
P={uecE:u>0on[ty,o)}. (51)

With P we will denote the set of all equi-continuous families in P. For v € E,
define the operators

To(t) = (1+me)(t) — 8%,
(52)
Sv(t) = —eFv(t) —mev(t) — e%,

t € [to, ). Note that any fixed point v € E of the operator T + S is a solution to
the IVP (1). Define

Pn={veP:|vll<n}
Pr, ={veP:|vll<Li},
Pr, ={veP:|vll<Ri},
Pl ={veP ri<|vll<Li},
Pr.r, ={veP:Li<|v||<Ri}, (53)
4&:&+£A4m+@ﬂm-@m@-@Mﬁﬂﬂwm?+n+m)

Ly
+5—m,
Q="Pp, ={veP: vl <Ra}.
1.For v1,v, € Q, we have
1Ty — Toa|| = (14 me)llvr — vall, (54)

whereupon T : Q — E is an expansive operator with a constant 1 + me > 1.
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2.Forve 7_7131, we get

L
ISvl| < ellFol| + mello]| + eﬁ

< e(AA4 (R1 + (62(b) — a)(o(b) — a)?ArAs (RE + RE* +1) + A1) (55)

Ly
Ri+—]).
+m 1+10)

Therefore S (le) is uniformly bounded. Since S : Pg, — E is continuous, we have
that S(Pk, ) is equi-continuous. Consequently S : Pg, — E is a 0-set contraction.

3.Let v; € Pp,. Set

1 L
(%] :1}1+—Fl)1+—1. (56)
m 5m

Note that by the second inequality of (H3) and by Lemma 3.10, it follows that
eFv1 + e% >0 on [tg, o). We have v, >0 on [tg, o) and

1 L,
lo2ll < Mlo1ll + = [[Foall + =—
m S5m

<Ryt 2 A (Rit (020) — a) (0b) — aPAsds (R + R 41) +41) (57)

L,
— =R,.
+5m 2

Therefore v, €Q and

_ Ly Ly
—emv,y = —emvq — eFvq 810 6‘10 (58)
or
Ly
(I—T)v, = —emv, + eﬁ = Sv;. (59)

Consequently S(Pg,) ¢ (I — T)(Q).

4.Suppose that there exists an vg € P* such that T'(v — Avg) € P for all 1 >0,
v E€IP,, N (Q+ Avg) and Sv = v — Avg for some 1> 0 and for some v € P,,. Then

ri 2o — Aol = ISvll = — Sv(z)
L L (60)
= - > -
eFv(t) + emo(t) teqg 2e5p0 1€ [to, ),

because by the second inequality of (H3) and by Lemma 3.10, it follows that

eFv + 812‘—5 >0 on [tg, ).

5.Letv € 0Pp,. Then
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L L
[|Sv + TO|| = ||eFv + mev + 6‘?1 [ S8<||Fv|| + m||v|| +€1>
<e(AA4(L1 + (6*(b) — a)(a(b) — a)*ArA5 (LY + LA + 1) (61)
1
LA + <m +5)L1> <eLy = efo]l.

Note that in the last inequality we have used the third inequality of (H3).
6.Now, assume that v € 0P, N Q is such that
v="Tv+ Sv, (62)

whereupon
Ly
Fv+?50 on [tg, ). (63)

Since v € 0Py, we have that v # 0 on [to, o) and by the second inequality of (H3)
and by Lemma 3.10, it follows that Fv + % >Fv + é—(l) >0 on [tg, o). Thisis a
contradiction.

7.Suppose that there exists an v9 € P* such that T'(v — Avg) € P for all 1 >0,
v EIPR,, vEIPR, N(Q + M) and Sv = v — Ay for some 4> 0 and for some

v € Pg,. Then
Ry |lv — Aol = lISvll = — Sv(z)
64)
L4 L4 (
— . s e
eFv(t) + emo(t) + €10 2€30° € [to, ),

which is a contradiction.
Therefore all conditions of Theorem 3.6 hold. Hence, the IVP (1) has at least two
solutions #1 and #; so that

r1<lluall <Ly <[luz]| <Rj. (65)

5. An example

In this section we will illustrate our main result with an example. Firstly, we will
give an example for the constants A, m, ¢, r1, L1 and R; that satisfy the hypothesis
(H3).LetT=Z,a=0,b=10,a=p=1,

a1(s) = ax(s) = as(s) ==, f(s,u,v) = 1%—#114’ k(s,s1) :s%, (66)

s€[0,12],5,€10,11], and

rn=1, L; =100, R;=200, =109,
1 1 (67)
= = 0, ==, A = ——=F1-
pl p2 m 2 1050
Then
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124123

4 12

1
=4, A=144, A=, A=144 (68)

and
AA, <R1 + (63(b) — a)(o(b) — a)?ArAs(RE + RE* +1) + A1>

1 1
=——-144(200+123-144-Z -3+ 4
o ( n 13t )
_L
20’
AA, <L1 + (6X(b) — a) (o(b) — a)*ArA3 (RS + RE? + 1) +A1)

<5
(69)

1 1
= —--144(100 +12°- 144 -~ -3+ 4
10°° ( 3 >

3 . (4 Ly
<107°7 (5 m> 20
i.e., (H1)-(H3) hold. Consequently the BVP

A? _ ! 2 1
(1) = Jos g felol, o
x(0) =x(12) =1,

has at least two non-negative solutions.
6. Conclusion

In this chapter we introduce a class of BVPs for a class second-order integro-
dynamic equations on time scales. We give some integral representations of the
solutions of the considered BVP. We apply a new multiple fixed point theorem and
we prove that the considered BVP has at least two nontrivial solutions. The
approach in this chapter can be applied for investigations of IVPs and BVPs for
dynamic equations and integro-dynamic equations of arbitrary order on time scales.
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Chapter 12

Solution of Nonlinear Partial
Ditferential Equations by Mixture
Adomian Decomposition Method
and Sumudu Transform

Tarig M. Elzaki and Shams E. Ahmed

Abstract

This chapter is fundamentally centering on the application of the Adomian
decomposition method and Sumudu transform for solving the nonlinear partial
differential equations. It has instituted some theorems, definitions, and properties
of Adomian decomposition and Sumudu transform. This chapter is an elegant
combination of the Adomian decomposition method and Sumudu transform.
Consequently, it provides the solution in the form of convergent series, then, it is
applied to solve nonlinear partial differential equations.

Keywords: adomian decomposition method, sumudu transform, nonlinear partial
differential equations

1. Introduction

Many of nonlinear phenomena are a necessary part in applied science and
engineering fields [1]. The wide use of nonlinear partial differential equations is the
most important reason why they have drawn mathematician’s attention. Despite
this, they are not easy to find an answer, either numerically or theoretically. In the
past, active study attempts were given a large amount of attention to the study of
getting exact or approximate solutions of this kind of equations.

Therefore, it becomes increasingly important to be familiar with all traditional
and recently developed methods for solving partial differential equations. For some
examples of the traditional methods, such as, the separation of variables method,
the method of characteristics, the o-expansion method, the integral transforms and
Hirota bilinear method [2-5]. Moreover, the recently developed methods like,
Adomian decomposition method (ADM) [1, 6-9], He’s semi — inverse method, the
tanh method, the sinh - cosh method, the homotopy perturbation method (HPM)
[3, 4, 10, 11], the differential transform method (DTM), the variational iteration
method (VIM) [1, 5, 12], and the weighted finite difference.

In this chapter, our presentation will be based on applying the new method,
namely the Adomian Decomposition Sumudu Transform Method (ADSTM) for
solving the nonlinear partial differential equations. This method is an elegant
combination of the Sumudu transform method and decomposition method.
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2. Sumudu Transform

Along time ago, differential equations wared a necessary part in all aspects of applied
sciences and engineering fields. In this chapter we need to develop a new technique for
help us to obtain the exact and approximate solutions of these differential equations.

Watugula [13] introduced a new integral transform and called it as Sumudu
transform, which is defined as:

Flw) = SUF(0) = [, €COF() s @
0

Watugula [13] applied this transforms to the solution of ordinary differential
equations. Because of its useful properties, the Sumudu transforms helps in solving
complex problems in applied sciences and engineering mathematics. Hencefor-
ward, is the definition of the Sumudu transforms and properties describing the
simplicity of the transform.

Definition 1: The Sumudu transform of the function f(¢) is defined by:

F) = SUf) = [ COfo) ar @)
0
Or,
Flu) = SLf(1)] = jf(ut) et dt 3)
0

For any functionf'(t) and —71 <u <7;.

3. The relation between Sumudu and Laplace transform

The Sumudu transform F;(«) of a function f(¢) defined for all real numbers ¢ > 0.
The Sumudu transform is essentially identical with the Laplace transform.

Given an initial f (t) its Laplace transform G(u) can be translated into the
Sumudu transform F;(u#) of f by means of the relation;

. 1
F(u) = #, and it’s inverse, G(s) = Es (S)

Theorem 1: Let f(¢) with Laplace transform G(s), then, the Sumudu transform

F(u) of f(t) is given by, F(u) = @
Proof:
Form definition (1.1.1) we get:

oo

F(u) = [ e 'f (ut) dt, If we setw = ut and dt = 42 then:
0

Flu) = Je<—%>f<w> -
0
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Theorem 2: It deals with the effect of the differentiation of the function f (t), k
times on the Sumudu transform F(u) if S[ f(¢)] = F(u) then:

u™ |F(u) — guk F®(0)

Where f<0>(0) =f(0) , f<k)(0) , k=1,2,3,---,n — 1 are the nth-order
derivatives of the function f(t) evaluated at, t = 0.
Proof:

i. Using integration by parts,

oo

ol = 1 e (1 11
) sLr@] =3 ew (- 50)] +1 ]
S[f0)] = [Fw) - £(0)

Using integration by parts;

1 ! !
~2F0)+-S
From (i) uf( )+u o)

iii. By definition the Laplace transform for f) () is given by
n—1
Gu(s) =5"G(s) — Y 5" kU £k Q)
k=0

By using the relation between Sumudu and Laplace transform;

G, (1) _ 66§ M0

u u” & Ou”*<k+1)
Since F, (u) = G;g%), we get:
uFw) &2 Y (0)
u F”(u) - u - kz:;un—ku—l
n=1 (k)
Fn(u) - F(:) - _(kO)
u = u”
n—1
Fow) =u"Fu) =Y u"u* £ (0)
k=0
n—1
S| fM @] =Fw) = u™ [F(u) DA
k=0
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4. Adomian decomposition method

Many of nonlinear phenomena are a necessary part in applied science and
engineering fields. Nonlinear equations are noticed in a different type of physical
problems [1], such as fluid dynamics, plasma physics, solid mechanics, and
quantum field theory.

The wide use of these equations is the most important reason why they have
drawn mathematician’s attention. Despite this, they are not easy to find an answer,
either numerically or theoretically.

In the past, active study attempts were given a large amount of attention to the
study of getting exact or approximate solutions of this kind of equations. It is signif-
icant to note that several powerful methods have been advanced for this purpose.

The Adomian decomposition method will be used in this chapter and in other
chapters to deal with nonlinear equations. The Adomian decomposition method
proves to be powerful, effective and successfully used to handle most types of linear
or nonlinear ordinary or partial differential equations, and linear or nonlinear
integral equations.

In the following, the Adomian scheme for calculating a wide variety of forms of
nonlinearity.

5. Calculation of Adomian polynomials

It is well known that the Adomian decomposition method suggests the unknown
linear function # may be represented by the decomposition series;

U= i”"’ 4)
n=0

Where the components #%,,7 > 0 can be elegantly computed in a recursive way.
However, the nonlinear term F (u), such as u?, u3, u*, sinu, €*, uu,,u,’, etc., can be
expressed by an infinite series of the so- called Adomian polynomials A, given in

the form;

F(u) = ZA,,(uo,ul,uz, ey Up). (5)
n=0

The Adomian polynomials A, for the nonlinear term F (#) can be evaluated by
using the following expression;

1 4" =
A"*E 7 lp(;,l u,-)L_O ,n=0,1,2, .. (6)

Assuming that the nonlinear function is F (), therefore, by using (6), Adomian
polynomials are given by;

AO :F(u()),
A1 :ulF'(uo),
1
Ay =uy F(uo) +5 ur” F" (uo), @)
1
Az = u3F’(u0) + uluzF”(uo) + 5 u13F (uo)
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Other polynomials can be generated in a similar manner.
Substituting (7) into (5) gives;

F(u) :Ao +A1 —|—A2 —|—A3—|— :F(uo)—l- (u1+u2—|—u3+ )F/(M())

1 1 ”
+E (ulz + 2uquy + Mzz + ...)F”(uo) + ? (M13 + 3u12u2 + 31,{12M3 + )F (uo) + ..

=F(ug) + (u — uo) F'(uo) —&-% ( — o) F" (o) + . ...

The last expansion confirms a fact that the series in A, polynomials is a Taylor
series about a function #( and not about a point as is usually used.

In the following, we will calculate Adomian polynomials for several forms of
nonlinearity.

5.1 Nonlinear polynomials
IfF(u) =u?
The polynomials can be found as follows:

1
Ao = F(M()) = uoz, A1 = ulF,(Mo) = 2140141, Az = MzF,(M()) +i M12F”(M()) = 21401/!2 + u12,

1
Az = usF (o) + urur F' (ug) + 3 uPF' (uy) = 2uous + 2uqus.

And so on. Proceeding as before, we find u, u*, 4>, ..., etc.
5.2 Nonlinear derivatives
Casel. F (u) = (u,)*
Ay = uoxz, A1 = 2ugy U, Ay = 2uoy oy + u1x2, Az = 2uoxUsy + 2U1x Uy
And so on. In a similar, we get u,%, u,*, u,>, . ..., etc.

Case 2. F (u) = uu, =3 L (u?)
The A, polynomials in this case given by;

1
Ao =F(uo) =uouo,, A1 :ELx (Quour) = uoy 1 + Uo U, »

1
A, = i L, (2u0 Uy + u12) =uog Uy +uoUy Uy + U1y,
1
As =5 Ly Quous + 2u1uz) = uo,u3 + s, Uz + ua, U + s uo.
And so on.

5.3 Trigonometric nonlinearity
If F(u) = sinu

The Adomian polynomials for this form nonlinearity are given by;
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. 1 .
Ao = sinug, A1 =wuqcosug, A, =u; cosug — o ulz sinug, Az

3

= U3 COSUQ — U Uy SiNUy) — — U1 COSUy.

3!

And so on. In a similar way, we find F (4) = cosu.

5.4 Hyperbolic nonlinearity

If F(u) = sinhu

The A, polynomials in this case are given by;

. 1 .
Ag = sinhug, A1 =uq coshug, A, = u, coshug +f u1? sinhug, As

. 1
= u3 coshug + uquy sinhug + 30 u1> coshug.

And so on. In a parallel manner, Adomian polynomials can be calculated for
F(u) = coshu.

5.5 Exponential nonlinearity

If F(u) =¢€"

The Adomian polynomials in this form of nonlinearity are given by;

1 1
AO :e”o, Al = ule“", Az = <u2 +ju12> e”", A3 = <u3+u1u2 +§u13> e,

And so on. Proceeding as a before, we find F (u) = e™*.

5.6 Logarithmic nonlinearity

If Flu) = Inu,u>0

The A, polynomials for logarithmic nonlinearity are given by;

3

U1 U 1 ulz Uus AR/Z) 1 U1
Ao = Inug, Ay= —, Apy=——--—, A3= 3 3
Uo Uo 2 Uo Uo Uo 3 Uo

And so on. In a similar way, we find F (u) = In(14+u), —1<u<1.

6. A New algorithm for calculating Adomian polynomials
(The alternative algorithm for calculating Adomian polynomials)

It is well known about the main disadvantage of the calculating Adomian poly-

nomials A,, that it is a difficult method to perform calculation so called nonlinear
terms. There is an alternative algorithm to reduce the demerits of formula
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introduced before, which depends mainly on algebraic, trigonometric identities and
on Taylor expansions.

In the alternative algorithm which is a simple and reliable may be employed to
calculate Adomian Polynomials A4,.

The new algorithm will be clarified by discussing the following suitable forms of
nonlinearity.

6.1 Nonlinear polynomials

We first set,

u=3 (8)

Substituting (8) into F () = u? gives;
F(u) = (uo +u1+us+us+us+ ...)2. 9)
Expanding the expression at the right- hand side gives;
F(u) = o+ 2uour + 2uouy + ur> + 2uous + 2urty + . ... (10)
The expansion in (10) can be rearranged by grouping all terms with the sum

of the subscripts of the components is the same. This means that we can
rewrite (10) as;

F(u) = uo? + 2uour +2uous +ur + 2uous + 2urus + ... (11)
~— ——
Ao A Ay As

This gives Adomian polynomials for F (u) = u? by;
Ao = uo®, A1 =2uou1, Ay =2uour+ui’, Az =2uouz+2uiu,.

And so on. Proceeding as before, we get wdut u’, . ..., etc.

6.2 Nonlinear derivatives

Case 1. If F (u) = u,”.
We first set;

Uy = Z Uy x- (12)
n=0

Substituting (12) into F (u) = u,” giving;

F(u) = (ox + e + o + e + sy + ...)". (13)
Squaring the right — hand side gives;

F(u)= U0x? + 2uox Urx + 2Uox U + Uiy® + 2Uhox Usx + 2U1x oy + . ... (14)
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Grouping the terms as discussed above, we find;

F(u) = uoxz 4 2uox th1x + 2U0x U + u1x2 + 2uU0x Uz + 2U1xc Uy + - ... (15)
e
Ao Ay Ay A3

Adomian polynomials are given by;
Ao =uo,”, A1 = 2uocur, Ay =2uoutioy + U1, Az = 2uoeUsy + 2U1c oy
Case 2. F(u) = uu,

Note that this form of nonlinearity appears in advection problems and in
nonlinear Burgers equations. We first set;

U= iun,ux = ium. (16)
n=0 n=0

Substituting (16) into F (#) = uu, yields;

Fu)=(uo+ur+uy+us+us+ ...) X (ox + th1x + thox + Uz + thay + ... );

(17)
Multiplying the two factors gives;
F(u) = uothox + toxths + toth1x + Uoxly + Urclhy + Unxlho + Uoxth3 + Unctiy+ (18)
Fuo 1 + Uzl + UoxUa + UQU 4y + Ut U3 + ULU3 + UsUy + ... .
Proceeding with grouping the terms are obtained,;
F(u) = UQUQx T+ UxU1 + UoU1Lx + UxU) + UU1 + UUg
——
Ag Ay Ay
+ UoxU3 + UtxU) + U1 + U3UQ ... (19)
A3

Consequently, the Adomian polynomials are given by;

Ao =uouo,, A1 =ugcur +uour, Ay =uouy+uoly o+ Uit

Az = Uuo, U3 + Uy, Uy + Uy U1 + U3 Uop.

Proceeding as before, we find F () = u?u,.
6.3 Trigonometric nonlinearity

If F(u) = sinu

First, we should be separate Ay = F(u() from other terms. To achieve this goal,
we first substitute;

u= iun; (20)
n=0

Into F (u) = sinu to obtain;
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F(u) = sinfug + (ug +us +us +us + ...)]. (21)
To separate Ay, recall the trigonometric identity;
sin (0 + ¢) = sinf cos ¢ + cos @ sin . (22)
This means that;

F(u) = sinug cos (u1 + up +u3 +ug + ...) + cosug sin (ug +uy +uz +us + ...).
(23)

Separating F(u) = sinug from other factors and using Taylor expansion for,
cos (w1 +uy +us +us +....) and, sin (ug +uy +uz +ug + . ... ) gives;

. 1 1
F(u) = smuo<1—j(u1+u2+ ...)2—|—Z(u1+u2—|— I >+
' _ .4
+cosu0((u1+u2+ ) —§(u1+u2+ ...)3—1— )

So that;
. 1, ,
F(u) = sinug 1—5(141 +2uiuy + )+

1
+ cosug ((u1 +ur+ ...) — 3 u® + ... > (25)

The last expansion can be rearranged by grouping all terms with the same sum of
subscripts. This leads to;

. 1 .
F(u) = sinug + uq1 cosug + up cosug — o ur? sinug+

Ay

Ao A
1 (26)
+u3 cosug — Uy Sinug — ? u13 cosug + ...

As

This completes the calculation of the Adomian polynomials for nonlinear
operator F (u) = sinu, therefore we write;

Ay = sinug, A1 =uq cosug, Ay, = u, cosug —Euf sinug,
. 1

A3 = U3 COSUg —U1uUy SINug — ? U1~ COSUg.

And so on. In a similar way, we find F (4) = cosu.
6.4 Hyperbolic nonlinearity
If F (u) = sinhu then, we first substitute
u= Zun; (27)
n=0
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Into F (u) = sinhu to obtain;

F(u) = sinh[uo + (w1 +us +us +us+ ...)|. (28)
To calculate Ay, recall the hyperbolic identity;

sinh (0 + ¢) = sinh @ cosh ¢ + cosh @ sinh ¢. (29)
Accordingly, Eq. (29) becomes;

F(u) = sinhug cosh (uy +uy +u3 +us + ...)
+ coshug sinh (uq +uy +u3z +us + ...). (30)

Separating F(uo) = sinhuo from other factors and using Taylor expansion for

cosh (uq +uy +us +us + ....) and sinh (41 +uy +u3 +u4 + . ... ) gives;

. 1 1
F(u) = smhuo<1+5(u1+uz+ "')2+E (g +uy+ .. )"+ )

1
+ coshug ((u1+u2+ )+§ (w1 +uy + ,,,)3+ )

. 1 1
= sinhug <1+5 (ur® + 2urup + ...) + ) + coshug <(u1+u2+ ") +§u13 + )

By grouping all terms with the same sum of subscripts we find

1
F(u) = sinhug + ug coshug + up coshug + = u1?% sinhug

Ao Ay a
2

) 1
+ u3 coshug + uqu, sinhug — 3 u1 coshug + ...

As

Consequently, the Adomian polynomials for F (¢) = sinhu are given by;

. 1 .
Ag = sinhug, A1 =wuq coshug, A, =u, coshug +5 u1? sinhug,

) 1
A3z = u3 coshug + uqu, sinhug + 3 u1> coshug.

Similarly as before, we find F () = coshu.
6.5 Exponential nonlinearity
If F(u) =e¢".

Substituting

U= ty; (31)

n=0

Into F (u) = ¢* gives;
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F(u) _ e(u0+u1+uz+u3+u4+.-.). (32)
Or equivalently;
F(u) — eug X e(u1+u2+u3+u4+u.). (33)

Keeping the term F(u() = ¢*° and using Taylor expansion for the other factors
we obtain;

1
F(u) =% x <1+(u1+u2+u3+ ...)-‘1-5(141-1—%24—143-‘1— ...)2+ ) (34)

By grouping all terms with an identical sum of subscripts we find

1 1
F(u) = " + ue™ + (uz + o1 u12> e+ <u3 + uquy + 3 u13> e +.... (35
Ao Ay

4, A

It then follows that;

1 1
Ag=¢€*, A= uie”, A= (uz +5M12> e, Az = <u3 +uiuy —‘1-?%13) e,

And so on. Proceeding as a before, we find F (u) = e™*.

6.6 Logarithmic nonlinearity

If F(u) = Inu,u>0

Substituting
u= Zun; (36)
n=0
Into F (#) = Inu gives;
F(u): ln(u0+u1+u2+u3+u4+...). (37)
Eq. (34) can be written as;
F(u):1n(u0(1+ﬂ+”—2+5+...>>. (38)
Ug Uo Ug

Using the identity In (af) = Ina + In g, Eq. (38) becomes;

F(u):1n(u0)+1n<1+ﬂ+@+”—3+...). (39)
Uo Uo Uo

Separating F(uo) = In (o) and using Taylor expansion of the remaining term,
we obtain;
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2 3
u u u 1/u U u 1/u U u

S+ 242 ) (2242 ) 4 22
Uo Uo Uo 2 [Z0) Uo Uo 3 Uo Uo Uo

1/u u u 4
- = (—1+—2+—3+ ) T
4 Ug Uo Uo

(40)
Proceeding as before, Eq. (40) can be rewritten as;
U1 u) 1 ulz Us Uy 1 u13
Fu)=1 — T e s A 41
(u) ‘Il (u,—JO) + Uo + Uo 2 u02 +1/!0 u02 + 3 u03 + ( )
A S~~~
Al Az A3
Based on this, the Adomian polynomials are given by;
U uy 1 uq? U3 g uz 1 u
Ag=1 , A= —, Ay=—"—- ", Az3=—"———"F 4>
0 n (uo) ! Uo 2 Uo 2 Moz 3= Ug + 3u 3

And so on. In a like manner, we obtain F (#) = In(1+u), —1<u<1.

7. Adomian decomposition Sumudu transform method for solving
nonlinear partial differential equations

In this section, we will concentrate our study on the nonlinear PDEs. There are
many nonlinear partial differential equations which are quite useful and applicable
in engineering and physics.

The nonlinear phenomena that appear in the many scientific fields’such as
solid state physics, plasma physics, fluid mechanics and quantum field theory can
be modeled by nonlinear differential equations. The significance of obtaining
exact or approximate solutions of nonlinear partial differential equations in
physics and mathematics is yet an important problem that needs new methods to
develop new techniques for obtaining analytical solutions. Several powerful
mathematical methods are used for this purpose. We, propose a new method,
namely Adomian Decomposition Sumudu Transform Method (ADSTM) for
solving nonlinear equations. This method is a combination of Sumudu transform
and decomposition method which was introduced by D. Kumar, J. Singh and
S. Rathore.

(ADSTM) provides the solution for nonlinear equations in the form of conver-
gent series. This forms the motivation for us to apply (ADSTM) for solving
nonlinear equations in understanding different physical phenomena.

To illustrate the basic idea of this method, we consider a general non-
homogeneous partial differential equation with the initial conditions of the form:

DU(x,t) + RU(x,t) + NU (x,t) = g(x,1)

U(x,0) = h(x) ,U;(x,0) = flx). (42)

Where D is the second order linear differential operator D = (;’27, R is linear
differential operator of less order than D, N represent the general nonlinear
operator and g(x, t) is the source term.

Taking the Sumudu transform of both sides of Eq. (42), we get:

SIDU (x,8)] + SRU(x,£)] + SN (x,£)] = Sl (x,2)]; (43)
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Using the differentiation property of the Sumudu transform and given initial
conditions, we have:

S[U (x,t)] = u*Slg (x,t)] + h(x) + uf (x) —u*S[RU(x,t) + NU (x,1)]. (44)
If we apply the inverse operator S™* to both sides of Eq. (44), we obtain:
U(x,t) = G(x,t) =S [u’S[RU (x,t) + NU (x,1)]]. (45)

Where G(x,t) represents the term arising from the source term and the
prescribed initial conditions. Now, apply the Adomain decomposition method:

U(x,t) = i: U, (x,1); (46)

NU(x,t) = > A, (U); (47)

For some Adomain polynomials A,(U) that are given by:

N (; A Un>

Substituting Eq. (46) and Eq. (47) in Eq. (45), we get:

14
nldi*

An(U(),Ul, Uz, ...,Un): ,n=0,1,2,....

A=0

oo

> Unlx,t) =Glx,t) =S

n=0

u’S (48)

Accordingly, the formal recursive relation is defined by:

Uo(x,t) = G(x,t),

U1 (x,t) = =S [’ SRU, + Ax]] k>0. (49)

The Adomian decomposition Sumudu transform method will be illustrated by
discussing the following examples.
Example 1: Consider the following nonlinear partial differential equation:

U, +UU, = 0; (50)
With the initial condition:
U(x,0) = x. (51)

Taking the Sumudu transform of both sides of Eq. (50) and using the initial
condition, we have:

S[U(x,t)] =x —uS[UU,]. (52)

Applying S~ to both sides of Eq. (52) implies that:
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U(x,t) =x — S [uS[UU,]J; (53)

Following the technique, if we assume an infinite series of the form (53), we
obtain:

oo

> A4,(U)

n=0

i Un(x,t) =x—S7! luS (54)

n=0

Where A, (U) are Adomian polynomials that represent the nonlinear terms.
The first few components of the Adomian polynomials are given by;

Ao(U) = Uy Uo,,
Al(U) =U0U1x+U1U0x, (55)

This gives the recursive relation:

Uo(x,t)

X,

Upy1(cx, t)_: ~S ' uS[Ak]], k> 0. (56)
The first few components are given by:

Uo(x,t) =x,

Ui(x,t) = =S ' [uS[Ao]] = —xt,

Uzix, t; = -s! LAS Lh]]]] = xt%, &7

Us(x,t) = =S 1[uS[A)]] = —x83
And so on. The solution in a series form is given by:

U,t)=x(1—t+2 -2+ ..); (58)
And in a closed form of:

U(x,1t) (59)

=17
Example 2: Consider the following nonlinear partial differential equation:
U+ UU, =x +xt% (60)
With the initial condition:
U(x,0) = 0. (61)
Proceeding as in Example 1, Eq. (60) becomes:

oo

> A, (U)

n=0

= xt3
> Unlest) =xt+=—- =87 |us (62)

n=0

The modified decomposition method admits the of a modified recursive relation
given by:
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Uo(x,t) = xt,

xt3
Ui, t) = 5= = S~ uS[Ao]]

Upsa(oe,t) = =S [uS[A]],k>1.
Consequently, we obtain:
Uo(x,t) =xt,
Urtet) =5~ 5 s fert]] = 0
Upa(x,8) = 0,k >1.
In few of Eq. (64), the exact solution is given by:
U(x,t) = xt.
Example 3: Consider the nonlinear partial differential equation:
Up + U+ U - U =te™;
With the initial condition
U(x,0)=0,U;(x,0) =¢™.
By taking Sumudu transform for (66) and using (67) we obtain:
S[Ux,t)] =u’e™ +ue™ —u’S[U,> — U> + UJ.
Applying S~ to both sides of (68) we obtain;

Ulx,t) =te ™ + é te™ -8 1u’S[US - U+ U]

Substituting;

U(x,t) = i Un(x,1);

n=0

And the nonlinear terms of;
Ul =Y A,,U"=) B,
n=0 n=0

Into (69) gives;

> Unlx,t) =te™ + % e — S71 luzs (iAn + f: Un(x,t) — iBn

(o]
n=0
This gives the modified recursive relation;
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Uo(x,t) =te™,
Uy (x,1) = % e — L, (Ao + Uo — Bo) (73)
Upa(o6,t) = — Ly Y (A + Uy, — B), k> 1.
The first few of the components are given by;
Uo(x,t) =te™™,
Ui(x,t) = % e — L (Ao + Uy —By) =0, (74)
Upy1(x,t) = 0,k >1.
The solution in a closed form is given by;
U(x,t) =te ™. (75)
Example 4: Consider the following nonlinear partial differential equation,
Uy + U? = U =05 (76)
With the initial conditions
U(x,0) =0 ,U,(x,0) =¢". (77)
By taking Sumudu transform for (76) and using (77) we obtain:
S[U(x,1)] = ue* +u”S[U,> — U]. (78)
By applying the inverse Sumudu transform of (78), we get:
Ux,t) =te" + S [u?S[U,* — U?]]; (79)
This assumes a series solution of the function U(x,?)is given by:
U(x,t) = i U,(x,t); (80)
n=0
Using (80) into (79), we get:

S 4,U) = 3 Bu(U)

n=0 n=0

zm: Uy(x,t) = tef + St [pﬂs (81)

n=0

Where A, (U) and B, (U) are Adomian polynomials that represents nonlinear
terms.
The few components of the Adomian polynomials are given as follows:

Ao(U) =Uo,?, A1(U) =2U,, Uy,

(82)
Bo(U)=Uy* , By(U)=2UoU; ,

And so on. From the above equations we obtain:
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Uo(x,t) =te", (83)
Upsa(x,t) = S [u>S[Ar — Bi]],k>0.
The first few terms of U, (x,t) follows immediately upon setting:
Ui(x,t) = S '[u?S[Ao — Bo]] =S ' [u*S[Uo,> — U%]] =0 (84)

Upsa(x,2) = 0,k >1.
Therefore the solution obtained by ADSTM is given as follows:

U(x,t) = te.

8. Nonlinear physical models

Now we will, concentrate our study on the linear and nonlinear particular
applications that appear in applied science. The wide use of these physical signifi-
cant problems is the most important reason why they have drawn mathematician’s
attention in recent years.

Nonlinear partial differential equations have witnessed remarkable improve-
ment. Nonlinear problems appear in the many scientific fields’such as gravitation,
chemical reaction, fluid dynamics, dispersion, nonlinear optics, plasma physics,
acoustics, and others. Several approaches have been used such as the Adomian
decomposition method, the variational iteration method, and the characteristics
method and perturbation techniques to examine these problems.

(ADSTM) gives the solution of nonlinear equations in the form of convergent
series. The main advantage of this method is its potentiality of combining two
powerful methods for deriving exact and approximate solution of nonlinear equa-
tions. This forms the motivation for us to apply (ADSTM) for solving nonlinear
equations in understanding different physical phenomena.

The following section offers the effectiveness of the Adomian decomposition
Sumudu transform method (ADSTM) in solving nonlinear physical models.

Example 5: Consider the following inhomogeneous advection problem:

U, +UU, =2t +x + >+ xt% (85)
With the initial condition:
U (x,0) = 0. (86)

Following discussion presented above, we obtain the recursive relation;

t* xt
_ 2 Loxt
Uo(x,t) =t" +xt + 4+ 3 (87)
Upsr(x,t) = =S HuS[Ag]], k> 0.
This gives;
4 3
Uo(x,t) = t2+xt+t—+£,
4 3
4 3 (88)
t Xt 2 5 7 6 1 7 1 8
B)=— —— " — x5 —xt/ — — 8.
Uilx.1) 4 3 153 7 Te3* Tog
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It is easily observed that two noise term appears in the components Uy (x,t) and
Ui(x,t). By canceling these terms from Uy(x,?), the remaining non-canceled term
of Ug(x,t) may provide the exact solution.

The exact solution is given by;

Ul(x,t) = > + xt.
Example 6: Consider the following nonlinear Klein — Gordon equation:
U — Use + U = X715 (89)
Subject to the initial conditions:
U(x,0) =0, Uslx,t) =x. (90)
Following the discussion presented above, we find a recursive relation;

1
Uo(x,t) = xtt o x4,

Ups1(%,8) = S u?S[(Up) ]| — S [u? S[Ak]], k> 0.

(91)

So the Adomian polynomials A, are given as follows;
Ay = Ud?,
Ay = 2U Uy,
Ay =2UoU, + Uy

And so on. Using modified recursive relation Eq. (91) can be rewritten in the
scheme;

Uo(x,t) = xt,
Ui(x,t) = % x*t* + ST u?S[(Uo)y ]| — ST [ S[Ad]] (92)
Uksa(,t) = S u?S[(Uk),.]] — S [ S[A]], k> 1.

This lead to;
Uo(x,t) = xt,
Us(x,t) = Loyt [?S[(Uo),]] — S [u*S[Ao]] =0, (93)

Therefore, the exact solution is given by;
U(x,t) = xt.

Example 7: Consider the following Sine-Gordon equation with the given initial
conditions:

Ug(x,t) — Ure(x,t) = sinUs; 94)
Subject to the initial conditions;

Ulx, 0) :% , Us(x,t) = 0. (95)
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Using the recursive scheme yields;

NS

Uo(x,t) ==, (96)
Uksa(x,2) = S [u?S[(Uk),. || +S " [#S[Ak]], k> 0.

The first few the Adomian polynomials for sin U are given as;

Ao = sin Uy,
Al = U1 COS U(),

1
Ay = U, cosUy — 5 U+%sin Uy, (97)

1
As = Uz cosUg — U U,y sinUg — 3l Ui3 cos Uy.

Combining (96) and (97) leads to;

Uo(x,t) = %,

Ustot) = S S [(Un)]] + 5 u2Sl4a]) = o

Uaet) = S S]] + 5 ST = 0 o
Ustrot) = 7 S[(Us) ] +572S[As] =~ o

And so on. The series solution is;

Example 8: Consider the following one — dimensional Burgers equation:
Uy = Usxe — UUsy; (99)
Subject to the initial conditions:
U(x,0) = x. (100)
Following the discussion presented above, we find a recursive relation;

Uo(x,t) = x,

Upia(et) = S [uS[(Ug),]] — S [ A, 2 0. (on
Using the Adomian polynomials we obtain;
Uo(x,t) =x,
Ui(x,t) = S auS[(Uo)y ] — S 'uS[Ao]] = —xt , 0
Us(x,t) = S HauS[(U1)]] — S uS[A1]] = xt?, (102)
Us(x,t) =S HauS[(Ua),,]] — S ' uS[As])] = —xt’

Summing these iterates gives the series solution;
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U,t) =x(1—t+ -+ ..); (103)
Consequently, the exact solution is given by;

Ulx,t) = 14t
Example 9: Consider the following nonlinear Schrodinger equation:
iU+ Uy —2|UU = 0; (104)
Subject to the initial condition:
U(x,0) =e'*. (105)

Following the discussion presented above, we find;

Uo(x,t) = e,

Ui(x,t) = S [iuS[(Uo),|] — S '[2iuS[Ao]] = —3ite',
Ua(x,t) = S 2 [iuS[(Un),,]] — S [2iuS[Aq]] = % (3it)%, (106)
Us(x,t) = S iuS[(Ua),,]] — S [2iuS[A,]] = —% (3it)%e'*.

In a few of (106), the series solution is given by;

1

Ulx,t) = e'* (1 - (3it) +a (3it)* — 3]

o (3it)® + ) (107)
The exact solution is;
Ulx,t) = e 3
Example 9: Consider the following homogeneous nonlinear KdV equation:
U —6UUx + Usxx = 05 (108)
Subject to the initial condition;
U(x,0) = 6x. (109)

Following the discussion presented above, we find a recursive relation;

Uo(x,t) = 6x,

110
Ups1(%,8) = =S [uS[(Uk) yux ] ] + S ' [6uS[AL]], & > 0. (110)
That gives the first few the components by;
Uo(x,t) = 6x,
Ui(x,t) = =S HuS[(Uo) ur)] + S '[6uS[Ao]] = 6’ xt,
(111)

XXX

1] + S auS[A1]] = 6°x 22,

)
Us(x,t) = =S~ [buS[(Uy)
) 1] + S '6uS[As]] = 6%,

Us(x,t) = =S~ [buS[(U,)

XXX
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In a few of (111), the series solution is given by;
U@gﬂ::6x(1+(36w—%(36ﬂ2+%3603+ ."); (112)

The exact solution is;

6x

Ulet) =136

[36%| <1.

9. Conclusion
In this chapter, we have combined the Adomian decomposition method and
Sumudu transform to solve some of the nonlinear partial differential equations. This

method has advantages of converting to the exact or approximate solutions and can
easily handle a wide class of nonlinear differential equations.
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Chapter 13

Positive Periodic Solutions for
First-Order Difference Equations
with Impulses

Mesliza Mohamed, Gafurjan Ibragimov and
Seripah Awang Kechil

Abstract

This paper investigates the first-order impulsive difference equations with
periodic boundary conditions

Ax(n) =f(n,x(n)), n€j, n#ny,
Ax(ny) = I(x(m)), k=12, ..,m,
%(0) = x(T),
wheref € C(J x R*,R"), I, e C(R",R"). By using a cone theoretic fixed point

theorem, new existence theorems on positive periodic solutions are established.
Our main results enrich and complement those available in the literature.

Keywords: Impulse, difference equation, boundary value problem, Green’s
function, fixed point theorem

1. Introduction

Let R denote the real numbers and R the positive real numbers. Let ] =
[0,T] ={0,1, -+, T}. In this paper we investigate the existence of positive periodic
solutions for nonlinear impulsive difference equations

Ax(n) =f(n,x(n)), nej, n#n,
Ax(mp) = I (x(ny)), k=1,2,..,m, (@))
x(0) =x(T),

where A denotes the forward difference operators, i.e., Ax, = X411 — Xy,
feC( x RT,RY), I, e C(R', R™).

Boundary value problems for difference equations and impulsive differential
equation have been widely received attentions from many authors (see [1-12]) and
reference therein. However, as far as we know, the theory of difference equation for
boundary value problems (BVPs) with impulses is rather less, there are still lots of
work and research that should be done. In [3], He and Zhang obtained the criteria
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on the existence of minimal and maximal solutions of (1) by using the method of
upper and lower solutions and monotone iterative technique. The similar tech-
niques were applied in [11] for the problem

Ax(n) =f(n,x(n)), n€J, n#ny,
Ax(mg) = Ip(x(ny)), k=1,2,-,p, (2)
Mx(0) — Nx(T) = C,

where f €C(J x R",R"), I, e C(R*,R"). Motivated by the work of [3, 13] we
establish the existence of positive periodic solutions for (1) by using the fixed
point-theorem in cones following the ideas of [13]. The results herein improve some
of the results in [3, 11].

Throughout the paper, we make the following assumptions:

1.0<M<1,0<Ly<M,f(n,x(n)) + Mx(n) > 0.
2. (M — Lk)x(nk) +Ik(x(nk)) +ka(nk) >0.

This paper is organized as follows. In Section 2, we introduce some preliminaries. In
Section 3, by applying the fixed point theorem in cones, we obtain some new existence
theorems for the impulsive difference equations with periodic boundary conditions.

2. Preliminaries

Let
E={x:]—->R:x(0)=x(T)}

with the norm ||x|| = max,¢j|x()|. Then E is a Banach space.
Consider the following linear impulsive difference equations with periodic
boundary condition

Ax(n) +Mx(n) = o(n), n€j,n # ny,
Ax(ny) = —Lgx(ne) + Le(x(mi)) + Lex(ne), k=1,2, ...,m, (3)
x(0 =x(T),
where M is a constant, [, € C(R*,R") and 6 € C(J, R").
The following lemma transforms the analysis of PBVP (3) to the analysis of
summation equation. We denote G(n,j), the Green’s function of the problem (3).

Lemma 1. Let (A1) and (A2) hold, 6 € C(J,R"). Then x €E is a solution of PBVP
(3) if and only if x is a solution of the following impulsive summation equation

T-1
x(n) = Z G(n,j)o(j)
j=0,j7m, (4)
+ Y Gm) (M — L)x(me) + Te(x(me)) + +Lix(mi)),
0<n, <T-1
where
1-M)" .
G(n,j) = m (1T | (5)
W’ ﬂS]ST— 1.
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Proof For convenience, we give the proof for the corresponding linear case (3).
Consider first the homogeneous equation

Au(n) +Mu(n) =0, nej, n#n,
which is easily solved by iteration. We have
u(n) = (1- MY,

with #(0) = 1. Now the first Eq. (3) can be solved by substituting x(n) =
u(n)y(n) into Eq. (3), where y is to be determined:

u(n+ 1)y +1) —u(r)y(n)(1-M) = o(n)

or

So from (3), we see that y(n) satisfies

A)’(") = (1 _65\114))”+1 sn 7& Nes
Ay(n )_M_Lk (n )+Ik(x(”k))+ka(nk) E—12 _m (6)
J/ k —1_MJ’ k (1—M)nk+1 b It Rt B R
$(0) =y(T)(1—M)".
From (6), we have
n—1 .
o(j)
y(n) =y(0) + ;
=0, j#m (1-M) s @)
M — L Iy (x(me)) + Lyex ()
+0<nkzsn_l<1_My(nk)+ (1_M)nk+1 )
Lettingn = T in (7), we have
T-1
o(j)
(T) =y(0) + P ————
=0, j#n, (1-M) s -
M — L, L (% (k) + Ly (mie)
+0<nkst1<1My(nk)+ (1_M)7lk+1 )
Applying (8) and the boundary condition y(0) = y(T)(1 — M)", we get
o a-m = o(j) (M — L
MO my (JEJ; TR PR CE A o
9
+Ik(x("k)) + Lyx ()
(1 _M)nk+1 :
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Substituting (9) into (7) and using y(n) = (136_(1'\’/;),1 ,n €], we get the unique

solution of (3)

T-1
x(m)= Y Gmjo(j)

J=0,j7m

+ Y Grm) (M — Le)x(me) + Le(x(m)) + Lix(ng))),

0<n, <T-1

where G(n,j) is given in (5). The proof is complete. [].
Consider the PBVP (1). To define a cone, we observe that

(1-M)" A 1
o <) S
Define
(1-My
T1-a-m"
3 1
T1-a1-MmT

We denote the cone in E by
K={x€E, nel0,T] and x(n)>ol|x|},
where 6 =4 €(0,1). Define a mapping T : E — E by
T-1
Tx(n)= Y Glmjo(j)
j=0,j#m

+ Z G(n,me) (M — L )x(ng) + I (x(me)) + Lix (1))

0<m, <T—1

(10)

Since f is continuous, T is also a continuous map. Before starting the main
results, we shall give some important lemmas. The next Lemma is essential in
obtaining our results.

Lemma 2. The mapping T maps K into K, i.e TK CK.

Proof For any x €K, it is easy to see that Tx €E. From (10) we have

T-1
Tx(n)= Y G(mjo(j)
j=0.j7m,
+ > Grm) (M — Le)x(me) + Ie(x(n)) + Lix(n)))

0<n,<T-1

T-1
< Y Bo(j)+ > B(M - Lp)x(m) + L(x(m)) + Lex(m)))-
=0,

0<m <T—1
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Noting that
G(n,j)o(5) =0, G(n,m)((M — Ly)x(m) + I (x(ne)) + Lix(ne)) > 0.
We can also obtain

T-1
Te()= Y. Glmj)o())

=0,
+ > Glm) (M — L)x(m) + Te(x(m)) + Lix (i)

0<mp <T—1

T-1
> Y Ac(j)+ > A(M = L)x(m) + Ie(x(me)) + Lix(m)))
j=0,j#n, 0<n, <T-1
A
> §|Tx(”)|
> 0| Tx||.

Hence TK c K. The proof is complete. [].

The following lemma is crucial to prove our main results.

Lemma 3. (Guo—Krasnoselskii's fixed point theovem [14]) Let E be a Banach space
and let K C E be a cone E. Assume Q1, Q, are open subsets of E with 0 € Qy, Q; CQy,
and let

T:Kn(\Q) — K
be a completely continuous operator such that either.
i ITx|| £ |lx|| forx€eKnoQq and ||Tx|| > ||x|| for x € K noQy; or
ii. |Tx|| > |lx|| forx € KNoLy and || Tx|| < |lx]|| forx € KNoQ,.
Then T has a fixed point in KN (Q,\Q4).

We are now in a position to apply the preceding results to obtain the existence of
positive periodic solutions to (1).

3. Main results

In this section, we state and prove our main findings.
Theorem 1. Suppose that the following conditions hold

lim o L) v lim ZM —0, 11)
x =~ x

lim x— 400 M = 00, lim x——+o00 M = o0. (12)
x £~ x

Then the problem (1) has at least one positive periodic solution.
Proof 0 <7 <R < oo, setting

Q ={x€E: x|l <r}, Q@ ={x€E:|x||<R}.
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We have 0 € Qq, Q; CQ,. It follows from (11) that there exists » > 0 so that for
any 0 <x <r,

m
f(n,x(n)) <cix — Mkx, Zlk <cox,
k=1

where c1, ¢; are positive constants satisfying
aB(Tcl + (T - WL)(M + 6‘2)) <1

Therefore for x €K, with ||x| =7,
m
f(n,x(n)) + Mx <cix, Zlk <cox.
k=1
Moreover 0 <ol|x|| <x(n) <||x|| = r. Thus

T-1
Tx(n) = ) G(mj)o(})
j=0.jm,
+ Y Glmym) (M — Li)x(me) + T (x(m)) + Lix(me)))
0<n, <T-1
T-1
< Y. B(f(nx(n))+Mx(n))

n=0,n#n,
+ > B(M = Lp)x(m) + Te(x(me)) + Lix ()

0<m <T-1
< TBeislix|| + (T — m)Bo(M — Ly, + ¢ + L) x|l
<oB(Ter + (T —m)(M +c2)) x|
<llxll,
which implies || Tx|| < |lx|| for Vx € K N 0Q;.
On the other hand (12) yields the existence of R > 0 such that for any x >R

fnx(n) zmx, > Lzmx
k=1

where 74,7, > 0 are constants large enough such that

Ac(T(n +M) + (T —m)(M + 1)) > 1.

Fixing R > max {1", §} and letting x € K with ||x|| = R, we get x(n) > o|lx|| =
oR >R and f (n,x(n)) + Mx > nyx + Mx > o(; + M)||x]|.
Thus
T-1
Tx(n)= Y G(mj)o(j)
j=0,j7m
+ > Glrm) (M — L)x(me) + L (x(me)) + Lix(m)))
0<me<T—1
T-1
> Y A(f(nx(n)+Mx(n)

n=0,n#n,
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+ > A(M = L)x(me) + L(x(m) + Lix(mg))

0<m <T—1
2TAo(ny +M)lIx|l + A(T —m)o(M — L + 1y + L) llx |l
2Ao(T(n + M) + (T —m)(M +n,)) |l
2 |lell-

In particular || Tx|| > [|x]|, Vx € K N 0Q;.
Consequently by Lemma 3(i), T has a fixed point in

Kn(Q\{}),

which is a positive periodic solution of (1). The proof is complete. [].
Theorem 2. Suppose that the following conditions hold

. f(n,x) : ~I(x)
lim ,_ o+ . = lim ,_ o+ ;T = oo, (13)
> . "1
lim i oo M = —M, limyioo Z& =0. (14)
x f—~ x

Then the problem (1) has at least one positive periodic solution.
Proof We follow the same strategy and notations as in the proof of Theorem 1.
Firstly, we show that for » > 0 sufficiently large

ITx|| = [lx]l, Vx€KNELy.

From (13) it follows that there exists 0 <x <#, where f,, , are constants large
enough such that cA(T(f; + M) + (T —m)(M + p,)) > 1. Therefore, for 0 <x <7, if
x €K and ||x|| = r, then from (12),

f(n,x(n)) + Mx > p1x + Mx >o6(p; + M)|lx]|,

m
N L2 pox > ofllxll.
k=1

Furthermore, we obtain

T-1
Tx(n)= Y Gujoa(j)
j=0.jm,
+ > Glryme) (M — L)x(m) + Te(x(m)) + Lix (i)
0<nmy<T—1

T-1
> 3 A(flrx(n) + Mx(n)

n=0,n#ny,
+ > A(M — Ly)x(me) + e (x(m) + Lix ()
0<m <T—1
>TAo(fy + M)|x|| + (T —m)Ac(M — Ly, + , + L) |||
2 A(T(fy + M) + (T —m)(M + ) lix]|
> [lxll,
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which implies || Tx|| > ||x]||, for each x € K N 0Q;.
Next we show that for R > 0 sufficiently large, || Tx|| < |lx||, Vx € K N 9€,. On the

other hand (14) yields the existence of R > 0 such that for any x >R
f(n,x(n)) <nx — Mx, ka <X,
k=1

where #;, 7, > 0 are constants such that

Bo(Tn, + (T —m)(M +1n,)) <1.

Fixing R > max {7‘, §} and letting x € K with ||x|| = R, we get x(n) > o|lx|| =
6R>R and f(n,x(n)) + Mx <nx <ny0||x|| and

T-1
Tx(n)= Y G(n,jo(j)

=0,
+ > Glnyme) (M — L)x(me) + Te(oc(m)) + Lix (i)
0<m<T—1

T-1
< Y. B(f(nx(n)+Msx(n))

n=0,n#ny,
+ > B((M - Lp)x(m) + L (x(m)) + Lix ()
0<n, <T-1

< TBony|lx|| + B(T — m)o((M — L) llx|| + mllxll + Lllx|)
<Bo(Tny + (T —m)(M + 1)) lIx||
<lx|l.

which implies || Tx|| < |lx]|, Vx € K N 0Q,.
Finally, it follows from Lemma 3(ii) that T has a fixed point in

Kn(Q\Q),

which is a positive periodic solution of (1). The proof is complete. []

4. Conclusion
By applying the fixed point theorem in cones, we establish new existence theo-
rems on positive periodic solutions for impulsive difference equations with periodic

boundary conditions. Our main findings enrich and complement those available in
the literature.
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Chapter 14

Peculiarities of the Fundamental
Solution of Parabolic Systems with
a Negative Genus

Viadyslav Antonovich Litovchenko

Abstract

For the parabolic Shilov-type systems with a negative genus, a method of
studying the properties of a fundamental solution of the Cauchy problem is pro-
posed. This method allows to improve the known estimates of Zhitomirskii funda-
mental solution for systems with dissipative parabolicity and describe the features
of this solution more accurately. It opens wide possibilities for constructing a clas-
sical theory of the Cauchy problem for parabolic systems with negative genus and
variable coefficients.

Keywords: parabolic Shilov systems, negative genus, fundamental solution,
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1. Introduction

The theory of parabolic equations dates back to the time of the classical equation
of thermal conductivity [1]. However, it acquired its most distinct features from the
fundamental work by I.G. Petrovskii [2] published in 1938. There he describes and
investigates a fairly wide class of systems of linear equations with partial deriva-
tives, the fundamental solution of which has typical properties of the fundamental
solution of the thermal conductivity equation:

)2

Gt —5x) = ( 4m(t—f))_"e*M, t>7>0,x R 1)

(here a - is the coefficient of thermal conductivity, and || - || - is the Euclidean
norm in R"). These systems were later called “parabolic by Petrovskii” or
“2b-parabolic” systems. Due to the efforts of many researchers, the theory of 2b-
parabolic systems developed rapidly throughout the second half of the 20th century.
At that, there were considered the systems with both fixed and variable coefficients
having different properties. Comprehensive results were obtained on the structure
and properties of solutions, as well as on the correct solvability of boundary value
problems, in particular, the Cauchy problem, in different functional spaces [3-13].

In 1955, G.Ye. Shilov formulates a new definition of parabolicity, which generalizes
the concept of “2b -parabolicity” and significantly expands the class of Petrovskii’s
systems with constant coefficients by those systems, in which the order p is no longer
necessarily even, and may not coincide with the parabolicity index  [14]. The para-
bolic Shilov-type systems, mostly with constant coefficients, were studied in [15-24].
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The presence of a gap between p and % in such systems produces a peculiar
“dissipation” effect, the measure of which may be a special characteristic of the system
—itsgenus u: 1 — (p — k) <p < 1. The parabolic systems, in which p = &, — the classical
equation of thermal conductivity, in particular, as well as all 2b-parabolic systems, —
have the genus y = 1, while for the systems with p # &, generally speaking, the genus
is u < 1. Besides, the more the parabolicity index / deviates from the order of the
system p, the more its genus u, decreasing, gets further away from 1. In systems with
such a dissipation, even with constant coefficients, deviations from the standards set
by the classical thermal equation are observed. First of all, for their fundamental
solution G(t, 7; -), the analytic properties in the complex space C" [15] are getting
worse, and the order of exponential behavior on the real hyperplane R” changes [16]:
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Another anomalous phenomenon of the systems with “dissipative parabolicity”
is their parabolic instability with respect to changes in the coefficients, even of those
found at zero derivative. This fact was first pointed out by U Hou-Sin in 1960, who
gave the example of a parabolically unstable system [17]. In this regard, the ques-
tion of the study of parabolic Shilov-type systems with variable coefficients is
problematic and still remains open.

Zhitomirskii’s estimates (2) show that the fundamental solution of G(t, 7; x)
parabolic systems with the positive genus u on the set (7; +00) x R” shows the
behavior typical for G.(t — 7;x): it decreases exponentially and has a peculiarity at
only one point (t;) = (z; 0). This fact allowed us to successfully develop the
classical theory of the Cauchy problem for parabolic systems with variable coeffi-
cients and non-negative genus y in [25-28]. However, according to these estimates,
in the case of 4 < 0 the function G(¢, 7;x) may have a peculiarity on the entire
hyperplane ¢t = 7, x € R”. This point significantly complicates the substantiation of
the convergence of the process of successive approximations, in particular, while
making the fundamental solution of the Cauchy problem for systems with variable
coefficients using the Levy method. In this regard, a natural question arises: How
accurate are the estimates (2) for systems of the genus u < 0?

The answer to this question is given in this paper. A method for studying the
function G(¢, 7;x) for parabolic Shilov-type systems of genus u < 0, which allows us
to more accurately describe the behavior of this function in the vicinity of the point
(t;x) = (73 0) is also suggested in this research paper. In addition, one class of
systems with dissipative parabolicity is also defined here. These systems are para-
bolically stable to changes in their lower coefficients.

The main content of the work is as follows. Section 2 contains the necessary
information on the concept of parabolicity by Shilov. One class of systems with
dissipative parabolicity and variable coefficients is described in Section 3. The study
of the properties of the fundamental solution of the Cauchy problem for parabolic
Shilov-type systems with a negative genus is carried out in Section 4. The final
Section 5 is the conclusions.

104G (2, 73x)| < Ag(t — 7) y20. (2

>

2. Preliminary information

Let N - be the set of all natural numbers; N, = {1, ...;m}; R” and C" - real and
complex space of #n >1 dimension respectively; 7", — the set of all z-dimensional
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multi-indices; R:==R!, C:=C?, Z+ =70 imaginary unit; (-, -) — scalar product in
the space R”; |x + iy| = (x* +y ) ,if {x,y} CR; 2 —Z1 =lz|" ... 2",

|z\ﬁ =" + .. + |zl 2| = |z|+, ifz:=(21; ...;25) G(C", li=(ly; .51, €Z', heR;
Og- — is the partial derivative with the variable &.

Let us fix {m,p} CN, T € (0; 4o00) arbitrarily and consider the system of partial
differential equations of p order

Ou(t;x) = A(t;i0x)u(t;x), (%) €lio;1), 3)

in which I (g, 77:= (0; T] x R, u(t;x) := col(u1(t; X); ... ;un (¢;x)) — is an unknown
vector-function and

Al(t;ioy) ( > ) k*d‘;) (4)

Ikl <p ji=1

matrix differential expression with coefficients a’,: ().
Let us denote by .A the matrix symbol of the differential expression A(¢;idy):

5) = ( Z ajkl(t)sk) ,t€(0;T],s€C”. (5)

Ikl <p =1

The Shilov-type parabolicity of the system (3) depending on the constancy or
variability of its coefficients, is defined differently.

In the case when the coefficients a],: are constant, i.e., when
A(t;id,) = A(idy), At ) = A(), (6)

the system (3) on the set ITjo, 7 is referred to as Shilov-type parabolic system with
the parabolicity index %, 0 <k <p, if [15]

35> 035> 0¥ €R” :  max Re2;(§) < — SollEl" + 5, 7)
JERNm

where A;(s) - characteristic numbers of the matrix symbol A(s), s € C".

If the coefficients of the system (3) depend on ¢ (continuously), then the
Shilov-type parabolicity of this system is defined somewhat differently, using the
concept of the matriciant of the linear differential equations system.

For the system (3) we shall write the corresponding dual by Fourier system

o(t;8) = At Ev(t:6), 0<r<t<T,f€R". (8)

The matriciant of the system (8) is such a matrix solution of the system
O (-), 0<r<t<T, that

&), =E (vr€0;T)) 9)

t=t

(here E - a single matrix of m order).
Under the condition of continuity of the coefficients of the system (3), the
matriciant ©’(-) has the structure [29]
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O.()=E+ il“ J <1—[1A(t]-; ~)>dtr...dt2dt1. (10)
T7T T J=

r=

The system (3) with continuous coefficients on [0; T is called a Shilov-type
parabolic system on the set ITjy, 7] with parabolicity index %, 0 <k <p, if for the
matriciant ©.(-),0 <t <t < T, of the corresponding dual by Fourier system (8) the
following estimation is performed [15]

105 (&)l (1 + [IEl)e M (1558) €M, (11)

with some positive constants ¢ and 5. Here
k,
r=@p—-h(m-1), |(a) f:”l,z:ﬂ o= nﬁ\x lajil. (12)

It should be noted that for Shilov-type parabolic systems with constant coeffi-
cients, the condition (11) is a direct consequence of the corresponding condition of
parabolicity (7) [15]. For parabolic systems (3) with z-dependent coefficients at
p # h, this fact generally cannot be confirmed by classical means of the theory of
parabolic systems due to the parabolic instability of such systems to changing their
coefficients.

The Eq. (10) allows us to extend the matriciant ©.(-) into the complex space C”
to the complete analytical function. Taking into account the estimation

|A@E;s)| <c(1+ |Is|IP), 0<t<T,seC”, (13)
we find that
10 (s)| < coe® I 0<r<t<T,seC” (14)

(here, a co and & are positive constants independent of 7, ¢ and ).

The smoothness of the matriciant ©’(-) together with the estimates (11), (14),
according to the statement of the theorem of the Phragmén-Lindel6f type
[30, p. 247], ensure the existence of the area

K, ={&+ineC" : Inll <K@ +1I¢I)"} (15)

from v with [1 — (p — k); 1], in which the following estimate is performed

10L(& + in)| <ci(1+ [|E]1N)e DM 0<r<t<T. (16)

The genus p of the Shilov-type parabolic system (3) is the exact upper boundary
of the indices v, with which in the domain K, for the matriciant ©.(-) the estimate
(16) is performed [15]

Similarly to 2b-parabolicity, it is convenient to call the Shilov-type parabolicity a
{p, h}-parabolicity.

It should be noted that the fundamental solution of the Cauchy problem for
{p, h}-parabolic system (3) is represented by the function [15]

G(t,7;x) = (2n) " Je-“x’f)@g(g)dg. (17)

R”
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The following section gives an example of a {p, h}-parabolic system and defines
a class of systems with dissipative parabolicity, each of which is a {p, & }-parabolic
system with variable coefficients.

3. One class of parabolically resistant systems

Due to the difficulty of establishing the fundamental condition (11), for the
system (3) with variable coefficients, the definition of parabolability according to
Shilov is somewhat specific. It is known [4] that the corresponding condition (11) is
satisfied for 2b-parabolic systems (3) with continuous coefficients. However, it is
impossible to confirm the fulfillment of this condition in a similar way for systems
(3) with p # & based on the condition (7). Therefore, it is important to be aware of
the richness of the class of the Shilov-type systems with variable coefficients, in
particular, of the examples of such systems that are not parabolic by Petrovskii.

Let us consider a system of Eq. (3), in which the differential expression A(z;idy)
allows an image

A(t;i0y) = Ao(idy) + A1(2;10x), (18)

where

( S gkl d@) , Ai(tyioy) = ( 3 aZ(t)ik@f;) . (19)
lj=1

K <p ki <Py et

Let us assume that the corresponding system
ou(t; x) = Ao (idc)u(t; x), (%) €llo; 7, (20)

is {p, h}-parabolic on the set I, 1), and the coefficients of the differential
expression A4 (¢;idy) are continuous complex-valued functions defined on [0; T,
while the values p, p, and / satisfy the condition

(A): 0<p,+(p—h)m—1)<h.

Example of system (3) with condition (A). Letn =1,m =2,a> 0 and ¢;(-),
j €N, are some continuous on [0; T| complex-valued functions. Then the system

o = {—ady + c1(£)0% fur + {0 — 02 + c2(2)0x }ua,

(21)
Oty = {(,‘3(1')6926 — 0§}u1 {aa —calt 0 —cs(t }uz,
is the system of kind (3) with condition (A). Indeed, putting
, —adt & -2
Ao(idy) = ( @ —ad® ), (22)
102 £)0,
Avtsioy) = 0 * ng ) (23)
c3(t)d;  ca(t)d, + cs(t)
and solving the appropriate equation

det(Ao(s) —AE) =0, seC”, (24)
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we obtain that 415(s) = —as* £iV/s® +5%,p =5, p, = 2and h = 4. For these
values p, p, and %, obviously the condition (A) holds.

Theorem 1 Let (3) be a system with continuous coefficients, for which the conditions
formulated in this clause ave satisfied. Then it is an {p, h}-parabolic system with variable
coefficients.

Proof. According to the definition of {p, 4 }-parabolicity for the system (3) with
variable coefficients, it is enough to show that for the matrix () of the
corresponding dual by Fourier system (8) on the set I, 7, 7€[0; T), the estimate
(11) is performed.

On condition of continuity of the coefficients, the matriciant @ () is the only
solution of the Cauchy problem for the system (8) with the initial condition

v(t;)],—, = E. (25)
Thus, the correct equality
%0 (£) = Ao(£)O(§) + Q. 1), (26)
in which
Q(z,58) = A1(t:£)0;(£). 27)

Having solved the Cauchy problem (26), (25), we obtain the image

t

O (&) = et | Je(f*ﬂﬂ’“f)Q(r, B;&)dp, (&) €7, t€[0;T).  (28)

T

It should be noted that e*~0(") is the matriciant of the dual by Fourier system to
{p, h}-parabolic system (20), therefore, the estimate (11) is performed for it.
Hence, considering the inequality

1Q(z, 858 <co(1+ EIP)IOL(E)], (8€) €EMirypy, 7€[0;T) (29)
(here the positive constant ¢y in independent of 7, and £), the next estimate is
obtained

1€%(8)] <c(1+ [IEI7)e 2T e (14 1) (1 + llEliP) je*ﬁ“*/’)“é‘”h |©%(&)ldp, (30)

from which we come to the ratio

t

<c+er(1+ NENM) A+ 11EI1F) J

T

0% (&) |edE=Dlel’
(T+1EN")

10 (¢) |ed Bl

dap.
arparn @ B

Using now the classic Gronwall’s lemma [4], we get

10,(&)l Sc(1+ gl )e I et ENAHEI) - (¢ ) ey, £€(03T). (32)
This inequality, in combination with condition (A), ensures the existence of

positive constants ¢ and §, with which for all (¢; &) €, 1,7 €[0; T), the estimate
(11) is performed.
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The theorem is proved.

Remark 1 The proof of Theorem 1 is based on the classical idea of establishing an
estimate (11) for 2b-parabolic systems with the coefficients continuously depending on t.
Therefore, analyzing this proof, especially its last part, we can understand why, in
contrast to the 2b-parabolicity, in the case of p # h the difficulties in establishing the
condition (11).

The study of the properties of the matriciant ©’(-) for systems with a negative
genus u will be continued in the next section.

4. Properties of fundamental solution

Let us move on to the search for an answer to the question posed in Section 1
concerning the accuracy of Zhitomirskii’s estimates (2) in the case of a system (3) of
genus p < 0.

Theorem 2 Let the system (3) {p,h} be parabolic with the negative genus p, and let
1> 0and a> 0 be such arbitrarily fixed numbers that | <1+ ah and (ah — l)p > ah. Then

3{c,8,A,B} C(0;+o0)Vk e Z Vg € Z, Vx e R"\{0}Vr € [0; T)Vt € (7; T] :

1 _
. x| 1-u/h
I+p)g—n—|k| 4 —1 L]
L g —n—kl+ o7 5((t ,)(Hu)/h)

agkl.
G, 752) < oD ()agdp — o) T

T (33)

where 1y :== max {1;1}.

Proof. To simplify the calculations, we put 7 = 0. The general case 7> 0 is
realized similarly.

Let us consider the functional matrix

Si(t;€) =6, (fl/haf), 1>0,t€(0;T],E€R, (34)
for which, according to the definition of the genus y of the system (3), on the set
K, = {e+ineC eyl <Ko (147 cl) | (35)
the estimate is performed
(g E i e g—ot el .
ISies & +im) <e (17 gl) e, re (05T, (36)

with positive values ¢ and 8, independent of ¢, £ and 7.
To estimate the derivatives 913, we use the Cauchy integral formula

A3 (t;¢) =

nog.) Si(t; 0)do;
‘LJ Sitolo; | gemcerr, re(0;T) (37)

L L 27i q;+1°
T, (Gj —¢ )
in which T'g; — is a circle with the center in the point ¢; +i0 of the radius

u
Rj:1<0(1+t*l/h|§j|) , 0<Kop< <1 (38)

Let us put I'g:=Tg, x ... x I'g, and fix a fairly small positive K¢ so that I'r K,
(the existence of such Ky is substantiated in ([30], p. 287) when proving the
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theorem 4 of the Phragmén-Lindeldf type in the case of # independent variables).
Then, according to the estimate (36), we have

_ SNT st (5t o G5
sl <e (1) e T (39)
iR;

where {%, & } CR” - fixed points with such coordinates

{&:8}cle—Rag+R), jen, (40)
that
~ 2 .
£ = max x2, |E]= min  |x;, (41)
SN S S 3 T eruger]
that is
E=&+xRj &=+ (R, (42)

at some {)(j, g“j} cl-11].
First of all it should be noted that

Rj— X<k, £ eRe(0:T) (43)
(1+¢m1g)
Since
gl <vnlgl,, &eR?, (44)
then

1B <V I+ R < v Y (114R,) < vy (1g1+Ko) <
=1 j=1 j=1

(45)
<Va(1+E,), Ko<l/n,E€R"te(0;T).
- o
Now let us estimate the value ¢ +,
Let us start with the simpler case when t € [1; T].
We assume that |&;| > 2K, then
o h L
&] = (1g1-R))" 2 (Igj1-Ko ) 227"]¢)| (46)
If €] < 2K o, then
11| | 11| g |t 11| g | 11| g |
e 1] <1 = %t l¢;] g =00t ¢ < g 0ot |¢,] +a (V8 > 0), (47)

where a = 6§ (ZI(O)h max .
te(1;T]
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Therefore, for each 5> 0 there are such positive constants ¢o and &y that for all
¢;€R and t € [1; T] the estimate is performed

e g I
a5l <coe %" el (48)
We show that the statement (48) is also true in the case of £ € (0; 1).

We shall fix arbitrarily @ > 0 and further consider that [ <1+ ah. Then for
|€;] <2, we have:

eiﬁtlil|5j|h S650t14|51|h750t17!|§,‘|h §675° (t171|§j|hitl+ah,l) S6750 (t1*"§/|h,1) (V50 S O). (49)

Now let t* <|¢;], and a be such that the condition: (I — ah)|u| > ah is satisfied.
Taking into consideration that

r<_ Ko

Uh-a)ll < g g
IS <Kot <Kot*, (50)

we obtain:

o = (1) 2 () = o i)

(51)
h T
Z“S]" (1-Ko)" 22 ’5]" :
Hence we arrive at performing (48) att e (0;1).
According to the estimates (45), (48) and equality
B p
sup{y’e™} = <—> , $>0,5>0, (52)
)’ZO 65
we find:
~ 51| E|" 1
561<1+t71/h||§||)7573t l|§|+s(2\/ﬁ)7tfly/h (14 ], ) e et <
7 —ly/h St \7 Y —ly/h yt 1 v
—ly el b —_— ;
<(2vn)'t (1+|§|+e ) <(2vn)'t <1+"<he50) > 5
(53)

cElR;qje_%tH ¢ < R;qje*‘%tu &)l

— lulq ; e |k
:I<Oqj (1+t_l/h|§]|) Ie—éotl l|5j‘ <

) . |.“|q/‘/h
< (2"Ko) ™% (1 + t*‘qu/h‘gj"”'q’e-ﬁofll|5j|h> < (2"Ko) 0 (1 + (Z lgft ) > .
0

Together with (39), these estimates ensure the existence of such positive con-
stants ¢, A and ¢ that for all £eR", t € (0; T] and q € Z", the following inequality is
true

101585 &) < cA g (1-Dag ot el (54)

in which lp = max {1;/}.
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Next, we shall use the image

G(t,0;x) = (2z) "t "/ Je*i(xf“hf)sg; g)de,  (t;x) €M, 1)- (55)
Rn
Identity
tl/erf;x |:€7i(x’til/h§):| = eii(x’til/hf) 5 (56)
in which
Lex = illxl| 2> xjoe, (57)
j=1

atx # 0 allows to write the previous equality in the form
G(t, 0;x) = (27) "fa—n)/h JLg;x [e—f(x’t’”hs‘)} S(t;8)de (Vgel.). (58)
R
Hence, after integrating by parts g times, we arrive at the relation
G(t, 03x) = (—1)1(27) "=/ Je*f(x’f“hi)Lg;x[S(t; olde (VgeZy),  (59)
RW
from which we obtain that

(a-n-le—rly)
h

b okG(e, 05) < 20) e |10 (L (6 ) (60)

R

forall {r,k} CZ" andq€Z,.
Having considered the estimate (54), for (t; &) €I, 1) and x # 0 we find:

10 (L. [5(65 )] ) | <A 1 el 055, (0rg (e et (o)

Then

e (gl )Lt ) oy (4 4
kGt 05x)| < AT x| 9 S 7(17%)%(17;)(] %

- ) gl )-n— Ikl ~loy
[ lete 6t <cort 1R 0 O

7 ki s 7:j|§h| Pl plkl (gt )kl oy
X Hsup yre ? e 2% 1ed¢ < AT BRI ||| "9 g X

R"

sy Rrg (gt te (0;T),x # 0,q €2, {kyr} 2
(62)

(here positive values ¢, A and B do not depend ont, x, ¢, k and 7).
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Thus, for allt € (0; T], x e R"\{0}, g €Z, and k € Z', the correct estimates are

(140) (g+Irl 4 ) —n—ll . ~lo7

|aﬁg(t, 0;)| Y 0 L | B S— q(lfﬁ)qk’ﬁx

X (11 1}:1]f { (tHT”A)VjV;j(liﬁ) |.X‘j|_rj }) < (63)
j=

(4+)g—n—Jk| . 1 _5(—"‘" )ﬁ

SCAqBW* ”x”—qtiu : 7 L qu(l—%)qk%e +u)/h ,

in which the valuesc>0, A> 0, B> 0 and § > 0 do not depend on k, ¢, ¢ and x.

The theorem is proved.

Remark 2 Zhitomirskii’s estimates (2) are obtained from (33) forq = 0,1 = 0 and
a=0.

Given that! = 1+ ah, (ah — )y = ah and g = 0, from the theorem 2 we arrive at
the following statement.

Corollary 1 For {p, h}-parabolic system (3) with genus yu < O there are such positive
constants ¢, B and 5 that for all k€ 7", x e R", 1€ [0; T) and t € (z; T the next estimate
is performed

nirly g i
|af;G(t,r;x)|ch‘khk’f(t—r)*—Z ¢ (wﬂ“) ) (64)

Therefore, according to the corollary 1, the fundamental solution G in the case of
negative genus y also has a singularity only at the point (¢;x) = (z; 0).

Corollary 2 Let (3) {p,h} be a parabolic system with negative genus y, then for all
te(r;T), 7€[0;T), x €eR"\{0} and k € Z"_estimate is performed

1
ko (1-4) k| Tufk

CB‘k“kh ke ) 1-{y} —3(, bl )

BT Kkl e\l ) (65)

AL, =27

10EG(t, 730)| <
||

in which the positive values ¢, 5 and B do not depend on ¢, 7, x and k; [-] and {-}
are integer and fractional parts of the number respectively.

Proof. Estimates (65) are obtained directly from (33) atl =1+ ok, (ah — )y =
ahandqg =n+[y] +1+ |k|,.

The established estimates (65) provide exponential decrease when changing
t — 7+ 0 on the set R"\{0} derivatives of the function G(¢,;-) in case u < 0.
Similarly to the case p > 0 considered in [25-28], this will allow us to successfully
study the Cauchy problem for wide classes of {p, & }-parabolic systems (3) with
negative genus y and variable coefficients a]kf (t;x). Moreover, this will also allow us
to describe in a similar way the sets of classical solutions of such systems with
generalized limit values f on the initial hyperplane and to study the local behavior of
these solutions when changing t — 7 + 0 on that part of R” where the functional f
has good properties etc.

5. Conclusions

The class of systems with dissipative parabolicity and variable coefficients
defined in Section 3 proves that the class of parabolic Shilov-type systems with
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coefficients a’kl (¢) is quite broad and cannot be confined to the class of 2b-parabolic
systems (3) with continuous coefficients only.

Analyzing the obtained estimates (33) of the fundamental solution of the sys-
tems (3) with dissipative parabolicity, we conclude that in the case of the negative
genus y the function G(t, 7;x) on the set (z; T] x R” has only one singular point
(t;x) = (73 0). Similarly to the case y > 0, these estimates allow to perform the
expansion of the Shilov class {p, & }-parabolic systems by supplementing it with the
systems with negative genus y and coefficients depending on space variable, and to
successfully develop the theory of the Cauchy problem for it using the classical
means. Moreover, the estimates (33) open wide possibilities for studying the prop-
erties of solutions of parabolic systems of the genus y < 0 at the approximation of
the initial hyperplane.
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Chapter 15

Boundary Element Modeling

and Simulation Algorithm for
Fractional Bio-Thermomechanical
Problems of Anisotropic Soft
Tissues

Mohamed Abdelsabour Fahmy

Abstract

The main purpose of this chapter is to propose a novel boundary element
modeling and simulation algorithm for solving fractional bio-thermomechanical
problems in anisotropic soft tissues. The governing equations are studied on the
basis of the thermal wave model of bio-heat transfer (TWMBT) and Biot’s theory.
These governing equations are solved using the boundary element method (BEM),
which is a flexible and effective approach since it deals with more complex shapes
of soft tissues and does not need the internal domain to be discretized, also, it has
low RAM and CPU usage. The transpose-free quasi-minimal residual (TFQMR)
solver are implemented with a dual-threshold incomplete LU factorization tech-
nique (ILUT) preconditioner to solve the linear systems arising from BEM.
Numerical findings are depicted graphically to illustrate the influence of fractional
order parameter on the problem variables and confirm the validity, efficiency and
accuracy of the proposed BEM technique.

Keywords: boundary element method, modeling and simulation algorithm,
bio-heat transfer, fractional bio-thermomechanical problems, anisotropic soft
tissues

1. Introduction

Human body is a complex thermal system, Arsene d’Arsonval and Claude Ber-
nard have shown that the temperature difference between arterial blood and venous
blood is due to oxygenation of blood [1]. A large number of research papers in bio-
heat transfer over the past few decades have focused on an understanding of the
impact of blood flow on the temperature distribution within living tissues. Pennes
[2] was the first attempt to explain the temperature distribution in human tissue
with blood flow effect. The improvement of numerical models for determination of
temperature distribution in living tissues has been a topic of interest for numerous
researchers. Askarizadeh and Ahmadikia [3] introduced analytical solutions for the
transient Fourier and non-Fourier bio-heat transfer equations. Li et al. [4] studied
the bio-thermomechanical interactions within the human skin in the context of
generalized thermoelasticity.
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Analytical solutions for the current problem [5, 6] are very difficult to obtain, so
numerical methods have become the main way for solving these problems [7-10].
The boundary element method (BEM) [11-21] is one of the numerical methods used
to solve the current general problem [22-31]. Generally, Laplace-domain funda-
mental solutions are easier to obtain than time-domain fundamental solutions for
engineering and scientific problems [32, 33]. consequently, the BEM is very helpful
for problems that did not have time-domain fundamental solutions, because it
requires the Laplace-domain fundamental solutions of the problem’s governing
equations. So, BEM expands the range of engineering problems that can be solved
with the classical time-domain BEM.

The main aim of this chapter is to propose a new boundary element fractional
model for describing the bio-thermomechanical properties of anisotropic soft tis-
sues. The dual reciprocity boundary element method has been used to solve the
TWMBT for obtaining the temperature distribution, and then the BEM has been
used to obtain the displacement and stress at each time step. The linear systems
from BEM were solved by the TFQMR solver with the ILUT preconditioner which
reduces the number of iterations and the total CPU time.

A brief summary of the chapter is as follows: Section 1 introduces the back-
ground and provides the readers with the necessary information to books and
articles for a better understanding of bio-thermomechanical problems in anisotropic
soft tissues Section 2 describes the BEM modeling of the bio-thermomechanical
interactions and introduces the partial differential equations that govern its related
problems. Section 3 outlines the dual reciprocity boundary element method
(DRBEM) for temperature field. Section 4 discusses the convolution quadrature
boundary element method (CQBEM) for poro-elastic field. Section 5 presents the
new numerical results that describe the bio-thermomechanical problems in aniso-
tropic soft tissues.

2. Formulation of the problem

Consider an anisotropic soft tissue in the Cartesian coordinate system Ox1x,x3 as
shown in Figure 1. It occupies the region Q = {(xl,xz,X3) 10<x1<a, 0<x<f,0<x3< Z}
with boundary I' that is subdivided into two non-intersective parts I'p and I'y.

x

Figure 1.
Geometry of the current problem.
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The governing equations which model the fractional bio-thermomechanical
problems in anisotropic soft tissues can be written as follows [34, 35].

(VTo)" +F = pii + dpy (i — i) (1)
{+Vig=0 (2)
0= (Cuptre — Ap)I — B0, 3)
€ = % (VuT + (VuT)T) (4)
(=Atre + (EP (5)

R

where the fluid was modeled by the following Darcy’s law [36].
ot L
qz—I((Vp—kpfii—kp%C(uf—u)) (6)

The fractional order equation which describes the TWMBT can be expressed as [37].

VYT (r,7) + WsCh(Th = T) + Qs + Quss + 5 (~WsCoDST + DiQur + DiQusr)
T oT
—pC| LDty + & 0<a<1
al ’? or
@)

where o, €, Cyjig, p = p,(1 = @) + dpy, py> ps, u, uy, FF and qq are total stress
tensor, linear strain tensor, constant elastic moduli, bulk density, solid density, fluid
density, solid displacement, fluid displacement, bulk body forces and specific flux
of the fluid, respectively, B are stress-temperature coefficients, tr denotes the trace,
A = ¢(1+ Q/R) is Biot’s coefficient, Q and R are the solid—fluid coupling parame-
ters, p is the fluid pressure in the vasculature, { is the fluid volume variation

measured in unit reference volume, ¢ = va is the porosity, V/ is the fluid volume,
V = V/ 4+ V° is the bulk volume, V* is the solid volume, 7 is the time, K is the
permeability, p, = C¢p where C = 0.66 at low frequency [38], K is the soft tissue

thermal conductivity, W), is the blood perfusion rate, C,, is the blood specific heat,
T is the arterial blood temperature, T is the soft tissue temperature, 7 is the thermal
relaxation time p is the soft tissue density, C is the soft tissue specific heat, Q,,,, is
the metabolic heat generation and Q,,, is the external heat generation.

According to Bonnet [39], our problem can be expressed as a matrix system as [40].

Bt (x) = 0 forx €Q
W (x) =g, forxelp (8)
#(x) =gy forxerly

where
B +52(p—ﬂpf)1 (a—p)Vz  —BV;
o 9
X _ T _ﬁ i Sﬁ (
s(a—p)V; oy Az + R 0
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=
g
S
X
(e}
INgY

(x) 2
x) ¢ sKpy

(x) , ﬁ:¢2+SK(pa+¢pf)

(10)

<
S
ﬂ
S
4
<
%
o
>

3. Boundary element implementation for bioheat transfer field

Through this chapter, we supposed that Q,,,, and T}, are constants and 8(r, 7) =
T(r,z) — T (r,0). Thus, Eq. (7) can be written as

%0
pC D“+19+pC + wbcbD“9+wbcb9 Ko tg 0<as<l (11

According to finite difference scheme of Caputo [22] and using the fundamental
solution of difference equation resulting from fractional bio-heat Eq. (11) [41], we
can write the following dual reciprocity boundary integral equation

N+L
Cib; +J q*QdF—J 0*qdl =Y a; (cjé,ﬁj q*éjdr—J a*qjdr> (12)
r T j=1 I r
in which
ol 00 (1
G=L, q=2 =% o 1n<7) (13)

where 7 is the outward unit normal vector to boundary I',  is the distance
between source point i and considered point j, N is the number of boundary nodes
and L is the number of internal nodes.

where

0 00
a=RYf =R ﬁ+b +0+d (14)

The discretization process for Eq. (12) leads to

N N
Cif; + ZJ q"0dl" — ZJ 0*qdr
k=1 Tk k=1 9Tk
N+L R N . N (15)
j=1 k=1 7Tk k=1 7Tk

After interpolation and integration processes over boundary elements, Eq. (15)
can be expressed as

N+L
Ci6; + Zz,kek - Z Girdj, = Z o (c 05 + Zz,kak] Z G,quj> (16)
The matrix form of Eq. (16) can be written using (14) as

2 ~
ZH—qu(Zé)—GQ) (‘;2+bag 56+d> 17)
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which also can be written

X( g+éa—9+c9+d> +20=Gq (18)
where
= (Zé) - GQ)R 1
The boundary and initial conditions
O(x,y;7) =0 (19)
PEI0)_ pir,p;0) = 0 (20)
)~ { gc ;tz:)rzxix, $<0.02 on

The time discretization has been performed as follows

q=(1-0;)q" +0,4"" (22)
0=(1-6,)0"+0,0m" (23)
0 1, . .
ey (" —om) (24)
/0 1
ﬁ ATZ (9m+1 9m71 _ 2017!) (25)

Substituting from Egs. (22)-(25) into (20), we obtain
Xa Xb -
(A—“z + 5+ X0, +0 Z) o — 0,Gg" + Xd

(26)
Xa

27 4+ (1-6,)Gqg"

2Xa L Xb Xb
A2 Az

—Xe(1-6,) —Z(1 - 9,,))9'"

Thus, with the temperature 6 determined, the remaining task is to solve the

problem (8).

4. Boundary element implementation for the poro-elastic fields

The representation formula of (8) that describes the unknown field # can be
written as

i (%) = (Vig)g(ic) - (Rag)g(fc) fork e Q 27)

where
(f/ig)gm - jff@ — %)E (y)ds, (28)
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(ki) @) = J (T,0)" (y — %) (y)ds, (29)

For anisotropic case, the Laplace domain fundamental solution U(r) and the
corresponding traction T, can be expressed as [40].

e ') o] T, samy 0
(r) = , Ty = with 7:=|y — x|
(#)' ) Py o) [ Sy o

(30)

where the solid displacement fundamental solution U’ (r) may be expressed as

R k3 — k3 kS — k2
() — 1 1( 4 ;) efkﬂ_Rz( 4 2) b (T2 - Ry)eh
4zr(p — pp’) (k1 — k) (k1 — k)
(31)
with
3V, rVir—1 3V,rVir—1
= ke kY (32)
which can be expressed as [36].
3 _ ; T 0
U(r) = e [ )y Ve 4+ 102+ 30) | + 0(°) (33)

The fundamental solution of solid displacement U (r) can be dismantled into
singular U.(r) and regular U, (r) parts as

U (r) = U.(r) + U.(r) with r:= |y — x|

1 At
= {my \% VT] A% (r)

A+ 2u (34)
k3ks
((le2 + k) A, — kik3)I — <k§ +k — kG — ) Y VT] &(r)
T k3
in which
i) = [ et + e + e 1
S CR R IR I R C R R

1 2
~ T EeE-eE—r o)

The remaining parts of U (r) as in (30) can be described as [36].

246



Boundary Element Modeling and Simulation Algorithm for Fractional Bio-Thermomechanical...
DOI: http://dx.doi.org/10.5772 /intechopen.96268

fla —
cfoy o plla=p)Vyr [( 1) ke ( 1) k27:| (0
U (r) = B+ 20) (k% ey kq + ~)e ey + ~)e =0(r°) (36)

oy =L () @)

B 5!

f
(r) = B —i2) (k2 = k2)e ™" — (k2 —k2)e™*] ==L £ O(°)  (38)
1 2

 4arp

On the basis of limiting process X € 2 — x €I on (28) we get

lim (Vi‘g)g(ic) - ( Ag) (x) = JUT(y — x)E(y)ds, (39)

xeR—xel
r

According to limiting process X €2 — x €I on (28) we obtain [42].

. }g;cer(kag)g(x) = [—I(x) + C(x))i# (x) + (Kug) (x) (40)
where
Cle) = lim J (T,0)"(y — x)ds, (41)
Y EQ:y—x|=¢
and
(ki) () = tim J (T,0) (y — )i (y)ds, (42)

x| >e
By using (39)-(42), we can write
Clx)i (x) = (Vfg) (x) — (fmg) (x) (43)
By applying the inverse Laplace transform, we obtain
Clox)ub(x,t) = (V=88)(x,t) — (Kuf)(x,t) (44)

where * is the time convolution.
According to [40], the fundamental solution is

~e T
(1,0)" - /fmy [ o Af] [ T Tf] (45)
y = T T ~\T o = AN\T A f
- LAY
| L(F) @) @
On the basis of Stokes theorem, we obtain
J(Vy X a, ny)dsy =— J(a, v)dyy = - J(a,v)d}/}, =0 (46)
r or ®
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which can be expressed as

J(ny X V,,a)ds, = 0 (47)
r

On the basis of [40], we get

J(My a)ds, =0 (48)
r

T
in which M, = (V,VI')" — v, V.
By applying (48) to a formula a = vu we obtain [43].

J(My v)udsy = — Jv(My u)dsy (49)
r T
J (M, ) Tudsy =— JvT (M, u)ds, (50)
T T

Making use of (34) and (45), we can express T as

(f) (Te(Uizng+U ))T+sa15f = (T;ming)T+o(V°) (51)

reg

On the basis of [40], we obtain

sing sing

(T‘)T:(Hzﬂ)nyv Using = 1(1y % (Vy x ) ) + 26yt +0(°) (52)

which may be expressed using (34) as

sing

(f)T M, A2 +1(n7V,) AX + 21 (M, U, ) +0o(r°) (53)
By applying (29) (53), we obtain

(i) ) = [ [z + (107, 435+ 2 (4,0) i 0]
(54)
Based on [42], we have
(Kir),, (%) = J[-AjX(Mya) + (107, AZX )it + 200, (Myit) +0(r") | s, (55)
r
In the in right-side of (55), we can write second term as follows

T
n Vyr
Agy?

(nTVy)Ajfc(V) =

0(r°) (56)
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in which
C(x) =1I(x) c(x) with ¢(x) = % (57)
According to [40], we can write
Qekger(ka);(x) = —I(x)[~1+ c(x)]it(x) + (Kit) (x) (58)

By augmenting Ui to U, we obtain
(kt)_ @) = J—Agfc (Myit) + (1(n7V,)A2% ) + 200 (Myit) + O(r°)idls,  (59)
r

According to [41], we get

t

(F+¢)®) = [fle - Ag(o)ds forre 0,7 (60)
0
where
(Fe)t)~ Y oty (f)ete) (61)
k=0

On the basis of Lubich [44, 45], the integration weights w, are calculated using
Cauchy’s integral formula as

N 1 N
a)ﬁk (f) = 2_71'1 J f(%?)z_("“)dz (62)
|z|=R

Polar coordinate transformation z = Re ~ is used with the trapezoidal rule to
approximate the integral (62) as

R R71 L i y(Rfo)
At ~ ‘n : — i _
w), (f) T +1; (s2)¢"  with ¢ =el+1 and s, A (63)
Substitution of Eq. (63) into Eq. (61), we get
N p-(n—k) N_ \
(frg)t)m )y N1 > flse)" " Mg(n)
k=0 =0
y (64
R" &
=0
with
N
8(se) =) Rigt)c ™. (65)
k=0
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According to the procedure [43], the convolution operator (44) can be
expressed as

Cx)us (x,2) = (v+18)(x,t) — (kxuf)(x,1) (66)

which may be written as
Clx)it (x,50) = (0F) (x,50) — (kﬁg) (%,5), £=0.....N (67)

Let the boundary I" is discretized into N, boundary elements z, as follows

N,
Il = eL:Jlre (68)
Now, we assume that we have
Sulk) (') = span{ok]}:_y, a1 (69)
Sikl(ro.) =span{! ]} . p>0 (70)

where

(ki el (x) € Sulke] (') (71)

i
E[k] (x) 2B K] (x) = > 8 [l k] (x) € Sy lk] (I'p,) (72)

where k = 1,2, 3, 4 are the poro-elastic degrees of freedom, ¢¢[k| are i continu-
ous polynomial shape functions and i//f [k] are j piecewise discontinuous polynomial
shape functions.

Thus, from (67), we can write the following N + 1 algebraic systems of
equations

VDD - I%DN i%,h _
Vo = (C+Knw) |, |8, |,

~Vpn (C+kDD)] [ﬁvh

. N ‘| £=0..N
—Vnn  Knp Ly P

(73)

5. Numerical results and discussion

In the current study, a Krylov subspace iterative method is used for solving the
resulting linear systems. In order to reduce the number of iterations, a dual thresh-
old incomplete LU factorization technique (ILUT) which is one of the well-known
preconditioning techniques is implemented as a robust preconditioner for TFQMR
(Transpose-free quasi minimal residual) [46] to accelerate the convergence of the
solver TFQMR.

To illustrate the numerical calculations computed by the proposed technique, the
physical parameters for transversely isotropic soft tissue are given as follows [47]:
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The elasticity tensor

Cun Cip C3 O 0 0
Cn Ciu C3 O 0 0
C13 C13 C33 0 0 0
Capig = (74)
0 0 0 Csys O 0
0 0 0 0 Csys O
0 0 0 0 0 Ce
in which
E*? — EE E*? +EE
Cun = % — 2P0 Co = - i s L

(1+0)(2Ev} +Eo(v — 1))’ (1+v)(2Ev§ +Eo(v — 1))
. EEw . E-1) (75)
2B +Eo(v—1)" > 2Ev} +Eo(v—1)

1
Ca4 = g, Ces = E(Cn - Cn)

Ci3 =

where
v = 0.196,v9 = 0.163, 4, = 20.98 GPa, E = 68.34 GPa, Ey = 51.35 GPa  (76)
and therefore

k; = 108.39 GPa, k) = —21.70 GPa (77)

where E and E are the respectively, v and v are Poisson’s ratio in the isotropy
plane and in the fiber direction respectively, and j is the shear moduli in any
direction within a plane perpendicular to isotropy plane.

Since for strongly anisotropic soft tissue both bulk moduli are positive, we used
the following physical parameters for anisotropic soft tissue [48].

v = 0.95,v9 = 0.49, uy = 20.98 GPa, E = 22 kPa, E( = 447 kPa (78)
and therefore
k1 = 1243 kPa, k; = 442 kPa (79)

and other constants considered in the calculations are as follows.

ps = 1600 kg /m?>, ps = 1113 kg /m3, p = 25 MPap = 25MPa,
¢ = 0.15and Q/R = 0.65. (80)

The domain boundary of the current problem has been discretized into 21
boundary elements and 42 internal points as depicted in Figure 2. The computation
was done using Matlab R2018a on a MacBook Pro with 2.9GHz quad-core Intel Core
i7 processor and 16GB RAM.

Figure 3 shows the variation of the temperature T along x-axis for different
values of fractional order parameter. It can be seen from this figure that the
fractional order parameter has a significant influence on the temperature.
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Figure 4 illustrates the variation of the displacement u; along x-axis for different
values of fractional order parameter. It can be seen from this figure that the
fractional order parameter has a significant influence on the displacement u;.

Figure 5 shows the variation of the displacement u, along x-axis for different
values of fractional order parameter. It can be seen from this figure that the frac-
tional order parameter has a significant influence on the displacement us.
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Figure 2.
Boundary element model of the current problem.

0.007

0.006

0.005 -

0.004 4 - -

0.003 4 - -

0.002

Temperature T

0.001 4 -

0.0 0.5 1.0 1.5 2.0

Figure 3.
Variation of the temperature T along x-axis.
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Variation of the displacement u, along x-axis.

Figure 6 shows the variation of the fluid pressure p along x-axis for different
values of fractional order parameter. It can be seen from this figure that the frac-
tional order parameter has a significant influence on the fluid pressure p.

Figure 7 shows the variation of the bio-thermal stress 6,1 along x-axis for different
values of fractional order parameter. It can be seen from this figure that the fractional
order parameter has an important influence on the bio-thermal stress 61;.

Since there are no findings available for the problem under consideration.
Therefore, some literatures may be regarded as special cases from our general
problem. In the special case under consideration, the results of the bio-thermal
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Variation of the bio-thermal stress 61, along x-axis.

stress caused by coupling between the temperature and displacement fields are
plotted in Figure 8 to illustrate the variation of the bio-thermal stress 64, along
x-axis for BEM, FDM and FEM, where the boundary of the special case problem has
been discretized into 21, 42 and 84 boundary elements (bes). The validity, accuracy
and efficiency of our proposed technique have been confirmed by a graphical
comparison of the three different boundary elements (21, 42 and 84) with those
obtained using the FDM results of Shen and Zhang [49] and FEM results of Torvi
and Dale [50] for the special case under consideration, the increase of BEM bound-
ary elements leads to improve the accuracy and efficiency of the BEM, also, it can
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Figure 8.
Variation of the bio-thermal stress 614 along x-axis for BEM, FDM and FEM.

be noted that the BEM findings are in excellent agreement with the FDM and FEM
results, we refer the interested reader to recent work [51-55] for understanding the
BEM methodology.

6. Conclusion

1. A novel boundary element model based on the TWMBT and Biot’s theory was

established for describing the bio-thermomechanical interactions in
anisotropic soft tissues.

2.The bio-heat transfer equation has been solved using the dual reciprocity
boundary element method (DRBEM) to obtain the temperature distribution.

3.The mechanical equation has been solved using the convolution quadrature
boundary element method (CQBEM) to obtain the displacement and fluid
pressure for different temperature distributions at each time step.

4.Due to the advantages of DRBEM and CQBEM such as dealing with more
complex shapes of soft tissues and not needing the discretization of the

internal domain, also, they have low RAM and CPU usage. Therefore, they are

a versatile and powerful methods for modeling of fractional bio-
thermomechanical problems in anisotropic soft tissues.

5.The linear systems resulting from BEM have been solved by TFQMR solver

with the ILUT preconditioner which reduces the number of iterations and the

total CPU time.

6.Numerical findings are presented graphically to show the effect of fractional
order parameter on the problem variables temperature, displacements and
fluid pressure.
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7.Numerical findings confirm the validity, efficiency and accuracy of the
proposed BEM technique.

8.The proposed technique can be applied to a wide variety of fractional
bio-thermomechanical problems in anisotropic soft tissues.

9.For open boundary problems of soft tissues, such as the considered problem,
the BEM users need only to deal with real geometry boundaries. But for these
problems, FDM and FEM use artificial boundaries, which are far away from
the real soft tissues. Also, these artificial boundaries are also becoming a big
challenge for FDM users and FEM users. So, BEM becomes the best method
for the considered problem.

10. The presence of fractional order parameter in the current study plays a
significant role in all the physical quantities during modeling and simulation
in medicine and healthcare.

11.From the research that has been performed, it is possible to conclude that the
proposed BEM is an easier, effective, predictable, and stable technique in the
treatment of the bio-thermomechanical soft tissue models.

12.1t can be concluded from this chapter that Biot’s equations for the dynamic
response of poroelastic media can be combined with the bio-heat transfer
models to describe the fractional bio-thermomechanical interactions of
anisotropic soft tissues.

13. Current numerical results for our complex and general problem may provide
interesting information for researchers and scientists in bioengineering, heat
transfer, mechanics, neurophysiology, biology and clinicians.

Nomenclature

A=¢(1+Q/R) Biot’s coefficient

B: linear elastostatics operator

r considered boundary

I'p Dirichlet boundary

I'y Neumann boundary

C specific heat of soft tissue

C shape factor

Cp specific heat of the blood

Cy jki specific heat of the blood

F bulk body forces

p Dirichlet datum

oy Neumann datum

K dynamic permeability

X thermal conductivity of soft tissue
m iterative parameter

P pore pressure

Py(7) heating power

Q,R solid—fluid coupling parameters
Q et metabolic heat source
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Q. ot external heat source

So scattering coefficient

T soft tissue temperature

T, arterial blood temperature

T, traction derivative

u solid displacement

ug fluid displacement

v=vi4+Vv bulk volume

v/ fluid volume

Ve solid volume

Wy, blood perfusion rate

B stress-temperature coefficients

€ linear strain tensor

¢ fluid volume variation
p=p(1—¢)+¢ps bulk density

ps =Copy mass density of soft tissue

Pr blood density

o total stress tensor

T time

74 phase lag for heat flux

Tr phase lag for temperature gradient
@7 k] continuous polynomial shape functions
¢ = va porosity

V/g [k] discontinuous polynomial shape functions
Q considered region
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Chapter 16

Solving Second-Order Differential
Equations by Decomposition

Fritz Schwarz

Abstract

The subject of this article are linear and quasilinear differential equations of
second order that may be decomposed into a first-order component with
guaranteed solution procedure for obtaining closed-form solutions. These are
homogeneous or inhomogeneous linear components, special Riccati components,
Bernoulli, Clairaut or d’Alembert components. Procedures are described how they
may be determined and how solutions of the originally given second order equation
may be obtained from them. This makes it possible to solve new classes of differ-
ential equations and opens up a new area of research. Applying decomposition to
linear inhomogeneous equations a simple procedure for determining a special solu-
tion follows. It is not based on the method of variation of constants of Lagrange, and
consequently does not require the knowledge of a fundamental system. Algorithms
based on these results are implemented in the computer algebra system ALLTYPES
which is available on the website www.alltypes.de.

Keywords: ordinary differential equations, decomposition, exact solutions,
computer algebra

1. Introduction

The history of differential equations begins shortly after the establishment of the
analysis by Newton and Leibniz in the 17th century. A brief overview of its first
hundred years can be found in Appendix A of Ince’s book [1]. These early investi-
gations were mainly limited to first-order equations, associated with the names
Riccati, Bernoulli and Euler. Starting in the early 18th century special linear
equations of higher order were also investigated.

A more systematic search for solution methods was initiated by the results of
Galois for solving algebraic equations in the early 19th century. Inspired by these
results, Picard and Pessiot in Paris founded a solution theory for linear differential
equations, known as Picard-Vessiot theory or differential Galois theory. A good
introduction into their work and its extensions by Loewy may be found in the books
[2, 3]. Completely independent of these activities Sophus Lie in Leipzig founded the
so-called symmetry analysis for solving nonlinear differential Equations [4, 5]. Its
main weaknesses are that most differential equations have no symmetries and
therefore it cannot be applied. Furthermore, there are many differential equations
with fairly simple closed form solutions that have no symmetries. That was essen-
tially the status in the early twentieth century, which did not fundamentally change
until its end.
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In this situation, a new solution method based on decompositions was proposed
[6]. Essentially a decomposition means to find a component of lower order such that
the original equation may be represented as a differential polynomial in terms of
this component. Its existence is based on the following observation. Let
F(x,y,y',y") = 0 be a second-order differential equation for a function y depending
on a variable x, and w(x,y, C1, C;) = 0 its general solution depending on two
undetermined constants. It describes a two-parameter family of curves in the
x — y-plane. If C; and C; are constrained by a relation ¢(Cy, C;) = O the resulting
expression for @ contains effectively a single parameter C. It describes a family of
curves that may obey a first-order differential equation called a component. Its
solutions are also solutions of the originally given second-order equation.

Every second-order equation has an infinite number of first-order components
corresponding to the choice of ¢(Cy, C;). Any such component has the form

F(x,9,9,y") =f(%,9,2,2,C)(z =g(x,,)', C)). (1)

Its meaning may be described as follows. If z = g(x,y,9’, C) is substituted into
f(x,y,2,2, C) the second-order equation on the left-hand side is obtained. The constant
C does not necessarily occur inf and g, the same is true for y and its occurence inf.

Solving a second-order equation by decomposition involves two steps. First a
decomposition of a certain type has to be found. Then the first order equation has to
be solved in order to get the solutions of the original second-order equation. Of
particular interest are those components the solution of which can always be deter-
mined. These are linear homogeneous and inhomogeneous components, special
Riccati components, Bernoulli, Clairaut or d’Alembert components.

In this article equations of second order for an unknown function y depending
on x with leading term )" or y’y” are considered. They are assumed to be linear in y”,
polynomial in the derivatives ', and rational in y and x. Equations of this kind are
fairly common in applications, therefore many special examples of them are given
in the collections by Kamke [7], Murphy [8], Polyanin [9], Sachdev [10] and
Zwillinger [11]. Many interesting applications of such differential equations can be
found in the textbooks by MacCluer et al. [12] and Swift and Wirkus [13].

In the following Section 2 equations with leading term )" are considered, and
possible linear or Bernoulli components are determined. For linear inhomogeneous
equations it is shown how decomposition leads to a new procedure for determining
a special solution without first having to know a fundamental system. Equations
with leading term y'y” and possible components of Clairaut or d’Alembert type are
the subject of Section 3. Most of the examples do not have Lie symmetries, so
decomposition is the only way to solve them. The last Section 4 discusses various
possible generalizations of the decomposition method, on the one hand more gen-
eral equations to be solved, on the other hand more general first-order components.

2. Equations with leading term y”
Equations that are linear in the highest derivative y”, but may contain powers of
y' with coefficients that are rational in y and x are considered in this section.

Moreover it is assumed that they are primitive, i.e. the leading coefficient is unity.
Their general form is

K
¥y + ch(x,y)y'k = Owithe(x,y) €Q(x,y), KeN. (2)
k=0
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Equations of this form appear in numerous applications, as can be seen in the
collections of solved examples quoted above. The following proposition has been
proved in [6] it is the basis for generating quasilinear first-order components; as
usual y' = and D=4

Proposmon 1Leta second—order quasilinear Eq. (2) be given. A first-order
component g =y’ + 7(x,y) exists if 7(x,y) satisfies

K

rx — 17y — Z (—1)kck(x,y)rk =0. 3)

k=0

Then the original second-order equation can be decomposed as

K
<z’ —ret Y alxy) ((z —r)k (-1)’6/@)) (z=y +7)=0. (4)
k=1

The proof may be found in Section 2 of [6]. As a first application linear first-
order components of the form z =y’ + a(x)y + b(x) are searched for, i.e. with the
above notation (x,y) = a(x)y + b(x); its coefficients 4 and b are solutions of the so-
called determining system, they may be in any field extension of Q(x). The following
proposition describes how they may be obtained.

Proposition 2. Let a second-order quasilinear Eq. (2) be given. In order that it has
a linear first-order component z =y’ + a(x)y + b(x) the coefficients a(x) and b(x)
have to satisfy

(@ —a’)y+b' —ab— Z (x,9) ay+b) (5)

Then (2) may be written as follows

K

<z’ —az + ch(x,y)((z —ay — b)Yk — (—1)k(ay +b)k)> (z=y +ay+b)=0.
k=1

(6)

The coefficients a and b are solutions of a first-order algebro-differential system.
Its general form is

a —a*+pla,b,x) =0, b' —ab+q(a,b,x) =0, ri(a,b,x)=0 @)

fori =1,2...;p(a,b,x), q(a,b,x) and r;(a, b, x) are polynomials in a and b, and
rational in x; their maximal degree in @ and b is K. The 7;(a, b, x) generate an ideal
Iab € Q(x)[ﬂ,b]

Proof. Substituting » = a(x)y + b(x) into (3) yields (5). At this point y is consid-
ered as an undetermined function. Therefore the left-hand side of (5) is represented
as a partial fraction in y. Equating its coefficients to zero yields sufficient conditions
in order that (5) vanishes and z is a component of (2). The first order ode’s for 2 and
b in the determining system (7) originate from the coefficients of first and zeroth
degree in y of (5). The polynomials in 2 and b, i.e. p(a,b,x), q(a,b,x) and r;(a, b, x)
in (7) originate from the powers of ay + b and the rational coefficients ¢ (x, y) in
(5), i.e. exclusively from the nonlinearities of (2). Substitution of y =z —ay — b
into (4) yields (6). As a result, the sums at the left-hand side of (6) are a polynomial
in z the coefficients of which may depend explicitly on y.
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It is important to represent the left side of (5) as a partial fraction in y, only in
this way the structure of the system (7) is assured.

2.1 Linear equations

IfK =1, ¢1(x,9) = c1(x) and co(x,y) = co(x)y + ¢,(x) the above proposition
contains the decomposition of linear equations as a special case as shown next.

Corollary 1 Let K =1, ¢1(x,y) = c1(x), co(x,y) = co(x)y + ¢,(x) and the linear
inhomogeneous second-order equation

Y +ea(x)y’ +colx)y +er(x) =0 (8)

be given. A first-order component z =y’ + a(x)y + b(x) exists if 2 and b are
solutions of the determining system

a —a® +ei(x)a —co(x) =0 and b’ + (c1(x) —a)b — ¢, (x) = 0. 9)
If it is satisfied Eq. (8) may be written as
(& +(c1—a))(z=y +ay+b)=0. (10)

Proof. The system (9) follows from (5) for the given special values of K and the
coefficients ¢;. Then reduction of (8) w.r.t. z yields (10). O

It is remarkable that in the case of linear equations the algebraic conditions
7i(a,b,x) are missing, i.e. they are the most significant contributions originating
from possible nonlinearities in (2).

For linear homogeneous ode’s, i.e. for ¢, = 0 and b = 0, Loewy decompositions
have been shown to be an effective method for determining a fundamental
system [3]. It is based on a factorization of the linear differential operator
corresponding to the given equation over its base field, i.e. restricting the coeffi-
cients of the factors to the field of the coefficients of the given second-order
equation. This restriction does not apply in the above corollary, the coefficients may
be in any field extension.

For linear inhomogeneous equations in addition to a fundamental system a
special solution has to be found. The above corollary avoids the usual method of
variation of constants that somehow appears like an ad hoc method. The method
described in the above corollary requires only a special solution of a Riccati
equation and subsequently solving a linear first-order equation in order to obtain
the general solution of the second-order Eq. (8). The following example applies this
procedure.

Example 1 The equation

1
V' =y =y = (11)
is Equation 2.109 in Kamke’s collection [7]. Here ¢c; = —1,¢co = — }C and
¢» = —(x + 1)¢*. The Riccati equation @’ — a* — a + 1 = 0 has the special solution

a=-1-1Fromb +1bh = (x + 1) follows b = €+ 1(x? — x + 1)¢* and leads to
the component

1 1
z=y — (1+3—C>y+3—c(C+ (xz—x+1)f).
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Integration yields the general solution

y = Cixe* + szexJ exp (—x)i—er (x* —xlog (x) — 1)e*.

This is also the general solution of Eq. (11).

It may occur that a fundamental system of a second-order equation is rather
complicated. Usually this is the case when the Riccati equation for & in (9) does not
have a special rational solution and the usual algorithms for solving it do not apply,
but one of the special cases of Section 4.9 (a), ... (e) in [7]. Then it may be
advantageous to assume that all integration constants in (9) are zero and only a
special solution is determined as shown next.

Example 2 Consider the equation

1
y”—ﬂy'—i—xy—i—l: 0. (12)
Herecy = — %, co = x and ¢, = 1. The Riccati equation a’ — a?— ia —x = 0 has
the special solution @ = \/x tan (—%x/x), it yields

2

- (Lo vean(28) -1

Its special solution leads to the component

dx

z=y ++/xtan <—§x\/§>y +L[ cos <—§x\/§> 7

cos (Sxy/x)

One more integration yields a special solution of (12).

o (3o [l () e

The application of Corollary 1 is particularly convenient if the coefficients ¢; and
co are constant and the solutions of the algebraic equation a® — c1a + co = 0 are also
solutions of the Riccati equation for a. The following example is of this type.

Example 3 The equation y” + 4y’ + 4y = cosh (x) has coefficients c; = ¢y = 4 and

¢, = — cosh (x). The solution of (@ — 2)> = 0 isa = 2. It leads to b’ + 2b = cosh (x)
and the component

z=9 +2y+ Cexp(—2x) +—; sinh (x) — —i sinh (x).

Its general solution

y = Cyexp (—2x) + Cyxexp (—2x) + —g cosh (x) — —; sinh (x)

is also the general solution of the given second-order equation. O

2.2 Quasilinear equations

The most interesting applications of Proposition 2 relate to nonlinear equations,
of course. They differ from the linear case mainly by the occurence of the ideal I,
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in (7), which defines algebraic conditions #;(a, b, x) = 0 for the coefficients of a
possible component. Furthermore, the first-order ode’s for 2 and b are modified due
to the nonlinearity by additional terms. The structure of the determining system
(7) suggests the following solution procedure.

At first the algebraic system 7;(a, b, x) = 0 is established and a Grébner basis for
the ideal I, is generated. Usually it may be determined rather efficiently.

If it is inconsistent a linear component does not exist in any field extension. This
applies to a generic nonlinear equation of the form (2).

If the ideal I, is finite-dimensional each solution that satisfies the two first-
order ode’s yields a component that may be integrated and leads to a one-parameter
family of solutions of the given second-order equation.

Finally, the algebraic equations may generate a relation between a and b;
substitution into the first-order differential equations may lead to one of the above
cases, or to a solution depending on a parameter. In the latter case a one-parameter
family of linear components exists, integrating the corresponding equation yields
the general solution of the given second-order equation containing two
undetermined constants.

Subsequently this proceeding will be illustrated by several examples. They show
that all of the alternatives mentioned actually exist.

Example 4 Consider the equation

" 2 / X / 2 1
-1 —P————y=0.
yitay =1yt gy Y Y
Its coefficients ¢; = x, ¢1 = (x — 1)y + Z5and ¢o = — 2 _ 2 result in the system
b 1
a’—az—Zabx—i—ﬂ—i—b(x—l) =0, b —ab —b*x + X +——=0,
x+1 x+1 x+1
-1 1
a* — X a——=0.
x x
The single algebraic equation has the solutions 2 = —1and 4 = 1 and the
decompositions
3 2.9(72 2 1 1
(z'+xzz—|—xy+ y+2x Ty Ex z) (z Ey’——y) =0,
x-+x X

2 XYy +y+1 N

(z—i—xz 1 z>(z_y +y)=0

follow. Integration of the two components yields the two one-parameter families
y = Cexp (—x) and y = Cx of solution curves. It is not obvious how the general
solution of the second-order equation involving two constants is supported by them. []

The most interesting, of course, are equations that allow a one-parameter family
of linear components and whose integration gives the general solution. The next
example is of this type.

Example 5 Consider the equation

2 1

" 2 ! 2

_ Y292 =0 1

W =y + 3 V= (13)
with K = 2 and the coefficients ¢c; = — Jll, 1= % and cg = —Z; they generate the

determining system
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1 2 2
a’+9—C:O, b/—&—ab—l——?)a:O, b2+—3b=0

with solution a = —log (x) + C, b = ——5 from which the decomposition

<z —)—1}2 —§<Iog( )y—Cy+—§>z) (zzy’—(log(x)—C) ——§> —0

is obtained. Integration of the first-order component leads to the general solution

y = —ixx exp (C1x) (J exp (—C1x) i—f + Cz)

of Eq. (13), it does not have a Lie symmetry.

Here the question arises how exceptional are the equations that have a one-
parameter family of linear components of the first order and thus have a general
solution in closed form. The following example is a generalization of the previous
one. A family of second order equations is constructed whose general solution can
be given explicitly.

Example 6 The equation

W'~y +p)y +qx)y? =0 (14)

with undetermined coefficients p(x) and g(x) generalizes the preceding

plx)
y
z =Yy +ay + b exists if a and b are solutions of the system

example. Here ¢; = y, c1 =F>and ¢y = ¢g(x)y. A first-order linear component

a —q(x)=0, b +ab+p(x)a=0, b(b+p(x)) =0.

The result may be described as follows. If p(x) = k is a constant, and ¢(x) is an
undetermined function then a = [¢(x)dx + C, b = —k and the decomposition

1 2 k ’
— 297 42y +q(x)
yy y)’ q\x)y

_ (z’ —izz + <Jq(x)dx + C)z —%) <z =y + (Jq(x)dx + C>y - k> -

exists. Defining Q (x, C1) = [¢(x)dx + C; integration of the first-order
component yields

y = exp (—JQ(x, Cl)dx> <kJ exp <J Q(x, Cy)dx) + C2>.

This is the general solution of Eq. (14). O

It turns out that a behavior similar to that in the previous example often applies,
i.e. first-order linear components often exist not only for isolated equations, but for
entire families, which are parameterized by indefinite functions. This explains the
existence of families of solvable equations as those given in the collections
mentioned above.

Bernoulli equations are another class of first-order ode’s with guaranteed closed
form general solutions. In addition to a term linear in y they contain a nonlinearity y”
where 7 is an integer; # = 1 or n = 0 correspond to linear homogeneous or linear
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inhomogeneous equations, respectively. Similar as for linear components, a special
Bernoulli component guarantees a one-parameter set of solution curves of a given
second-order equation, and a one-parameter family of such components guarantees the
general solution of the latter. The main result of this section is the following proposition.

Proposition 3 Let a second-order quasilinear Eq. (2) be given. In order that it has
a first-order Bernoulli component 2 =y’ + a(x)y” + b(x)y, n €N, the coefficients a
and b have to satisfy

K
(@' — (n+1)ab)y" + (b’ — bz)y —na*y” 1t — Z (—1)kck(x,y)(ay" + by)k =0.

k=0

(15)

Then (2) may be written as follows

k=1
=y +ay" +by)=0.

K
(Z/ _ (naynfl + l’))Z + Z((z —ay" — b}’>k + (—1)k+1(ﬂyn + by)k)> (16)

The coefficients 4 and b may be obtained from a first-order algebro-differential
system,; its general form is

d — (n+)ab +p(a,b,x) =0, b —b*>+q(a,b,x) =0, 7ria,b,x)=0; (17)

p(a,b,x), q(a,b,x) and r;(a, b,x) are polynomials in @ and b, and rational in x;
the maximal degree in 2 and b is K, they generate an ideal I, in the ring Q(x)[a, b].

Proof. Substituting » = a(x)y” + b(x)y into (3) yields condition (15).
Representing its left-hand side as partial fraction in the variable y, the coefficients of
the various terms yield sufficient conditions for its vanishing. They form the
algebro-differential system (17). The first order ode’s for 2 and b originate from the
coefficients of nth and first degree in y, respectively; p(a,b,x), q(a,b,x) and
ri(a, b,x) originate from the coefficients c(x, y) and the powers of ay” + by.

Substitution of y' = z — ay” — by into (4) yields (16). As a result, the sums at the
left-hand side of (16) are a polynomial in z and 2’ the coefficients of which may
depend explicitly on y. O

The structure of the system (17) is similar as for linear components considered
above, and consequently also the proceeding for its solution. The following
examples applies the above proposition.

Example 7 The equation

W =+ 2% +x2 =0 (18)

with K = 2 has coefficients ¢c; = — yl, 1= 2y2 and co = xy. For generic n the

condition
(@ — (n—1)ab)y" + (b’ —x)y — (n — Va>y™* +2ay"2 + 2by> = 0 (19)

follows. The two equations b’ —x = 0 and b = 0 originating from the coeffi-
cients of y and y?, respectively, are inconsistent. In order for a Bernoulli component
to exist, this inconsistency must be compensated by other coefficients for a suitable
choice of 7. To this end either # = 1 or n = 3 is required. The former leads to the
inconsistency x = 0, whereas the latter yields
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a —2ab+2b=0, b —-x=0, a*—a=0.

This system has the solution 2 = 1, b = —3x* + C from which the decomposition

1 1 1
(z’ —J—/z2 + <y2 +—2x2 + C>z> <z Ey’ +y3 + (—2x2 + C>y> =0

follows. Integrating the right component yields the general solution

1
y =
V(2) exp (Cix + —4£x3) ([ exp (—2C1x — 5 x3)dx + —%Cz)l/z
of Eq. (18). It does not have a Lie symmetry. O

The next example deals with a problem in hydrodynamics. The boundary layer
at a circular cylinder immersed in the uniform flow of liquid is considered [14], see
also Eq. 6.210 of [7].

Example 8 The equation

9+ -3y 4yt =0 (20)

has the only nonvanishing coefficient ¢, = Substitution into (15) yields

(yz+1

(@ — (n+1)ab)y" + (b’ —b*)y — na*y**

1 4
_<y yzj’_l)( 2 + 2aby* +b2y2) _

(21)

It turns out that for » = 3 this condition specializes to

((a' — 4a® + 2ab)y> + (b’ + 4a* — 8ab + 2b*)y — 4(a — b)zyzjjr = 0.

After some simplifications the resulting system for a and b is a’ — 24* = 0 and
b = a; Its solutiona =b = — —1 leads to the Bernoulli equation y’ — — %c 93—

:ZC = 0 with general solution

o vV 1— Clx — C2
r= vV C1JC + Cz '
This is also the general solution of Eq. (20) O

In general it is a priori not known whether there exists a Bernoulli component of
any order. If a component for small values of # cannot be found it is desirable to
determine bounds for its possible existence. The next example shows that this is
possible in special cases.

Example 9 Consider the equation

"

)+ y—f Yty =0 (22)

with K = 2 and non-vanishing coefficients ¢, = y%l, c1=1andco = xy.
Substitution into (15) yields
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(@ — (n+1)ab)y" + (b’ — b*)y — na®y* " —xy +ay" + by = i 1 (@y" +by)*.

Expanding the last term into unique partial fractions by using the general
formula

n n—1 n

(23)

leads to

(@ — (n+1)ab)y" + (b' — b*)y — na*y™ ™ —xy + ay" + by
2n—1

—axz;v —Zabey a—l—b =0.

The coefficients of the various terms yield a system for the unknowns a, b and #.
There is always the subsystem a’ +a” +a +x = 0, a + b = 0 independent of n, it
originates from the coefficient of y and the term independent of y. Furthermore, the
leading term of the first sum in the above equation requires 2 = 0 for for any 7 > 2.
These equations combined are inconsistent, i.e. the above Eq. (22) does not allow a
Bernoulli component for any nonnegative natural number #. A similar reasoning
exists for negative values of 7. O

At the moment an algorithm for determining bounds for # is not known, it is not
even clear whether the existence of bounds is decidable in general.

3. Equations with leading term y'y"”

Another important class of differential equations are those with leading term y'y”,
they are considered in this section. Their general form is

Yy +e(x,y)y" +ch ()" = 0 withc(x,y),c(x,y) €Q(x)[y], KeN. (24)

Components of Clairaut or d’Alembert type 2 =y — xf(y') — g(y') may lead to
partial or even general solutions in closed form, mostly in a parameter representa-
tion. The main result of this section is given in the following proposition.

Proposition 4 Let a second-order differential Eq. (24) be given. A first-order

component z =y —xf(y') —g(y’') exists if f(y') and g(y’ ) satisfy
B —fp)lelxxf(p) +g(10

+(xf'(p) +£'(p) ZCkfo(p +g(p))p* =0 @

where p = ' has been defined. Representing the left hand side of (25) as a partial
fraction w.r.t. x and equating the coefficients of the various terms to zero, a system
of first-order quasilinear ode’s for f (p) and g(p) is obtained; its degree inf(p) and
g(p) is not higher than the degree in y of the coefficients ¢(x,y) and ¢ (x, y).

Proof. Reduction of (24) w.r.t.z =y —xf(y') — g(y’) leads to Eq. (25). Their
properties follow directly from the assumptions about the coefficients c(x, y) and
¢k(x,y) in (24), and representing the left hand side of (25) as a partial fraction in x.
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The determining system for the two functionsf (p) and g(p) may be obtained
explicitly from (25) if the coefficients ¢(x, y) and ¢, (x, y) are known. Without restric-
tions on the coefficientscy, (x, y) the derivatives f'(p) and g’ (p) may occur linearly in any
equation obtained after separation w.r.t. x, and an algebraic system in p, f (p),2(p),
f'(p) and ¢’ (p) follows. It turns out that an algebraic Grébner basis algorithm including
factorization is a suitable tool for solving them in many cases. If a solution has been
obtained the corresponding component may be applied for generating the decomposi-
tion of the given equation explicitly. The following example uses this proceeding.

Example 10 Consider the equation

/ l/ 1 1
vy 2yy+2xy W 5. =0 (26)
Here ] = 1and K = 2, its nonvanishing coefficients are ¢(x,y) = — Ly, = le,
¢; = —2-and ¢g = 5. A linear or Bernoulli component does not exist. Proposition 4

leads to the system
dop+gp’ - =0, ffo-fr+f —fp=0,
fao+fv—f +fev+fa+2or—gv’ —go -2 =0.

Transforming the left-hand sides into algebraic Grébner bases in the term order

f'(p)>g (p) >f(p) >g(p) > p, the following two systems and their solutions are
obtained.

1
fop=0gtp-1=0,~f=pg=_-p,

11
fp+f=0,gp+p*—1=0, —»fzc};,g:?_p.

They lead to the decompositions

2 2 2 2
1 - -1 1
(zz’ + Y +)1)’} iy +2 xj}l’ z) (z =y—xy +y —)7> =0,

2 2 12
2 +2 +C,’x+lz,7xy +,’V/ +1z (zzyfgliry’fl,):O,
Y Xy Y y

respectively. The former decomposition generates a Clairaut component. It yields
the solution y = Cx + & — C of (26), C is an undetermined constant. Its parameter
solution x = 1% +1,y= 1% does not solve it, it annihilates a lower-order factor of the
expression in the left-hand bracket of this decomposition and has to be discarded.

Integration of the d’Alembert component z = y'* 4 3y’ — Cx — 1leads to the
general solution of (26) in a parameter representation

<\/C1+p —Cplog ¥———F—»—— 1+p +p +(Cy C2+1)p>

vV 1+p +p
= +/C1+p?—Cil +CiC +1
4 \/C1+p ( 1T veeTTer

Eq. (26) does not have a Lie symmetry. O

X

:C\/C1+p
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This example shows that solutions of a component must be tested to see if they
meet the second order equation, otherwise they have to be discarded; this phenom-
enon seems to be quite common.

4. Conclusions

The structure of the determining systems for linear or Bernoulli components of a
nonlinear Eq. (2) given in Propositions 2 or 3, respectively, show clearly its relation
to the corresponding system for the decomposition of a linear equation. For a
generic equation of the second order this appears to be the best possible result. The
same applies to the verious solution steps given on page 6. The corresponding result
for determining Clairaut and d’Alembert components given in Proposition 4 is less
specific. However, it should be possible, to obtain more detailed results if special
classes of second-order equations are considered. In general, this area is only at an
early stage and a better understanding of the underlying mechanisms generating the
solutions and also its limitations would be highly desirable.

There are numerous possible generalizations fairly obvious. On the one hand,
this concerns the equations to be solved. More general function fields for its coeffi-
cients like e.g. algebraic or elementary functions may be allowed. Equations of order
three or four would be interesting in many applications. The greatest challenge
however is certainly to develop similar procedures for partial differential equations
as it has been indicated in Section 5 of [6].

On the other hand, the component type offers space for extensions too. In
principle all equations of first order, as described for example in Kamke’s book [7],
Part A, Section 4, are possible components. Components that guarantee at least a
partial solution are of course particularly useful, the most important of them have
been discussed in this article.

In order to apply decompositions to concrete problems the implementation of the
procedures described in this article are available on the website www.alltypes.de [15].

Beyond that there are a number of general problems related to decompositions.
For instance the question how rare are equations that allow a particular decompo-
sition, Example 6 provides a partial answer. If two or more one-parameter families
of solution curves are known as in Example 4, does it faciliate generating the
general solution? The exact relation between Lie’s symmetry analysis and solution
by decompositions is another subject of interest.
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Chapter 17

The Uniformly Parabolic
Equations of Higher Order with
Discontinuous Data in Generalized
Morrey Spaces and Elliptic
Equations in Unbounded Domains

Tair Gadjiev and Konul Suleymanova

Abstract

We study the regularity of the solutions of the Cauchy-Dirichlet problem for
linear uniformly parabolic equations of higher order with vanishing mean oscilla-
tion (VMO) coefficients. We prove continuity in generalized parabolic Morrey
spaces M), of sublinear operators generated by the parabolic Calderon-Zygmund
operator and by the commutator of this operator with bounded mean oscillation
(BMO) functions. We obtain strong solution belongs to the generalized

m,1

Sobolev-Morrey space W, (Q). Also we consider elliptic equation in unbounded

domains.
Keywords: higher order parabolic equations, generalized Morrey spaces, sublinear

operators, Calderon-Zygmund integrals, VMO, Cauchy-Dirichlet problem, elliptic
equations, unbounded domain

1. Introduction

We consider the higher order linear Cauchy-Dirichlet problem in Q =
Q x (0,T), being a cylinder in R"*1, Q c R” be a bounded domain 0 < T < oo

up— Y Aap(x,t)D%u(,t) = f(x,1), ae. in Q 1)
la| <m,
Bl <m
u(x,t) = 0 on 9,Q, (2)

where 9,Q = (0Q x [0, T]) U (Q x {t = 0}) stands for the parabolic boundary of
Q' and Daﬂ T 6'”" Xyt @,/;l,él./fl) dygn’ o] = ZZ:lak’ ﬂ = ZZ:iﬂk'

1

The unique strong solvability of this type problem was proved in [1]. In [2] the
regularity of the solution in the Morrey spaces L, ; (R**!) with p € (1, »0),
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A€ (0,7 + 2) and also its Holder regularity was studied. In [3] Nakai extend these
studies on generalized Morrey spaces M, , (R"*") with a weight ¢ satisfying the
integral condition

J (p(l;t,s) ds <co(a,r),YaeR"™,r> 0.
r

The generalized Morrey space is then defined to be the set of allf € L, s, (R”H)
such that

1

W llng, , (1) = Sgpﬁ <|5| L|f(x)|pdx>;,

where the supremum is taken over all parabolic balls £ with respect to the
parabolic distance.

The main results connected with these spaces is the following celebrated lemma:
let [Df| € L, ,,; even locally, with n — A <p, then u is Holder continuous of exponent

a=1- "Il%ﬂ. This result has found many applications in theory elliptic and parabolic

equations. In [2] showed boundedness of the maximal operator in L, ; (R"*") that
allows them to prove continuity in these spaces of some classical integral operators.
So was put the beginning of the study of the generalized Morrey spaces M, ,,,p > 1
with ¢ belonging to various classes of weight functions. In [3] proved boundedness
of maximal and Calderon-Zygmund operators in M,, , imposing suitable integral
and doubling conditions on ¢. These results allow to study the regularity of the
solutions of various linear elliptic and parabolic value problems in M, , (see [4-6]).
Here we consider a supremum condition on the weight which is optimal and ensure
the boundedness of the maximal operator in M, ,. We use maximal inequality to
obtain the Calderon-Zygmund type estimate for the gradient of the solution of the
problem (1) and (2) in the M, ,.

The results presented here are a natural extension of the previous paper [7] to
parabolic equations. Here we study the boundedness of the sublinear operators,
generated by Calderon-Zygmund operators in generalized Morrey spaces and the
regularity of the solutions of higher order uniformly elliptic boundary value problem
in local generalized Morrey spaces where domain is bounded. Also hear we study
higher order uniformly elliptic boundary value problem where domain is unbounded.

In paper [8] Byun, Palagachev and Wang is study the regularity problem for
parabolic equation in classical Lebesgue classes and of Byun, Palagchev and Softova
[9, 10] where the problem studied in weighted Lebesgue and Orlicz spaces with a
Muckenhoupt weight and the classical Morrey spaces L, ,(Q) with 1€ (0,7 + 2).

In papers [11, 12] the authors studied second order linear elliptic and parabolic
equations with VMO coefficients.

Denote by a the coefficient a(x,t) = {aqs(x,t)} : Q — M"*" and by f (x, 1)
nonhomogeneous term. Suppose that the operator is uniformly parabolic.

The paper is organized as follows. In section 2 we introduce some notations and
give the definition of the generalized Morrey spaces M, ,(Q). In section 3 we study
sublinear operators generated by parabolic singular integrals in generalized Morrey
spaces. In section 4 we is consider sublinear operators generated by non-singular
integrals, in section 5 singular and non-singular integrals in generalized Morrey
spaces. In section 6 we consider uniformly parabolic equations of higher order
with VMO coefficients and proved regularity of solutions. In section 7 we study
uniformly elliptic equations in unbounded domains.
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2. Some notation and definition

The following notations are used in this paper:
x=(x,1),y=(,7)ER"™ =R" x R*, R’ =R" x Ry;

x = (x",%,,t) €D =R" 1 xRy x R, D" =R" xR_ x Ry;

| - | is the Euclidean metric, x| = (37, x7 + tz)%; B,(x") = {y €R" :|x' —y'| <7},
B/l =c -1 I,(x, 1) = {y eR"™™ :|x —y/| <m, |t — 7| < }|T, (¢, 0) | = c - "5 Q, =
Z,(x,7)nQ for each (x,7) €Q, 2Z,(x,7) = L2 (x, 7).

S" is the unit sphere in R"*%;

ou ou
Diu = %,Du = (D1tty ..., Dput), u; = 5

ol glbly,

D%y =
oxt ... 0xy" - /fl oyl

the letter C is used for various positive constants.
. . . . 1
In the following, besides the standard parabolic metric p(x,t) = max (|x’ l, |t|2>.

We use the equivalent one

e/ |2+ 1/ [x/|* + 482

plx,t) = >

considered by Fabes and Riviere in [13]. The topology induced by p(x,t) consists
of the ellipsoids

a2 2
sy(x>={ye11<<"“:"‘ VA <1}’|5r|=c-r"+2,

72 r4

E1(x) = By(x).

It is easy to see that the this metrics ore equivalent. In fact, for each &, there exist
parabolic cylinders Z and 7 with measure comparable to 7"*2 such that Z c £, c 7.

Let Q =Q x (0,T), T >0, be a cylinder in R”"'. We give the definitions of the
functional spaces that we are going to use. Let a € Ly, (R”“ and letag, =

|Er|7lj&a (y)dy be the mean value of the integral of a. Denote

n,(R) = supﬁj ’f(y) ff&’dy for every R>0,
rl JE,

r<R

where &, ranges over all ellipsoids in R*™*. We say a € BMO (bounded mean
oscillation [14]) if

llall. = supn,(R)
R>0

is finite. || - ||, is a norm in a BMO constant functions.
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We say a € VMO (vanishing mean oscillation) [14] if 2 € BMO and

lim 7,(R) = 0

1,(R) is called the VMO-modulus of 4. For any bounded cylinder Q we define
BMO(Q) and VMO(Q) takinga € L1(Q) and Q, = Q n&,(x), x €Q, instead of &, in
the definition above. If a function 4 € BMO or VMO, it is possible to extend the
function in the whole of R"*! preserving its BMO-norm or VMO-modulus, respec-
tively (see [15]). Any bounded uniformly continuous (BUC) function f with mod-
ulus of continuity w¢(R) belongs to VMO with 57¢(R) = w¢(R). Besides, BMO and
VMO also contain discontinuous functions, and the following example shows the
inclusion W, (R**') c VMO c BMO.

Example 2.1. We have that f(x) = |logp(x,t)| € BMO\VMO;
sinf (x) EBMO N Lo (R"1); £, (x) = |logp(x,t)|* € VMO for any a € (0, 1);

Fa€ Wiy (R forae (0,1 :4,)s f, & Wh,(R™) forae [1-;15,1).
Let ¢ : R"™ x R, — R, be a measurable function and p € [1, o). The generalized

parabolic Morrey space M,,, (R"*") consists of all f €L, j,. (R"*") such that

Il}
Wl = sup 97 <r‘"‘2L()|f(y)Ipdy> <eo

(x,7) ER"™XR,

The space M, ,(Q) consists of L,(Q) functions provided the following norm is
finite

llppo = sup ¢~ (x,7) <V"2J ()If (y)lpd;v> :

(x,7) ER"™ xR, r

The generalized weak parabolic Morrey space WM ,(R,+1) consists of all mea-
surable functions such that

If ”WML,,(R"“) = sup @ (o6 ) A llw e x)

(x,7) ER"™ IR,

where WL1 denotes the weak L, space. The generalized Sobolev-Morrey space
W;f’(:;l(Q), p €[1,00), consists of all Sobolev functions U € W;m’l(Q) with distribu-

tional derivatives D'Dfu €M, ,(Q), 0<2l + |s| <2m, endowed by the norm

lellwansq) = Ntellpps + Y 1D°ullypsq
16| <2m

We also define the space

0 2m,1
W,, (Q) = {ueW2(Q) :ulx) = 0, x€aQ },

il goes = { gy }

2

where 0Q means the parabolic boundary QU (9Q x (0, T)). In problem (1) and
(2) the coefficient matrix a(x,t) = (aqp(x, t))Zj:v lal, |f] = m satisfies
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J>0r DY 6 Y anple )iy, 3)
laf=m lal=m
|pl=m

fora.e. (x,t) €Q,YEER",E = {afa, la = m)| ERN}, N-number different
multiindeks with length equal to m, a,4(x,t) = as,4(x,t), which implies
Aap(%51) € Lo (Q).
Theorem 2.1. (Main results) Let a(x,t) € VMO(Q) with n, 5 = sz:maﬂlj satisfy
2m,1
(3), and, for each p € (1, 00), let u(x,t) € ‘(/J\/p (Q) be a strong solution (1) and (2). If
feM,,(Q) with ¢(x,r) being a measurable positive function satisfying

ess inf ¢(x, f)fﬂpﬂ

| (e ml)=e==y ds < Cplx, ) (4)
r r s? +1

0 2m,1
(x,7) EQ X Ry, then u(x,t) €W, , (Q) and

lull g 2na < Cl[fl,,0 ©)
w ) lf}“/’Q

¢

with C = C(n,]ﬂ, 1€ ag) T’ Na> ”a”oo,Q)

3. Sublinear operators generated by parabolic singular integrals in
generalized Morrey spaces

Letf €L;(R"*") be a function with a compact support and 2 € BMO. For any
x & suppf define the sublinear operators T and T, such that

<] o) - E2 s, %

This operators are bounded in L, (R""") satisfy the estimates
ITFlly, <CIF Iy, ITof N, <Cllall, If s, (8)

where constants independent of 2 and f. Let we have the Hardy operator
Hg(r) =1 [ig(s)ds,r> 0.
Theorem 3.1. (see [12]) The inequality

ess supw(r)Hg(r) < Aess supd(r)g(r) 9

r>0 r>0

holds for all non-increasing functionsg : Ry — R if and only if
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B o) [ ds
A= Cf‘jﬁ r JO ess supd(¢) <

0<é<s

(10)

Lemma 3.1. (see [12]) Let f € Ly joc (R**"),p €1, 00), be such that
e _n+2 n
J s 1|If||Lp(gs(yO))ds<oo Y(x0,7) ER"™™ x R, (11)
.

and let T be a sublinear operator satisfying (6).
i. If p>1and T is bounded on L,(R*™"), then

w2 [ _ni2
||Tf||LP(Ey)(x0) <crr JZVS P 1”f”Lp(£:(}’0))dS (12)
ii. If p = 1and T is bounded from Li(R**!) on WLy (R**"), then

NTf lwey e, )xo) < CV"HJ SN s o)) 455 (13)

2r

where the constants are independent of »,x¢ and f.
Theorem 3.2. (see [12]) Let p € [1, 00) and ¢(x,7) be a measurable positive function

satisfying

s (=) p
J e ds < Co(x,r), V(x,7r) eR"™ x R, (14)

r s?

«€ss_inf g(x, &)Ent2
<é<

and let T be a sublinear operator satisfying (6).
i. If p>1and T is bounded on L,(R"*"), then T is bounded on M, ,(R**"), and

||Tf||Mp’¢(Rn+1) SC'V'HMW(R"*) (15)

ii. If p = 1and T is bounded from L, (]R”H) to WL, (R”H), then it is bounded
from My, (R”“) to WM, (R"H), and

ITFl WMy, (1) < Cl[flle (&) (16)

with constants independent of f.
Our next step is to show boundedness of T, in M, , (R"*"). For this we recall

some properties of the BMO functions.
Lemma 3.2. John-Nirenberg lemma [[12], Lemma 2.8]. Let a € BMO and
p €[1,0). Then, for any &,,

(& ]t —ae,

As an immediate consequence of (7) we get the following property.
Corollary 3.1. Let a € BMO. Then, for all 0 <2r <s,

de) <cp)llall..
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s
lag, — ag| <Cn)(1+ In ) - fall, (17)

Now we estimate the norm of T,.
Lemma 3.3. (see [12]) Let a € BMO. and T, be a bounded operator in
L, (R"),p € (1, 0), satisfying (7) and (8). Suppose that, for any f € L, jo.(R"),

= d
J (1+ In )|[f||L &) ﬂ+zil<ooV(x0, ) eR™ x R (18)
Then,
n+2 dS
T N ey S Nl 7 2(1+1n IWle sz (9

where C is independent of 4,f,x¢ and r.
Theorem 3.3. Let p € (1, 00) and ¢(x,r) be measurable positive functions such that

o0 N infga(x,&f)é%z
J (1+1n ;) thlhi ds < Coplx, 7) (20)

(n+2+4p)
s »r

for V(x,r) ER™™ x R, where C is independent of x and r. Suppose that a € BMO
and let T, be a sublinear operator satisfying (7). If T, is bounded in L, (R”H), then
bounded in M, ,(R"*"), and

ITaf g, , (1) < Cllall s - Wf Ny, (o Q)

constant C independent of 4 and f.
Then basic results of the theorem follows by Lemma 3.3 and Theorem 3.1 in the

same manner as for Theorem 3.2. For example the functions ¢(x,7) = -,
p(x,r) = o -log™(l4+7)with 0<f< ”}'%2 and m >1, are weight functions

satisfying the condition (20).

4. Non-singular integrals in generalized Morrey spaces

Letx € D", definex = (x”, —x,,t) €D""' and x° = (x”,0,0) €R**. Consider
the semi-ellipsoids & (x°) = &£ (x°) nD"*'. Letf € L, (D"*"), a€ BMO(D"*"), and
T, T, be sublinear operators such that

mwisc| U4 @)

D p(X —y)

Ten<c| it —apn- 004 23)
Dt px—y)

Let both the operators be bounded in L, (D), satisfy the estimates
”Tf”Lp (D?jl) < C”f”Lp(Dfrl), ”T“f”Lp(DTl) <Cllall . ”f”LI, (Dj:rl) (24)

constants C independent of 4 and f.
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The following results hold, which can be proved in the some manner as in
Section 3 (see [12]).

Lemma 4.1. Let f € Ly jo. (DT’I), p € (1, ) and for all (x°,r) eR" ' xR,

J ST (63 ooy s < - (25)
If T is bounded on L, (D"*"), then

_ wi2 [ _nia
Tl ) <07 57000 s (26)

where the constant ¢ is independent of 7,x° and f.
Theorem 4.1. Suppose ¢ be a weight function satisfying (14), and let T be a sublinear
operator satisfying (22) and (24). Then T is bounded in M, ,(D"""), p € (1, %) and

”Tf”Mp (1)”+l <C|lf||M an)d&, (27)

with a constant ¢ independent of f.
Lemma 4.2. Let p € (1,0), a € BMO(D"*") and T, satisfy (23) and (24). Suppose
that, for all f € L, jo(D"11),

J (14 I ) Ufly ooy s 7 s <o, W(x%,7) ER™T xRy (28)

Then

ds

Il 5 o < Cllallr P (1 10 )11 o)

2r

with a constant ¢ independent of a,f,x° and r.
Theorem 4.2. Let p € (1,), a €BMO(D"'"), let ¢(x°,7) be a weight function

satisfying (20) and T, be a sublinear operator satisfying (7), (8). Then sublinear
operator T, is bounded in M, ,(D""") and

ITef Ny, (o) SCllall Wf llag, , (o) (29)

constant ¢ independent of @ and f.

5. Singular and non-singular integrals in generalized Morrey spaces

We apply the above results to Calderon-Zygmund-type operators with parabolic
kernel. Since these operators are sublinear and bounded in L, (R"*"), their conti-
nuity in M, , follows immediately. We are called a parabolic Calderon-Zygmund
kernel if the following a measurable function K (x, &) : R*™ x R*™\ {0} — R.

1.K(x, -) is a parabolic Calderon-Zygmund kernel for a.e. x € R**! :
1,. K(x, ) € C*(R"*)\{0},

1. K(x, (u&,pi%s)) = u " 2K(x, &) forall u> 0, & = (&,5),
1. [oK(x,E)dos = 0, [o|K(x,&)ldo: < + oo.
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2.\DIK]|,. (rr+ixst) SM(P) < oo for every multi-index §.

Moreover,

/ /

e x'—y t—7 M
IK(x,x —y)| <plx —y) 2|K<x, (p(x —y)’ P2 (x —y)>)|S plx —y)nH’

which means the singular integrals
B) = PV|  Klrx =y )y, (30)
Clafiix) = PV | Klxx =y)laty) ~ a()f )y

are sublinear and bounded in L, (R”“) according to the results in [1, 13].
Theorem 5.1. Let f € M,,,,(R"*")m then there exist constants ¢ depending on n,p
and the kernel such that

”Bf”Mp,w (Rr+1) < C”f‘”Mp,w(RnJrl) ) (31)
1Clas . sy < Cllal. [y, o)

Corollary 5.1. For any cylinder Q in R*", f €M, ,(Q), a € BMO(Q) and
K(x,&) : Q x R®™\{0} — R. Then the operators (30) are bounded in M, ,(Q) and

1B g () < Cllf g, > 1C1as Nl ) <l i (32)

constant ¢ independent of @ and f.
We define the extensions

= o J K8, (xHeQxRIMN{0} o o [f(x), xeQ
K 8) = { (R elsewhere ’ f(x) N { o, x&Q

and then the singular integral satisfying inequalities

|Bf(x)|SIEf(x)|gcJRW /m "

and
181l @) < 1B lng , 1) < I g, (1) = Clif )

Corollary 5.2. Let a € VMO. Then for any € > 0 there exists a positive number ro =
ro(&,1,) such that for any &,(xo) with a radius v € (0,70) and all f € M, ,(E,(x0))

IC[a.fllm,, (& x0)) < CENlf lIn,, (&, (x0))> (33)

where ¢ is independent of &,f,», and xo.
For the proof of corollary see [12].
For any x’' € R and any fixed ¢ > 0, define the generalized reflexion
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n
Zap(x',t)
n nn b
A ap(x',t)

7(x) = (7 (x),1), 7'(x) =x" — 2 (34)

where |a| <m, |p| <m, aj4(x) is the last row of the coefficients matrix a(x) =
(aap(x)) of (1). The function 7/(x) maps R’, into R”, and the kernel
K(x,7(x) —y) = K(x,7 (x) —y',¢ — ) is non-singular for any x,y € D"**. Taking
x EDTl, there exists positive constants K1 and K, such that

Kip(x —y) <p(t(x) —y) <Kop(x — ). (35)
Letf €M, ,(D"""),a € BMO(D"'") define the non-singular integral operators
B = | Klwela) =5 )y,
) (36)
Clarf1) = | Kbweto) ~)lat) — ate)f )y
Since K (x, z(x) — y) is still homogeneous and satisfies 1, we have

M C
K(x,z(x) — <
Kot =l e =7 = =)

n+2 "

Hence, the operators (36) are sublinear and bounded in L, (D’fl), pE(1,00).
From section 4 the following results are obtained.
Theorem 5.2. Let a € BMO(D"*") and f € M,,,,,(D"*") with (p, ¢) as in (8) Then

; ; ; n+1
the non-singular operators are continuous in M, , (D) and

||Ef(x) ”Mp,,,,(D”“ < CHf”DTlr

_ (37)
IClaf 1), o < Cllall IIf ll pree
constant C independent of 4 and f.
Corollary 5.3. For any a € VMO. Then there exists a positive number ro = ro(e, ¢,)
such that for any E,(xo) with a radius v € (0,7¢) and all ”f”Mp,,,(S‘(xO))

1L, Ul e+ o) < Celllla, (e ) (38)

where C is independent of &,f,» and x9, &> 0.

6. Proof of the first main result

Now using boundedness of singular integral of Calderon-Zygmund operators in
generalized Morrey spaces we will get interval estimates for solutions of problem
(1), (2) with coefficients from VMO spaces.

Let Q to be open bounded domain in R”,# >3 and we suppose that its boundary
is sufficiently smoothness.

Let coefficients a,4(x), |al, |f| <m are symmetric and satisfying to the condition
uniform ellipticity, essential boundedness of the coefficient a44(x) € L.(Q) and
regularity aq4(x) € VMO(Q). Let f € M, ,(Q), (p, ¢) as in (8) Since M, ,(Q) is a
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proper subset of L,(Q), (1) and (2) is uniquely solvable and the solution % (x) belongs
2m,1

at least to W;m’l(Q). Our aim is to show that this solution also belong to TX/P’ » (Q).

For this we need an a priori estimate of #, which we prove in two steps. Before we

give interior estimate. For any xo € R”"" define the parabolic semi-cylinders

C,(xo) = B, (x’o) X (to — %, t9). Let 9 € Cy (C,) and suppose that 9(x,t) = 0, for£ < 0.

According to [1, 7, 16], for any x €supp3 the following representation formula for the

o 2m
higher derivatives of § holds true ifu e W, (Q)

D"y(x) = P.V.J DI (2, x — y) [ Z (Aap(x) — aaﬁ(y))D“’/’S(y)] dy
R lol, 18T < 2m (39)
+P.V.J D"IT(x, x — y)LO(y)dy + LS(x)J DY'T(x,y)vida,
Rn+l Sr

where v = (1, ..., Uy11) is the outward normal to S”. Here, I'(x, ) is the funda-
mental solution of the operator L. I'(x,t) can be represented in form

F(x> é) = ! (ZAaﬂ(x)5i€j>

(n — 2)w, (detaqp)? \ij=1

(ST

forae.xeR" ! and Vée R™"\{0}, where (A“ﬂ)nxn is inverse matrix for (”a/”)nxn'
Since any function 9 € W;m’l (Q) can be approximated by Cy’ functions, the represen-
tation formula (39) still holds for any 9 € W;’”’l(Cr (x0)). The properties of the funda-

mental solution (see [7, 17]) imply that D"“T'(x,y) are variable Calderon-Zygmund
kernels in the sense of our definition above. By notation above, we can write

D*9(x) = D*'Clayy, 8] (x) + D’ B(LI)(x) + L&(x)J DT (x,y)v;doy. (40)
g

lal, || <m.
The operators DB and D*/C are defined by (30) with K(x,x —y) =
D*F [(x,2 — ). Due to (30) and (31) and the equivalence of the metrics we obtain
for £> 0 there exists 7¢(£) such that for any » <7y (&)
||D“’ﬁ19||MN(cy(xo)) SC(||Da’ﬁ19||Mp,,/,(c,(xo)) + ”L’9”Mp,q,(cy(x0))) (41)
for some r small enough. From (41) we get that

ID“PSlln, , (c, (x0)) < Cs s @) - ID“TlIL () ILSNIn, , (C, (0 -

Define a cut-off function y(x) = y; (x")y,(t), with y, € Cy (B, (xp)), w2 €CH(R)
such that

0, t<(to— (6m)*
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with 0€ (0,1), & = 0(3 — 6)/2> 0 and |D| < C[O(1 — )], |a| < 2m, |y,| ~
|D%|. For any solution u € le,m’l(Q) of (1) and (2) define d(x) =
p(x)u(x) e W;’”’l(C,). Hence,

||Da’ﬁu||Mp,w(cg.,<xo)) < ”Da,ﬁl()”MN,(Cyr(xg))
ID“ullp, ,(Cp,xo)) . 1l (Cyyix0))
0(1—0)r [0(1 — 6)r]*

< CILINm, ,(cy, o)) < ClIf I, ,(Cpyxon) +

As so,

<C(Plfllw, ) ) +6' (1= O WD Ul . 0 + Illa, . )

01 = O ID g, , o 0)) <

We introduce

ga = sup [9(1 — G)V]aHDau”M,,,W(Covy(xO))’ |(x| Szm,
0<6<1

the above inequality becomes
6(1— 0)r]* - ID“Ulln, , (o, (x0)) < O2m < C(”z”f”M,,,q,(QH@erHO) (42)
Now we use following interpolation inequality (see [5])
O, <& 0y +geo for any e€(0,2m).
where there exists a positive constant C independent of 7. Thus (42) becomes
01— 9)”}2||Da’ﬁu||Mp,¢(cg_y(xo>) <Oy < C(V2 +6o), VOE(0,1).

Taking 6 = 3 we obtain the Caccioppoli-type estimate

« 1
|ID ’/"MIII\/IN(Q/z (o)) (IlfllMM ta IIuIIMp,w(cg,y(xo))>

We get the boundedness of the coefficients
’ﬂ
el , (c, p000) S lL@) - 1D Ulln,,, (o)) T
Hf . (6, < C (ot 1210, ) )-

Let Q' = Q' x (0,T)and Q" = Q" x (0, T) the cylinders with Q' € Q" € Q. By the
standard covering procedure and partition of the unity we obtain that

etz < C(If I, 00) + Il (43)
where C depends on ,p, A, T, IDT ||, (q)» Mla» 12 |l1...(q) and dist(Q', 0Q").

Now we give boundary estimates. For any flxed (x% 7)€ R”“ x R, define the semi-
cylinders
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C/(x%) =B/ (x”) x (0,) = |x° —«'| <7, x,>0, 0<t<r’

r

with St = (x”,0,7) : [x® —x"| <7, 0 <z<7?. For any solution u € W' (C/ (x°))

with supp u € C;! (x°), the following boundary representation formula holds (see
[1,7,16]).

D*1u(x) = Cy [aps Du] (x) + By(Lu) (x) + Lu (x)anD”Fuiday 7,0,

where

1
n 1
) = 3 (%) (%22 eyfe, D) + Bt v,

<‘3T(x>> _ _2“%(’6), 2 ZZ@ ®) _10).
0y a5 (x) aﬁ(x)

Here B;j and C;; are non-singular operators defined by (36) with a kernel
K(x,7(x) —y) = D*'T'(x, 7(x) — y). Applying the estimates (37) and (38) and having

in mind that the components of the vector ( a( )> are bounded, we obtain that

1Dl 6,500 < C (I gy ) + 2 Ntlag )

Taking » small enough we can move the norm of # on the left-hand side,
obtaining that

lltllng, o) <ClIf I,

Pw

with a constant C depending on #,p, A, T, 1, |la]| L.(Q)- BY covering the bound-
ary with small cylinders, using a partition of the unit subordinated by that covering
and local flattening of 9Q we get that

lllwns iy < Cli o, ) (44)

Using (43) and (44), we obtain (5).

7. The higher order elliptic equations in unbounded domains

Now we are consider boundary value the Dirichlet problem for higher order
nondivergence uniformly elliptic equations with coefficients in modified Morrey
spaces in unbounded domains Q

Lu = Z aopD™u =f(x) in Q
ol <Pl <m (45)

D% =g(x) |a| <m — 1 on 9Q
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where the coefficients matrix a(x) = {aZ ﬂ(x)} satisfies
¢ ij=1

IASOAY &< Y anptelys, (46)

lal=m lal=1p|=m

fora.e.x €Q, VEER", duy = apu.é = {&, |la|=m R}, N-number different
multiindeks with length equal to m.

Under these assumptions we prove that the maximal operator M are bounded
from the modified Morrey space i,p,/l (R") to I:N (R") if and only if,

a

< .
n—Aa

<

SR

ST
| =

Forx €R" and ¢ > 0, let B(x,t) denote the open ball centered at x of radius ¢ and
*B(x,t) = R*\B(x,t). One of the most important variants of the Hardy-Littlewood
maximal function is the so-called fractional maximal function defined by the formula

M,f (x) = sup

t>0

B(x,t)—“%‘L( Oy, 0<a<n
X,t

where |B(x, t)| is the Lebesgue measure of the ball B(x,t). The fractional maximal
function M,f coincides for a = 0 with the Hardy-Littlewood maximal function
Mf = Mof

Let1<p <oo, 0<A<u, [t]; = min{1,¢t}. We denote by f,p,,l(R") the modified
Morrey space, as the set of locally integrable functions f(x), x € R", with the finite
norm

1

I, = sup (WL( t)|f<y>|ﬁdy>p

x€R",t>0

Note that

Lyo(R") = Lyo(R") = Ly(R"),

Ly (R) & Ly s (R") Ly (R") and max { Il I, } <If1, .,

and if 1< 0 or 1>n, then L, ;(R") = f,p,,l(R”) = 6, where 0 is the set of all

functions equivalent to 0 on R”. Wl:p,j (R")-the modified weak Morrey space as the
set of locally integrable functions f (x), x € R” with finite norm

Wil = supr sup (;1fy B 2) 70| > 7))

r>0 xeR",t>0

Note that

WL,,0(R") = WL, o(R") = WL,(R"),

Lyi(R") c WLy i(R") and |[fllwg,, <Ifllz,,-

We study the L, ;-boundedness of the maximal operator M.
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The classical result by Hardy-Littlewood-Sobolev states that if 1 <p <¢ < oo, then

the Riesz potential I, is bounded from L, (R") to L,(R") if and only if a = n (P% — %)

and for p = 1<q < oo, I, is bounded from L (R") to WL, (R") if and only if a =
(1 - —) D.R. Adams studied the boundedness of the I, in Morrey spaces and

proved the follows statement.
Theorem (Adams) Let 0<a<nand 0<i<n —a,1<p< ”—;A

1.If 1<p < =4, then condition 1 — 1 = - js necessary and sufficient for the
P q n—A

boundedness of the operator I, from L, ;(R") to Ly 2(R").

2.If p = 1, then condition 1 — % = - is necessary and sufficient for the
boundedness of the operator I, from L1 ;(R") to WL, ;(R").

Ifa= 1’—; — g, then 4 = 0 and the statement of Theorem reduced to the aforemen-

tioned result by Hardy-Littlewood-Sobolev Theorem also implies the boundedness
of the fractional maximal operator M,,.

In this section we study the fractional maximal integral and the Riesz potential in
the modified Morrey space. In the case p = 1 we prove that the operator I,is
bounded from L, ;(R") to WLq 1(R") if and only if, <1 — l < -%. In the case
1<p < =% we prove that the operator I, is bounded from L Ly (R ) to LM (R") if and

1_ 1, a
an—A'

Theorem 7.1. If f €L, ,(R"), 1<p <oo, 0 <1<n, then Mf €L, ,(R") and

IMfllz,, <Cpalfllz,,»

only if, ¢ <

where C,,; depends only on p, 1 and 7.
Proof. We use Fefferman-Stein inequality and get

|, mroyray<c| 1ro)rm,., o)
B(ox,t)

Later from some estimates for M, = we have the following inequalities

L( t)(Mf@))deSC(JM fOP

Y o f)Pdy ,
+;J3(x,2/+1t)\3(x,zjt) (Jx — y|+2)" ) H |lf||

O
Theorem 7.2. (see [18]) Let 0 <a<n, 0<i<n —aand 1<p < %

LIf1<p< 24 4 then condition % < ; - % < ;% is necessary and sufficient for the

boundedness of the Riesz potentlal operator I, from L N(R ) to Lq,,l(R”).

2.If p = 1< =4, then condition ¢ <1 —

% -2 is necessary and sufficient for the
boundedness of the operator Ia from Ly ;(R") to lN,M (R™).
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Recall that, for O <a<n

Mf(x) <vi L(|f])(x)

where v, is the volume of the unit ball in R”. From [7] for unbounded domains
Q CR” we have following result.

Theorem 7.3. Let Q C R" be an unbounded domains with noncompact boundary 0Q,
and 0<a<n, 0<A<n —aand 1<p < =% Also let satisfies conditions ¢ < 1% — % < e
f €Ly (), function U(x) is a solution of problem (45). Then there is exist constant C
which dependent only at n, 1, p, q, Q such that

”U“W;fz(g) SC”]C||£N(Q)’ (47)

where W;ﬁ-is correspondingly modified Sobolev-Morrey space.
The proved Theorem 7.3 consequence from methods of [7] and Theorem 7.1

and 7.2.
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Chapter 18

Gradient Optimal Control of
the Bilinear Reaction-Diffusion
Equation

El Hassan Zerrik and Abdevrahman Ait Aadi

Abstract

In this chapter, we study a problem of gradient optimal control for a bilinear
reaction—diffusion equation evolving in a spatial domain  c R” using distributed
and bounded controls. Then, we minimize a functional constituted of the deviation
between the desired gradient and the reached one and the energy term. We prove
the existence of an optimal control solution of the minimization problem. Then this
control is characterized as solution to an optimality system. Moreover, we discuss
two special cases of controls: the ones are time dependent, and the others are space
dependent. A numerical approach is given and successfully illustrated by
simulations.

Keywords: distributed bilinear systems, reaction-diffusion equation,
controllability, optimal control

1. Introduction

The controllability of distributed bilinear systems governed by partial differen-
tial equations has been studied by many authors: in [1], the authors developed the
weak controllability of the beam and rod equations in the mono-dimensional case.
In [2], the author considered the controllability of semilinear parabolic and hyper-
bolic systemse using distributed controls. In [3], the author studied the exact con-
trollability of the semilinear wave equations in one space dimension. The optimal
control problem for a class of infinite dimensional bilinear systems have been
consedered in many works. In [4], the author proved the existence and characteri-
zation of an optimal control of a bilinear convective-diffusive fluid model using
bounded controls. In [5], the author developed optimal control problem of a bilinear
heat equation with distributed bounded control. In [6], the authors studied optimal
control for a class of bilinear systems using unbounded control. In [7], the authors
considered the optimal control problem of the wave equation using bounded
boundary control. In [8], the authors considered the optimal control problem of the
Kirchhoff plate equation with distributed bounded controls. In [9], the author
proved the optimal control of the bilinear wave equation using distributed and
bounded controls. The regional optimal control problem of a class of infinite
dimensional bilinear systems with unbounded controls was developed in [10], then
the authors studied the existence and characterization of an optimal control.
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In [11], the authors studied the constrained regional optimal control of a bilinear
plate equation using distributed and bounded controls. The notion of gradient
controllability is very important, since its close to real applications and there
exist systems that cannot be controllable but gradient of the state is controllable.
Then in [12], the authors proved the regional controllability of parabolic systems
using HUM method.

In the present work, we study the gradient optimal control problem of the
bilinear reaction-diffusion equation using distributed and bounded controls. Then,
we examine the existence and we give characterization of an optimal control. Also,
an algorithm and simulations are given. Let Q be an open bounded domain of
R", (n>1) with a C* boundary 9Q, we denote by Q = Q x (0,T) and = =
0Q x (0, T), and we consider the bilinear reaction-diffusion equation

Pi6t) — Ayl,) = ulx,ty(,r) i Q
Y(x,0) = y,(x) in Q (1)
y(x,2) =0 on %,

whereu €U :=={u €L>(Q) | —p<u<p a..inQ} is a scalar control function,
and p is a positive constant.
Let us consider the following state space

H:=L?(0, T; Hy(Q)).

For all y, € Hy(Q) and u €U,,, the system (1) has a unique weak solution y € H
(see for example [13, 14]).
Define the operator

V:H) Q) — (LA ()"
4] @)

Vy=(-—=, ...,
y= v (6x1 ox,

and V* its adjoint.
Let us recall that the system (1) is weakly gradient controllable if for all
ye (LZ(Q))" and &> 0, there exist a control u €U, such that

where ¥ = (4, ...,y?) is the gradient of the desired state in (L*(Q))".

Our problem consists in finding a control « that steers the gradient of state close
to y, over the time interval [0, T| with a reasonable amount of energy. This may be
stated as the following minimization problem

urrenz? J(u), (2)
where
1 T
0 =3 [ 19900 5 O g e +5 | 26500, 3
with > 0.
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The rest of the paper is organized as follows: in section 2, we study the existence
of an optimal control solution of (2). In section 3, we give a characterization of an
optimal control solution of the problem (2), and we discuss two special cases of an
optimal control solution of such problem. Finally, in section 4, we present an
algorithm and simulations.

2. Existence of an optimal control

The main result of the existence of an optimal control solution of (2) is given by
the following theorem.

Theorem 1. There exists an optimal control #* €U, solution of (2).

Proof: Let #” be a minimizing sequence in U, such that

lim infJ(«") = inf J(u). (4)

n—-+oo uel,

Then, according to the nature of the cost function J, we can deduce that #” is
uniformly bounded in ¥/,,.

So, we can extract from »” a subsequence also denoted by #” such that «” — u
weakly in U,,.

In other hand, using the weak form of system (1), we deduce that

1d ) J J 2
—— " 2000 + | VV"'VY'dx = | u"|y"| dx. (5)
Zdt“y 220 o yvy o "l

By integration with respect to time and using the function #” is uniformly
bounded in L*(Q), we have

t T
5" )+ | 17 e <cr| 1971z g ©)

where ¢; is a positive constant.

Using Gronwall’s Lemma, we deduce that y” uniformly bounded in
L= (0, T; LZ(Q)) , and then y” uniformly bounded in LZ(O, T; H%) (Q))

Using the previous result and system (1), we obtain that y/ is uniformly bounded
in L*(0,T; H (Q)), and then y" is uniformly bounded in H.

Using the above bounds, we can extract a subsequence satisfying the following
convergence properties

¥y —y* weakly in L*(0,T; Hy(Q)) (7
y" —y* strongly in L*(Q) (8)
u" —u* weakly in L*(Q). 9

Since U,, is a closed and convex subset of L*(Q) c L*(Q), U, is weakly closed in
L*(Q). Then u* €U, cL*(Q). On the other hand, since —p <u” <p for all n, u" —

u** weakly* in L*(Q), and hence u” — u** weakly in L?(Q). By the uniqueness of
the weak limit, we obtain#* =%** andu* e, CL™(Q).

Now, we show that #"y" — u*y* weakly in L*(Q).

Since u™y" —u*y* =u"(y" —y*) + (u" —u*)y*, and using (7), (8) and (9), we
obtain u™y" — u*y* weakly in L*(Q).
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Thus y* = y(u*) is the solution of system (1) with control u *.
Since the functional J is lower semi-continuous with respect to weak conver-
gence (basically Fatou’s lemma), we obtain

Ju?) < 2 tim inf Tuv o) = IR g e +2 i inf [ ()2,
u < 1Hl+ln y . y . (LZ(Q )n lm J’}n Q X, X
< lim mf]( ")

n—-—+oo

= inf J(u).

uel,

Finally, we conclude that #* is an optimal control.

3. Characterization of an optimal control

This section is devoted to characterization of an optimal control solution of the

problem (2).

3.1 Time and space control dependent

In this part, we give characterization of an optimal control that depend on time
and space.

The following result give the differentiability of the mapping u — y(u).

Lemma 1 The mapping u €U, — y(u) € H is differentiable in the following sense

y(u+eh) —yu)

. — ¢ weakly in H ase — 0,foranyu,u +ehell,

Moreover, ¢ = ¢(y, h) satisfies the following system
d.(x,8) — Ap(x,2) = ulx,t)p(x,t) + h(x,t)y(x,t) on Q
¢(x,0) =0 in Q (10)

d(x,t) =0 in X

Proof: Consider y* = y(u + ¢h) and y = y(u). Then (y—?) is a weak solution of

(y*;y)t (J’ . J’) <,’V )’) +hy on Q
(y:y)(x,o)— in ©
(ygg_y>(x,t)—0 in .

Using the result (6), it follows that

I—Z i =c,

where C depends on the L* bound on %, but is independent of . Hence on a
subsequence, by weak compactness, we have
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J’_E—J’ —¢ weakly in L%([0,T];Hy(Q))

<u> — ¢, weakly in L=([0,T;H(Q)).
€ t
By the definition of weak solution, we have

S A e S i

for any y € Hy(Q), and a.e 0<t < T.

Letting ¢ — 0 in (11), we conclude that ¢ is the weak solution of system (10).
Now, we give characterization of an optimal control that depend on time and space.
Theorem 2 An optimal control solution of problem (2) is given by the formula

u*(x,t) = max < p, min < /1))2":6)/((;;, t)pi(x,t),p>>, (12)

where p € C([0, T]; H) is the weak solution of the adjoint system

pit(x, t) — Ap;(x,t) = —u* (x,t)p,(x,t) on Q
p;x,T) = <a}é£€7;) —yf) in Q (13)
pi(x,t) =0 in =

Proof: Let u* €U, and y = y(u*) be the corresponding weak solution, and let
u* +ehel, fore>0andy* =y(u* + ¢h).
Since J reaches its minimum at # *, then

* _ * n T )
0<lim /WM @) ) 1[ (J 99 P 4
e—0" &€ e—0" i1 2 Q 0 axi ot

N I
+L< Aa—xi+ axi+haxipi)dt>dx

Then

0<[ ﬂhudQJrZJ e 1A = J (ﬁ”+zjq o’ )

Using a standard control argument based on the choices for the variation 4(x, ),
an optimal control is given by

u*(x,t) = max (—p, min (—%ia’vg’ t)pi(x,t),p>>.
i—1 i

3.2 Time or space control dependent

In this subsection, we study two cases of controls: the first ones are time depen-
dent u(¢), and the others are space dependent u(x).
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e Case 1: u = u(t).
Here, we consider the admissible controls set
U,={uel=(0,T) : —p<u<p aein (0,T)} (14)

and we take the functional cost

T T
1) =5 | 190 =S Ol g e +5 | w201 (15)

Corollary 1 Under conditions (14) and (15), an optimal control is given by the
formula

u(t) = max (—p, min (— %J prdad t)pi(x, t)dx,p>>, (16)

= o

where y is the weak solution of the equation

¥:(x,t) — Ay(x,t) = u(t)y(x,t) on Q
Y(x,0) =y, (), in Q
y(x,t) =0 in %,

and p;, is the weak solution of the adjoint equation

p;,(x,t) — Ap;(x,t) = —u* (t)p;(x,£) on Q
_ (2T _ :
pix,T) = ( o i in Q
p;(x,t) =0 in X
Proof: Using the same steps as in the proof of Theorem 2, let 2 = A(t) be an

arbitrary function with u + eh €U, for small «.
We have

JTh(t) (J VD e+ ,Bu(t)) dt>0.
Q

0 = o

By using a standard control argument concerning the sign of the variation %, we

obtain
u(t) = max (p, min <;L :1 ‘}J’((;;: t)pi(x,t)dx,p>>.

e Case 2: u = u(x).

We consider the admissible controls set

U,={uel”Q) : —p<u<p aein Q} 17)
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and we take the functional cost

T
J(u) = %L IVy(0) —y*() IIsz(m)wdt +'f—jj u? (x)dx. (18)

Q

Corollary 2 Under conditions (17) and (18), an optimal control satisfies

u(x) = max (—/), min ( J Zdy *, 1) ((x, t)dt, p)) (19)

where y is the solution of system

Y (x,8) — Ay(x,t) = u(x)y(x,t) on Q
¥(x,0) =4 (x), in Q
Y(x,t)=0 in X,

and p; is the solution of system
p;,(x,t) — Ap;(x,t) = —u* (x,t)p,(x,t) on Q

p;(x,T) = <¥ —y?) in Q

pilx,t) =0 in .

Proof: Using the same notations as in the proof of Theorem 2, let # = k(x) be an
arbitrary function with u + e¢h €, for small ¢.

We have
J (J ,t)dt + Pu(x )>dx20.

A standard control argument gives

u(x) = max <—p, min (—%JT ‘" (b}éz: t)pi(x,t)dt,p>>.

0 =1

4. Algorithm and simulations

We have the solution of the problem (2) is given by the formula

u* (x,t) = max <—p, min <_;;0y((;;: t)pi(x,t),p>>,

where y* is the weak solution of the Eq. (1) and p; is the weak solution of the
adjoint Eq. (13).
The computation of an optimal control solution the problem (2) can be

realized by

{ uy i (x,t) = max< P> mln( ﬂzl 1())/”(36’ )Pz (%, ), P>>, (20)
ug =0,
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where y” is the solution of the Eq. (1) associated to %, and p” is the solution of
the adjoint Eq. (13). Then, we consider the following algorithm
Step 1 : Initialization
Olnitial statey,,u¢ and y*.

OThreshold accuracyeand the final timeT.
Step 2 :
OSolving the system (1) givesy”.

OSolving the system (13) givesp”.

©Calculateu,’ , by the formula (20).
Untilllu,, 1 — u, l|lL~q) < estop, elsen = n + 1go to step 2.

Step 3 : The controlu,, is optimal.

4.1 Simulations

On Q =|0, 1], we consider the following equation

V,(x,t) — Ay(x,t) = u(t)y(x,t) on Q
y(x,0) =x(1—2x)(1+x), in Q (21)
y(x,t) =0 in X,

and consider problem (2) with the control set
U,={uel”0,T) : —p<u<p aein (0,T)}.

An optimal control solution of problem (2) is given by the following formula

u* (t) = max (—p, min( J Z(}’V (x,t)dx, p))

where y* is solution of the Eq. (21) associated to the control #* and p is the
solution of the following adjoint system
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] 01 02 03 04 05 06 07 08 035 1

Figure 1.
The gradient of the state on ]o, 1].
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Figure 2.
Evolution of the control function.

P, (x,t) — Ap;(x,t) =u* (t)p;(x,t) on Q
pi(x,T) = (%7;)—)/?) in Q

p;(x,t) =0 in X.

Wetake T=1,p =1, = 0.1,y,(x) =x(1 - x)(1+x), and y*(x) = 0. Applying
the previous algorithm, with e = 10~* we obtain.

Figure 1 shows that the gradient state is very close to the desired one with error
IVy(T)|| = 5.33 x 10> and the evolution of control is given by Figure 2.

5. Conclusion

Gradient optimal control problem of the bilinear diffusion equation with dis-
tributed and bounded controls is considered. The existence and characterized of an
optimal control are proved. The obtained results are tested by numerical examples.
Questions are still open, as is the case of gradient optimal control problem of the
semilinear reaction-diffusion equation.
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Chapter 19

Boundary Element Method for the

Mixed BBM-KdV Equation
Compared to Non Standard
Boundary Conditions

Mostafa Abounouh, Hassan Al-Moatassime,
Sabah Kaouri and Youssef Ouakrim

Abstract

In this chapter, we are interested in the numerical resolution of the mixed
BBM-KdV equation defined in unbounded domain. Boundary Element Method
(BEM) are introduced to truncate the equation into a considered bounded domain.
BEM uses domain decomposition techniques to construct Boundary Condition (BC)
as transmission between the bounded domain and its complementary. We then pre-
sent a suitable approximation of these BC using Discrete Galerkin Method. Numerical
simulations are made to show the efficiency of these BC. We also compare with
another method that truncates the equation from unbounded to bounded domain,
called Non Standard Boundary Conditions (NSBC) which introduces new variables to
catch information at the boundary and compose a system to connect all these variables
in the bounded domain. Further discussions are made to highlight the advantages of
each method as well as the difficulties encountered in the numerical resolution.

Keywords: wave equations, transparent boundary condition, boundary element
method, non-standard boundary conditions, finite difference method

1. Introduction

We consider a combination of two linearized typical dispersive partial differen-
tial equations that model solitary waves and all interactions between them, given as
follows

ou(t,x) + ad>_u(t,x) — o> u(t,x) + you(t,x) = 0 (t,x)eR} xR
u(0,x) = uo(x) xe€R
lxllirgwu(t, x) = 0 teR}
1)

such that a, f are dispersion parameters and are positive numbers, while y €R is
the velocity number. In the case @ = 0, we obtain the BBM equation [1] and when
p = 0, we get the KdV equation [2]. Our main purpose is to obtain numerical
approximation of Eq. (1) when taken in a bounded domain [0, T] X [, b] with
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suitable boundary conditions with no spurious reflections. For this regard, we use
two different techniques that are BEM and NSBC.

The Boundary Element Method (BEM), also known as the Boundary Integral
Equation Method (BIEM), is an alternative deterministic method that incorporates a
mesh located, only, at domain boundaries and therefore attractive for free surface
problems. There are two types of BEM, the direct BEM which requires a closed
boundary so that the physical variables (e.g. pressure and normal velocity in acoustics)
can only be considered from one side of the surface (interior or exterior), while the
indirect (IBEM) can consider both sides of the surface and does not need a closed
surface. In the first part of this chapter, we use this technique of BEM to derive the BC
to the Eq. (1) in the domain [0,T] X [a, b]. More precisely, we are going to introduce
the BEM to establish BC satisfied by the Eq. (1) on two interface points 4 and b by
solving the same equation in the complementary domain R\ 4, b]. The BEM has
significant advantages over the finite element or difference methods (FEM or FDM),
as there is no need for discretizing the domain R\ [a, b] into elements. It only uses
infinite boundary condition and transmission condition to compute the solution at 4
and b as integral equations. Consequently, this integral equations will be fixed as the
boundary conditions of the problem (1) on the bounded domain [0,T] x [a, b].
Therefore, the boundary condition are approximated as Fredholm Integral Equations
of second kind.

Despite the meshing effort is limited and the system matrices are smaller, the
BEM also has disadvantages over the Finite Element Method or Difference Finite
Method. In fact, the BEM matrices are mostly populated with complex coefficients.
Furthermore, singularities may arise in the solution. These deteriorate the efficiency
of the solution and must be prevented [2].

The outline of this chapter is organized as follows. In section 2, we describe the
BEM for the mixed BBM-KdV equation [3]. Next, we discuss the special case of the
BBM equation and give the approximation of the resulting equation Finite Differ-
ence Method. Section 3 presents briefly another method to derive boundary condi-
tions for BBM equation called NSBC introduced in [4]. Finally in section 4,
comparison of both methods is given with numerical experiments to highlight the
transparency of both BC obtained in sections 2 and 3.

2. Boundary element method for the mixed BBM-KdV equation

Being in one dimensional space, R, the boundary of any bounded interval
reduces to two points. Hence, we use the BEM to find two values that might depend
on time. For this regard, we consider a bounded domain Qr =]0, T[xQ where Q =
la,b[and a,b, T €R such thata <b,T>0. Note £ = {a,b} and Ly =]0, T[xX. we
take the decomposition R = Q, UQUQy, such that, Q, =] — c0,a] and Q; = [b, + oo].
The corresponding equations to (1) using Dirichlet-to-Neumann domain
decomposition write

ou(t,x) + a@ixxu(t,x) — ﬂafxxu(t,x) +you(t,x) =0 inQr
u(0,x) =up(x) atQ 2)
O, =o0,w  atXr

0w (t,x) + add w(t,x) — i w(t,x) + yow(t,x) =0 inQ, UQy,

xXx

w(0,x) =0 inQ, Uy
. 3
w =u inX, Uy ®)
lim w(t,x) =0  at]0,T]
bel—+oo
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The main object of this section is to prove the following result.
Lemma 2.1 The solution of the evolution Eq. (3) satisfies the following integral

equations

w(t,a) — U, L1 (ll(s—s)z> xwy(t,a) — U, L1 (AlT(S)> *Wyx(t,a) =0

1(5

w(t,b) —c-1< ! 2) * W (t,b) = 0, (4)

wa(t,b) — £ (Tl(s)) swe(t,h) = 0

where £7( f(s)) stands for the inverse Laplace transform of f, * denotes the
convolution operator and 4; a function of the time co-variable s.

Proof. We apply the Laplace transformation with respect to the time variable ¢
to the exterior problems (3), recall the Laplace transformation

00
L(w)(s,x) =w(s,x) = J w(t,x)e “dt, (5)
0
where s stands for the co-variable of time ¢ and verify %(s) > 0.
We obtain
SW(S,%) + AlyuxW — P50y + 700 = 0, x>b,x<a,R(s)>0 (6)

which is a cubic ordinary differential equation whose solutions are of the form
are given explicitly by

(s, %) = c1(5)e" % 1 0y(s)e2 4 ¢5(5)eB*,  xeR\[a, b @
where A4(s), 12(s), 43(s) denote the roots of the depressed cubic equation
al® — psi>+yA+s5s=0 (8)

The three solutions are given by

1(s) = g(s) — )

1+ 0,(s), k=123 9
) 26) ®

where the complex j is given by j = exp (2iz/3),

13
£6) = <\/4ay3 — 5292 + 18afs2y — 4P s* + 27 as2 _ apsy — 28353 + 270{25)

2332a2 54&3
3ay — f*s?
O1(s) = =,
s
O (s) = f—a.

(10)

Assume that RR(s) > Zﬁzz;%”z, then roots of the cubic Eq. (8) possess the following

separation property
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R(i) < 3’%, m(12)>3’ia and m(z3)>3ﬁ—a. (1)

In fact, we consider the change of variable 1 =z — 3’% Then the cubic Eq. (8)

) 2 3
becomes 2 + pz +q = 0 such thatp = 3";’“2[} and ¢ = W
2 3_ .
Hence under the condition R(g) = W, it follows that the roots

ri,i = 1,2, 3 of the equation 2> + pz + g = 0 satisfy
R(r1) <0, R((r)>0, R(r;)>0

Now back to Eq. (7), for x > b we have from the infinite condition that the
coefficients ¢; and ¢3 must vanishe, hence w(x,s) = ¢; (s)e“(‘)x , deriving over x and
using the continuity of w in the interface yield

N 1 . . 1 .
w(s,b) — mwxx(s,b) =0, Wy(s,b)— mwxx(s,b) =0 (12)

Idem for x <a, we have ¢; = 0 and hence
Wx (8, a) — (Aa(s) + A3(s) )k (s, @) + A2(s)A3(s)w(s,a) = 0. (13)

As 11,45, and /3 are roots of the cubic Eq. (8) we obtain immediately

(s)a(s) = — - and dafs) +ds(s) + a(s) = —g (14)
Then the Eq. (13) becomes in terms of 4;(s)
s (s, @) + (/11(5) +€>wx(s,a) - mw(s,a) -0 (15)

Now applying the inverse Laplace transform to Egs. (8) and (10), we infer

w(t,a) —al™? (W) wwy(t,a) — al ™ (Msﬁ) * Wy (t,a) =0
(16)

w(t,b) — L1 <ﬁ> $ Wy (t,h) = 0, wy(t,b) — L1 (ﬁ) * Wy (£, h) = 0

Therefore, we get the following result describing the problem in the bounded
domain satisfied by the restriction on Qr of the original problem (1).

Theorem 1.1 Let a, # be non negative numbers and y € R. The restriction of (1) to
Q is described by the following Initial Boundary Value Problem (IBVP)

Osh + AOyyxth — POsxxth + Yoyt = 0 inQyp
u(0,x) =uo(x) atQ (17)

0,u(t,x) = Bu(t,x) atZr

where B is derived on X1 from equations

u(t,a) —al™? (W) sty (t,a) — al ™} <ﬂls(5)) * Uy (t,a) = 0

s
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w(t,b) — £ (ﬁ) st (th) = 0, wue(tyh) — £ (ﬁ) fthe(th) = 0

We emphasize that those boundary conditions strongly depend on « and
through the root 1;(s). Some simplifications can be obtained for particular cases
allowing direct evaluation of the inverse Laplace transform. Taking for example the
BBM equation (for a = 0), we can get after applying Laplace transformation to (3),

Ouib(s,b) — 2Lﬁsa)(s,b) _ 7”22;5%2@(5,;;)
(18)
_ 7 w(s,b) r 1 w(s,b) 5 s (5,b)
TR N RN e
2 2
ovib(s,a) — 2%;@(;,“) + 7”2;5‘%@@,“)
(19)

y w(s,a) v w(s,a) 5 s D, a).

= + 7
2 s B\ +4Aps? s V72 + 4ps?

In this case, we obtain convolution products with Bessel functions after the
Laplace inverse transformation as follows

duw(t,b) = Caly(w)(t) — Ca (5 # L (w)) (2) + C3 (5 w) (),
oaw(t,a) = Cil(w)(t) + Co (Jg # I, (w)) (£) — C3(J *w) (2).

where we have used the expressions

\/C%E(H(t)fo(cﬂ)(s) =L(H@®)J51)) () ,and (J5) = —J5,

3 s
and the notationsc = —1t~, Ci =4, C, = (L)% C3= /—2-.
W Tt T w2 O 3 N/

Recall that the Bessel functions can be defined by the following integrals

T T

cos (ctsint)dz, J(t) = lj cos (ctsint — 7)dr.
TJo

50 = |

0
From this, we may compute

0w (t,b) = —Cily(w)(2) + Co(J§ # It (w)) (t) — C3(J; *w) (2),

ouw(t,a) = Cil(w)(t) + Co(Jy * I (w)) () — C3(J{ = w) (¢).

Thus the boundary operator B in (2) writes, in the case @ = 0,

Bu(t,x) =

{ Cilau(t) + Co(J§ « Lu) (r) — C3(J{ *u)(t) x=a
(20)

—CiLu(t) + Co(J§ L) (t) — C3(Jy *u)(t) x=Db

Next, we propose an approximation, always for the case a = 0, of the BBM
equation in Qr supplemented with constructed boundary conditions.

311



Recent Developments in the Solution of Nonlinear Differential Equations

2.1 Numerical approximation

This subsection is devoted to the numerical approximation of the obtained IBVP
(17) for @ = 0 and B given in (20). Our strategy is to seek numerical simulations
that permits to avoid any boundary reflections and in some way renders the fully
discrete scheme unconditionally stable.

Let N, M be integers, we define time step At = L and spatial step & = 22 The
gridst, =nAt,0<n <M and x; = a +ih, 0 <i <N are used to discretize Qr.
Throughout this paper, we denote %} the considered approximation of #(t,, x;) and
the set Nt = {meN, k<m <I}.

2.1.1 Approximation of the governing equation

We describe a discretization for the BBM equation by the Crank-Nicholson time
scheme as follows

u(tyi1,x) — u(ty,x)

Oxxt (L1, %) — Oxxth (L1, X) N Oxt (b1, ) + Oxth(Ey, %)
4

— -0,
At P At 2
(21)
u(to,x) = uo(x), ne N1
For the space finite difference scheme, we use the approximations
1
Ot (t,x) = 5 (ut,x+h) —u(t,x —h)),
1
Ot (£, %) & ﬁ(u(t,x +h) = 2u(t,x) +u(t,x —h)).
The fully discretization then writes,
w !l —u} y (@ =200 ) — (g — 20} +u? )
At WAt
Wt (g (22)
"H/( i+1 i-1 )4h ( i+1 171) =0, (z,n) eNllV—l % Nl(\)/l—l
u? = uo(x;), ieNﬁ’.

2.1.2 Approximation of the boundary condition

The constructed boundary conditions (BC) contains time convolutions that are
non-local and introduces many difficulties, for example, using a direct implemen-
tation leads to long and low accuracy. Several techniques have been used to over-
come these problems by trying to localize the BC, see [5-8] for more details. The
resulting localized BC are easy to implement and more efficient but tends to depend
sensitively on the initial data. In our case, we utilize the Discrete Galerkin Method.
The BC are formulated as Fredholm integral equations of second kind. The basic
idea is to write the boundary condition on (20) in the form

T

Ouu(t,a) — J Ki(t,s)u(s,a)ds = 0, (23)
0

oyu(t,b) — Jtﬁz(t,s)u(s,b)ds _o. (24)
0
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where, the introduced Kernels K1, K, represent a linear combination of the two
Bessel functions of order 0 and 1 at the time (¢ — s). After a space discretization we obtain

t

u(t,xo) — JOK1(I,S)U(S,Xo)dS =u(t,x1), (25)

t

u(t,xn) — J Kyt s)u(s,xn)ds = u(t,xn-1), (26)
0

where K; = —hK; and K, = hK,. Both resulting Eqs. (25) and (26) can be
identified to the linear integral equation

() — JDK(t,s)y(s)do(s) —2(t), teD. 27)

The Eq. (27) is a Fredholm integral equation of second kind, where D is a closed
bounded set in R”, with 7 > 1. The approximation of such integral equation could be
made by a discrete Galerkin method using the quadrature rule of Gauss-Legendre as
presented in [9]. Based on this, the BC can be similarly discretized while considering
the domain D as the time interval [0, ¢]. Precisely, we use the Gauss Legendre Quadra-
ture of order ¢, labeled GLQ,, with zeros §; and weights w ; being in the interval [-1, 1]

forj € N§. Let i € N) 1, we introduce the following transformation

Fio [-1,1] —  [titiv]
1- 1+ (28)
¢ = tin +liv1 5 ¢
The approximation of the BC is now given by
Tn+1
ti220) = | Katy 1, 5)0(5, 0)ds = (tr2,1) (29)
0
tn+1
u(tni1,XN) — J Ko (tn41, $)u(s, xn)ds = u(tni1,Xn-1) (30)
0
that is
Tni1
uptt — J K1(tns1,8)u(s, x0)ds = ul ™! (31)
0
Tnt1
u"N“ — J Ko(tyi1,8)u(s,xn)ds = u?’\,tll (32)
0

For the seek of simplicity, we rewrite the integral terms of (31) and (32) in the form

Tyl

u(s,xp,)ds + BiJ Jo(tns1 —s) (J;u(r, xk)dr> ds

0

Tn1

tn1
J Ki(tpi1,8)u(s, xp)ds = A,-J
0 0

Tn+1
+D,~J JoEnta — $)u(s, xp)ds
0

= Ail1(tn11,%k) + Bila(tn11,Xk) + Dil3(tn 11, Xk)s
such that (l,k) S {(1, 0), (2, N)}, Ay =A,=—-hC{,By = —-B1=hCyand D; =
—D; = hCs, all constants C; are defined in (??). Thus, basing on the approach
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presented in [9], the GLQ, applied to the integrals previously defined is described
by the following, for n € Nﬁhl and k€ {0,N},

i1, 5) ”;]Zw] u(Fi(g)m). (3

The second integral is more complicated since it involves two composing inte-
grals, using Gauss-Legendre quadrature twice yields

AR j 4
Btaia) = 5 Z wio(tra — Fi(£)) Yo D wanlFilén)ixe)  (34)
i=0 j= 1=0 m=0
and the remained integral is approximated by
It 1,%) ZZle (tws1 = Fi(&) Ju(Fi(&)) ). (35)

10]

From approximations (33)-(35), the numerical solution on the interface of (17)
can be given by

ug+1 71L+1 +f;l+1, (36)
Uy =y +f§+1~ (37)
We accomplish this by simply adding (36) and (37) to the discretization of the

interior governing Eq. (22). We obtain an implicit scheme that we illustrate by the
following system in matrix form

(I+A+B)U" =(I+A—-BU" +F', neNy",
uf(’t)—‘-l — u1f+1 +ﬁ+l’ (38)

ntl _ on+l +1
uy " =un +

with
(Ca, +Cay) ( f1 —uf)
uy 1 0 0
Un = ' I = . Py Fw == M )
Upr_1 0 1 0
(Cd1 - Cdz)(.f; - u?\l—l)
2 -1 0 0 1 0
A=Cy| -1 -1, B=C,;| -1 1
o -1 2 0O -1 0
and
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2-C; -1 0 -C;, 1 0
A=cC,| -1 -1 |, B=Cy| -1 =~ 1
0 -1 2-Cy 0 -1 C,

where the discretization constants are C;, = :—2, Cyy, =1

3. Non standard boundary conditions for the BBM equation

In [4], we have presented a new method to derive transparent boundary condi-
tions for the BBM equation. These boundary conditions have the advantage of being
local in time but needs an additional function construct the BC which means bigger
system to be solved. We recall that the problem designed to be the restriction in Qr
of the BBM initial Eq. (1) with @ = 0 is given by

Ot — Porextt +youu =f  in]0, T|x]a, b|
OV — POV + Y00 =g in]0, T]X]a, b|
Ok =0 on|0,T| x {a,b}
POy —yp=0u—f onl0,T] x {a,b}

u(0,x) =uo(x) onla,b]

(39)

v(0,x) = vo(x) on [a,b]

4. Numerical examples

We take an initial condition as solitary wave like function locally supported in Q.
The evolution of the solutions are plotted in different time steps before, under and
after traveling the right boundary of the considered bounded domain. We save a
reference solution that is numerically calculated in a broaden domain of Q with
Dirichlet boundary condition. We compute infinite error between numerical solu-
tions using both formulations presented in this paper and the reference solution.
We denote GLQ); for approached solution with BEM and Gauss Legendre Quadra-
ture in (2) fori€ {0, 1,2}, while NSBC refers to numerical solution with non
standard boundary conditions given in (3). We define the following errors

| (# — sty ) (2, @) | o0 = s1[1p ]|u(t,a) — U (t,a), (40)
tel0,T

||(u_u;’4)(tab)||oo = 51[1P]|u(t,h) _uref(t:b)l) (41)
te0,T

(= thyef ) (£, oo = sup (42)

(t,) €[0, TIx]a, b It ¥)—ttnp (&, ).

Let f =y =1, T = 10 and uo(x) = sech’(x). The considered initial data is locally
supported in the interval Q =] — 10, 10[, since % (10) = u(—10) ~8,25.10°.
We fix h = 1072 and we vary the time step At. For a better comparison of these
methods, we compute CPU time, in seconds, needed for each one to obtain
numerical solution.

315



Recent Developments in the Solution of Nonlinear Differential Equations

BC dt - wet)t, @)l || (= iet) @, D)l || (2 — i) (2, %)]l,, ~ CPU time(s)
GLQ, 1072 1.06 x 107* 6.33 x 1072 6.03 x 1072 4
GLQ, 1.06 x 10~* 6.3x 1072 5.9304 x 1072 9
GLQ, 1.06 x 10~* 5.895 x 1072 5.9187 x 1072 15
NSBC 7.39 x 1073 5.8 x 1073 6.8 %1073 5
GLQ, 1073 1.06 x 107* 5.92 x 1072 5.86 x 1072 39
GLQ, 1.06 x 107* 5.86 x 1072 5.857 x 1072 62
GLQ, 1.06 x 10~ 5.852 x 1072 5.85 x 102 80
NSBC 6.7 x 107 1.41x 1073 1.4x1073 50
GLQ, 107+ 1.06 x 107* 5.855 x 1072 5.858 x 1072 436
GLQ, 1.06 x 107* 5.853 x 1072 5.852 x 1072 1040
GLQ, 1.06 x 107* 5.85 x 1072 5.85 x 1072 3205
NSBC 59 x10°° 7.35x 107* 73%x107* 1015
Table 1.
Infinite ervors using different boundary conditions.
1=0 . =14 5 =172 . 1=3714 n =T
I
i
08+ H 08| ‘:i 08 08 08
i 1y
i I
i i 08} Iy [ 08 08
| = f' | f"\\ i
1 - i a I - il
' [ N | \ i o ff\\ i ™
I I\ Fo | A
Iy by P\ [ \ Y
f r PN 1 * AT w0
[ P X i\ [11 N A
/A [ Al | o
& it y SRR | 0 ey ’ v PR 4 |l O | & pmmy | E !1
\| b L N
2 02 \l B 42 11! 02 | I
v | |\ ]
04 i o 1 o4 t
0 ig E.' . \"
H il
: o A ;

Figure 1.
Reference solution and approximated solutions NSBC and GLQ; for i = 2 at different times for At = 1073.

Table 1 shows that both methods give a good approximation of the restriction to
Qr of the reference solution. NSBC give better approximation than GLQ. We can
remark a slow convergence of GLQ; with respect to i and also time step. However,
NSBC gives a good approximation in as much as At goes to zero. Furthermore,
GLQ); is more expensive in CPU time when i increases than NSBC due to the
presence of non local convolutions in time in the boundary condition.

We also plot in Figure 1, captions at different times of either reference solution
and approximated solutions using NSBC and GLQ); for i = 2. We can see that NSBC
follows the refrence solution better than GLQ especially at last times in the right
figure. One remarks that no reflections turn back to the bounded domain when the
wave is going out from the right boundary using both methods.
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5. Conclusion

We have compared two methods of deriving and approaching boundary condi-
tions for the BBM equation. We presented the BEM for a general equation that is the
mixed BBM-KdV equation and that shows the hardness to put easy implemented
BC. Furthermore, being non local in time, BC seems to be low accurate and slowly
convergent as presented in numerical example. However, this point opens many
possibilities trying to improve the accuracy of such BC whether by improving the
approximation of convolution product, that comes from Inverse Laplace transfor-
mation, via quadrature or exploring a numerical equivalent to such operation such
as Z transformation. We have proposed an other manner to derive local BC that
gives better approximation than non local BC. All these conclusions have been made
in one space dimension but nothing can be said about the comparison in higher
dimension to decide which method is more adapted, this matter will be our interest
in future works.
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Chapter 20

On the Generalized Simplest
Equations: Toward the Solution of
Nonlinear Differential Equations
with Variable Coetficients

Gunawan Nugroho, Purwadi Agus Darwito,
Ruri Agung Wahyuono and Murry Raditya

Abstract

The simplest equations with variable coefficients are considered in this research.
The purpose of this study is to extend the procedure for solving the nonlinear
differential equation with variable coefficients. In this case, the generalized Riccati
equation is solved and becomes a basis to tackle the nonlinear differential equations
with variable coefficients. The method shows that Jacobi and Weierstrass equations
can be rearranged to become Riccati equation. It is also important to highlight that
the solving procedure also involves the reduction of higher order polynomials with
examples of Korteweg de Vries and elliptic-like equations. The generalization of the
method is also explained for the case of first order polynomial differential equation.

Keywords: the simplest equation, Riccati equation, nonlinear differential
equations, reduction of polynomial

1. Introduction

Despite the advent of supercomputers in numerical methods, increasing activi-
ties are devoted to solving nonlinear differential equations by analytical method in
recent years [1-3]. Analytical solutions have their own importance concerning the
physical phenomena as they are often pave the way to the construction of right
theory [4]. Many methods have been proposed concerning this important problem
and generally, for the problems with constant coefficients. One of the useful
methods is the method of simplest Equation [5] or for some authors, the auxiliary
Equations [6]. The method is built by the utilization of the first integral of simplest
nonlinear differential equations, such as Bernoulli and Riccati Equations [7]. The
method had produced many new solutions of the considered nonlinear differential
equations, generally with constant coefficients [8, 9].

For the more general cases, we have found that the method can be extended
such as involving the solution of the nonlinear differential equations with variable
coefficients. The nature of variable coefficients often arises in the equation describ-
ing the heterogenous media and composites [10] or in other cases are produced by
the coordinate transformation of the partial differential Equations [11]. Those two
categories are developed rapidly in recent years with the capacity of high-speed
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super computers which sufficient for computing nonlinear problem with complex
geometries [12, 13], as sometimes desired by engineering design activities. The role
of analytical solutions is as a benchmark to validate the computer algorithm with
simpler geometries as it is usually performed [14].

In this chapter, the solution method of the simplest equations is different from
the cases of constant coefficients except, on Bernoulli equation. Hence, we will start
from Riccati equation instead of Bernoulli equation as the simplest equation to
highlight the novelty of the procedure. The method is then followed by examples
and conclusion.

2. The first integral of the simplest equations with variable coefficients
2.1 Riccati equation
Consider the Riccati equation with variable coefficients as follows,
As = a1(OA° + a(9A + a3(0) &
Let A = f,$, and the above equation can be rearranged as,
Pabre + PrPas = aBip; + axpy By + az or
Pobre — apifs — aafrBy = —P1Bas + a3 = yB1ps.

and is separated as

Prc —arpif — (a2 + ) = O and s + 7y — 32 = 0 )
The solutions for #; and f3, are
By = eL(aﬁy)dg “ eL(“ZH)dfalﬂzdf + Cl} B
4
and
py = 1 (J e e cz> 3)
¢ P

The relation for A = $,, is thus,

-1
A = B, = e U el 5y cl] <J el ”ﬂﬁdf + C2> 4)
4 14 1

. . d, . .
Without loss of generality, suppose that ; = eLV * and thus the above relation is
performed as,

1,
Bipr = eLHZd‘: U;Laﬂéﬂlﬂﬁzdf + C1:| (J azdé + Cz) (5)
13
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Rearrange Eq. (5) and integrate once,
ﬂleLa2d§ﬁ1ﬁ2 “ eL“2d§a1ﬁ1ﬂzd§ + C1:| = et (J azdé + Cz)
13 14

or

2
U ek arp, prd + cl] = ZJ are (J axdé + Cz) dé+ G
3 £ g

The solution for A is then,

2 ay
A=pip= \/7_&[‘ 4 <J

asdi + c2> U anct s (J asdt + C2>d§ + Ca] G,
13 14 13

where the coefficients a; will be determined later from the substitution into the
considered nonlinear differential equations.

2.2 The Jacobi and Weierstrass equations

It is interesting to know that other simplest equations can also be rearranged into
the Riccati-type equations. The famous examples are Jacobi [15] and Weierstrass
Equations [16], which can solve a large class of nonlinear differential equations. Let
us consider Jacobi type equation with variable coefficients,

O = bi(§)$" +b2(8)¢° +b3(£)¢* + ba(€)ep + bs(¢) @)
and the Weierstrass equation as follows,

¢} = b1(8)¢® + ba(E)d” + b3(£)¢p + ba(£) (8)

Here, the reader should not be confused by the coefficients which represent
different functions with the same index. Take ¢ = 1+ 4(¢) and the Weierstrass
equation becomes Jacobi equation which admits the similar method of solution.

Concerning the search for obtaining solution of (7) and (8), the balancing princi-
ple suggests the substitution of the first order series ¢ = b + b7 A as in the following,

(be + b7:A + b7A:)* = bibsA* + (4b1beh3 + byb3) A3 + (6b1bgh3 + 3babeb3 + bsb3) A2
+(4b1b2bs + 3babihs + 2bsbehy + bab7)A + bibg + byb} + bsbg + babe + bs
)

Performing the Riccati equation A; = a1h7A* + a,A + a5 into (9) and we
generate the following expression,

(b6§ + b75A + b7A5)2 = [ﬂlb;Az + (a2b7 + b75)A + ﬂ3b7 + bsg}z = ﬂ%b;A4 + 2d1h7(ﬂ2b7 + h75)A3
+ [2a1h7((l3h7 + b6§) + (aab7 + b7§)2] A? 4+ 2(ab7 + b75)(ﬂ3b7 + b@:)A + (ash; + bgg)z

The coefficients of polynomial are then related with the coefficients in (9) in
order to determine a1, a,, a3, bg, b7 as functions of the known b+, by, b3, b4 and bs as
follows,
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biby = a?b;
4b1beb3 + bab3 = 2a1b7(azb; + bye)
6b1b2b2 + 3bybeb? + b3b? = 2a1bs(ashy + bee) + (azb7 + byz)? (10)
4b1b2by + 3babhy + 2bsbeby + baby = 2(azb7 + by)(ashy + bee)
bibg +bab? + bsb? + babg + bs = (azhy + bez)?
Hence, the first equation gives,
a1 = fo(b1) (11)

and the second equation is then,

4b1beh3 + bob3

arb7 + h7§ = 2f (12)
0
The next relation produces,
6b1bZb; + 3babeby +bsb; 1
a3y + be; — 2A0eb7 £ 3babebr 1 hsby | 1y 3 (13)

Q3
2f, 8%
Egs. (12) and (13) are thus substituted into the fourth relation of (12) to form
the third order polynomial equation in term of bg as follows,
(32f gb1 + 64b3b5 — 192f obih3)b: + (24f by + 32b3bab5 — 16bibyb3 — 96f obibybs — 48f obibyb3)bg
+(16f 3bs + 4b1b3b5 + 8b1b3bs — 32f shibsbs — 24f 5b3b3)be + 8f gbs + b3b3 — 8f absbsbs = 0
(14)
which the roots will determine the solution for bg as functions of b1, by, b3, b4, b7,

or bg = f,(b7) in simple unknown variable. The step now is to find the polynomial
expression for b; from the last relation of (10) as,

b1f1(b7) + baf 3 (b7) + bf(b7) + baf(b7) +bs =
6b1f1(b7)b7 + 3byf(b7)b7 +bsb; 1
2f, 8f%

2

15
(4b1f, (b7) + b2) B3 )

Therefore, the last equation gives the expression for by as polynomial equation of
higher order, and the generated polynomial is,

P Y R Y R WY /S +a)b5 +ah; +ag =0 (16)

In this case the higher order polynomial will be solved by reducing the order.

3. Reduction of higher order polynomial
Consider the sixth order polynomial equation as in the following,

bS + asb3 + ashs + agh> + azb2 + agh; +ag = 0
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First, multiply the above equation with the functiona and rearranged as,
B® + a4aB’ + asa’B* + a¢d®B® + a7a*B? + aga®B + aga® + ¢ = ¢ (17)
where B = ab;. The polynomial equation is cut as in the following,
(B* + b1B® + byB? + b3B + bs)B* + bsB* — (B* + b1B® + b,B* + b3B + ba)bs = ¢

Note that, the coefficients b; in this section is different from the previous
section. Expanding for the new coefficients,

B + b1B° + (by — bs)B* + (b3 — b1bs)B? + (ba + bs — babs)B> — bsbsB — babs = ¢
(18)

Hence, the relation for coefficients is,
bl = ai1a

bz — b6 = a2a2

bg — blhe = 6l3()t3
bs + bs — bybg = a4a4 or
—b3b6 = a5a5

~babs = aga® + ¢

_?
h6ib5
b1:a1a

bz — b6 = a2a2
b3 — ala(bz — ﬂz(lz) = [l3(l3
by + bs — (bz — a2a2)2 = 614(14 + ﬂlzaz (bz — ﬂzaz)

— [ﬂ30{3 + [lla(bz — azaz)} (bz — dz(lz) = ﬂs(ls

— [a4a4 + blza’z (bz - azaz) + (bz — azaz)z — bs} (l’)z — azaz) = a6a6 + @

[a4a4 + dzaz(bz — d2a2> + (bz — a2a2)2 — b5} (bz — ﬂzaz) + ﬂeaé

bs

(bz — ﬂlzaz) = —
The fifth coefficient relation is rearranged as,
(bz — 612(12)2 + @az (bz — azaz) + 5614 =0 (19)
a1 a1

and the roots are,

_93 <a§_4a5){| :fO“Z (20)

2
a1 a1
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Also, the last relation is rewritten as,
(bz — 112(12)3 + 612(12 (bz — ﬂz(lz)z + 614(14 (bz — ﬂz(lz) + ﬂ6(l6 =0 (21)

Note that performing (19) into (21) will remove b5 and a. Thus, it is necessary to

take other relation, i.e. 26a® = a'? + bs, which will produce the cubic equation as
follows,

au + (f?) + ﬂzfé + Ll4f0)(16 + hs =0 (22)
which has the roots as,

1
2

asz_%(fg—kazféﬁ-mfo) i%{(f3+“2fé+“4fo)2_4b5} (23)

Substituting back into aga® = ' + bs to get,

2

{_;(f(33+a2f%)+ﬂ4fo) i;[(f?)+“2f(2)+“4f0)2_4b5r}

or
1
2

1 1
tbs = = 3a6( £+ aaf +asfo) £ 5a6| (fo +aaf s +asfo) — 4bs|

LR v aafd v asfo) —abs] (2 asfd +asfo)[( £+ aafh +asfy)’ — abs)
.

1 1 1 3
1 (Forafs+asfo) +bs = —sac( fo+arfs +arfo) £5as[(f3+arfe+asf,)’ - 4bs]

2 1

bs = 7

(fo+arfs+aaf,)

FNp

(f?JJF“Zf%)+“4f0)2+“6(f?)+“2f?)+”4fo)r
(f5+aaf o +asfy +as)

(24)

Therefore,a is also determined by (24) and so all the coefficients,
b1,b2,b3,b4,be, p. The polynomial equation of sixth order is then re-expressed as,

(B4Fb1B3szszb3B%b4)(Bz——b6)bs(Bz——gz) (25)
5

as reduced into the quartic equation the roots can be obtained by radical
solution.

The procedure described by (17-25) can be applied and iterated into (16) until
the polynomial equation of b5 is reduced into quartic equation. Hence, all the
coefficients for Riccati equation the first order series, i.e. a1,a,, a3, bg, b7 are
determined and produce the solution as,

¢ =be+ b;A or
¢ = be + g breldé (J asdé + Cz) U arbre i (J asdé + Cz)dcf + 63} 2
13 13 13

(26)

Thus, following the method explained by (2-6) and (17-25), we have arrived at
the solution of Jacobi and Weierstrass equations with variable coefficients.
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4. Solution examples
4.1 The elliptic-like equation
As an application, consider the elliptic-like equation with forcing function,
fe: +b1(6)8° +b2()¢ = b3(&) (27)
The balance principle suggests that the solution should be in the form,
¢ =bs+bsA (28)
Substituting into (27) will reproduce the following expression,

bsAgg + stng + blbgAz' + 3b1b4b§A2 + (bsgg + 3b1b‘21_b5 + bzbs)A + b4§,§ + blbi +bobs = b3
(29)

The next step is to differentiate the Riccati equation once,
A§§ = 2&%A3 + (36116{2 + ﬂlg)Az + (2ﬂ1ﬂ3 + ﬂ% + Hzé:)A + axas +ﬂ3§

Substituting into Eq. (29) and it will produce the polynomial equation as in the
following,

(2a3bs + b1b3) A® + (3a1a2bs + axchs + 2a1bs; + 3b1bab3) A
+(2a1a3bs + adbs + azehs + 2asbse + bsg: + 3b1b3bs + bobs) A
+ayashs + asehs + 2asbs: + bage + bibl + baby = b3

or the next step is to relate the coefficients as,
2a%bs + bib3 = 0
3a1a:bs + archs + 2a1bs: + 3bibabi = 0
2a1a3bs + a2bs + axbs + 2a2bse + bsgz + 3b1b3bs 4+ babs = 0

ayasbhs + asehs + 2a3bse + bags + bib 4+ boby = b3
In this case, the first equation gives,
a1 = f(b1)bs (30)
For the second equation,

3fﬂl2b5 +f§b5 + 3_ﬂ75§ + 3b1bsbs = 0

Thus, provide the expression for bs as,
1 — a) M d.
bs = Caf e (o) (31)
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The third and fourth equations produce,

ﬂ3b5 = h;le_‘Lﬂng |:J

beede (b3 — baze — bib3 — babs)dE + C4} (32)
4

Substituting (32) into (31),
bs  bs

—ﬂ% — e — ZﬂZ& — g — 3h1bi - bz = 2]‘b;1€7La2d6 |:J hseLade (b3 - b4§g — b1hi — h2h4)d§ + C4:|
¢

Replace b5 with (10),

2 2
2f%2+1£§_f(i% _<@@9 +<@ﬁg —3b1b% —by =
¢

37073 fF 9\f f f
(33)
Zfeu';blfﬂd‘: {J eiu[fhlfﬂd‘f (bg — b45§ — b1hi — b2h4)d§ + C4:|
4

which then solves a, regardless of b4. In this case, we take b4 as the chosen
fundamental variable and the resulted coefficients, bs, a1, a2, 43 depend on by
and with the known coefficients b4, by, b3. Therefore, the solution of (27) is
generated as,

rmh {?EWW (Lo o) [ e[ ot + 2 + }

+ba
(34)
4.2 Korteweg de Vries equation
The next example is for the Korteweg de Vries type equation,
b + b1(E)dde + ba(E) e + b3(E)d +ba(é) = O (35)

The balancing principle with application of Riccati equation will determined the
ansatz,

¢ = bs + bsA + b7 A* (36)
Performing into (35) will produce,
2b7AAgs: + beAsz: + 6b7A: Az + 6b7:A% + 6b7:AAs: + 2b1b5A3As + 3b1behrA’A:
+(6b7ez + bibl + 2b1bshy + 2bab7) AAe + 3beAce + (3beze + bibsbe + babe)A + bibzbz:A*
+(b1bech7 + bibeb7e) A + (bzes + bibshys + bibebe: + bibseby + babs: + byby) A

+(b6§5§ + blbsh&f + b1b55b6 + b2b65 + b3b6)A + b5§55 + b1b5b5§ + b2b5§ +bsbs+bs =0
(37)
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Performing the Riccati equation into (37) will produce the following polynomial,

(18@14115177 + 54a2asb7 + 6a3b + bibsbze + 2a5b1b’ )
(12b7a3 + 2b1b3ay + 12a3b7) A° + At
+1842by: + 3arbibeby

40a2a3by + 32a1a3b7 + 12a1:a:b7 + 18a1azeb7 + 2a1¢:b7 + 6a1a1¢be + 12a2azb6 + bibezhs
+ | +b1bebre + 2a3b1b2 + 6a3by + 30a1a,b7¢ + 6a1:h7s + 6a3bes + 3arbibeby + 6a1hye A3
+aib1b} + 2a1b1bshy + 2a1byb;
52a1aya3b7 + 14a1zasby + 10a1a3:h7 + 12a2a0:b7 + 2axe:h7 + 8a3hy + 8a2ashe + 7a1a3bs
+3a1eazbe + 6a1axehe + areche + 24arashye + 12a3b7: + 6ay:h7: + 9ararbe; + 3a1ehe;: + byee:
tbibsby: + bibgbe: + bibs:by + bab: + bsby + 3asbibeby + 6ashyz: +azbib? + 2a2b1bshy

+2ayb2b7 + 3a1bess + ar1b1bshe + a1babs
16a1a§b7 + 14a%a3b7 + 1Oa2§a3b7 + 8a2a35b7 + 2ﬂ3§5b7 + 8aiarashg + 4d1§d3h6 + 2d1d3§h6
+3a2a2:b6 + areehe + a%he + 18a,a3b7: + 6as:bz: + 6a1a3be; + 3ﬂ%b65 + 3az:bes + beges

+b1b5b6§ + blbsgbg + bzbgg + b3b5 + 6a3b75¢ + ﬂgblbé + 2a3b1b5b7 + 2a3b2b7 + 3a2b655

+ﬂ2b1b5b6 + ﬂ2b2h6
<M1ﬂ§b5 + ﬂ%ﬂ_gbs + 2ﬂ2§a3b5 + a2a35h6 —+ a3§5h6 —+ 6a2a§b7 + 6a3a35b7 + 3ﬂ2ﬂ3b55 )
+ =0

+3asches + bseee + b1bshse + babs: + 6ﬂ§b7§ + 3asbezz + asb1bsbe + asbrbe + bsbs + ba
(38)

From this step on, there is a little hope to solve all the coefficients as they are
equal to zero. As it has also to be reduced, it is important to note that the problem of
reduction here is different from the case of Jacobi equation since all the coefficients
are in principle solvable in algebraic form. In this case, it is not practical to reduce
the fifth order polynomial as the even highest power, i.e., as a tenth order polyno-
mial equation. The calculation will become too tedious as the detail expression is
needed in the reduced polynomial equation. The next sub section will illustrate the
reduction of an odd highest power polynomial equation.

4.3 Reduction of fifth order polynomial
Consider Eq. (38) as follows,
1A’ + dyA* + d3 A3 + d4A% + dsA + dg = 0

Multiply by the function, f and rearrange,

d\B> + dofpB* + d3°B’ + d4f’B> + dsp*B + def’ + ¢ = ¢ (39)
where, B = fA. Rearranged Eq. (39) as given by,
(b1B® + byB? + b3B + b4)B? + bsB* — (b1B> + byB> + b3B + ba)bs = ¢ (40)
Expanding the all the coefficients as,

b1BS —|—sz4 + (b3 — b1b6)B3 + (b4 + bs — bzbs)Bz — b3bgB — b4bg = @
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Relate the coefficients as in the following,
by =d
by = dofp
b3 — bibg = d3p*
1
by +bs — dzﬁd—l (b3 — dap®) = dup®

1 1
—— (b3 — d3ﬂ2)2 =dsp* +dsp* - (b3 — d3p?)
di di

g+ dop - (b5 — i) - bs} L by —dof?) = deff + 0

dy
1 1
[d4ﬂ3 +doff— (b3 — d3p*) — bs| — (b3 — d3fp*) + dsf°
l(b —dsf?) =~ ! h
0 bs
(41)
The fifth equation of (41) gives the roots as,
1 o _ 1o 2 3 2
g (b3 —dsfP) =32 |ds & (&5 — 4ds)'| = P°f, (42)

Moving to the last equation, the functions bs and § disappear from the operation
In this case we will consider the test function, bs 4+ f1° = dg¢°, and will perform as,

B+ d4ﬂ3dll (b3 —dsp®) + dzﬁ% (b3 — d3ﬁ2)2 +bs=0 (43)

1

Substituting for b3, the expression for f is,
B+ (dafo +dafg)dap® +bs =0
P = =5 (dafo +daf) £ 5 [(d4f0 +dof?) — 4195]2

Substitute back to, bs + f1° = dgfp° as follows

[ 2ty vty 23 [0t +aafi — ]} s
= doldafy + dafd) s | (of +of )~ abs] or

ety + o)’ — abs] L (defy + dof)[(defy +dof3)” — 4bs]'

1 1 1 3
5 (o +df )" +bs = =S ds(def g +dof ) 5 | (daf g +dof 5) — 4bs)

or

21 221 (d4fo+d2f%)>2+d6(d4f0+d2f%)) ’
p= ot dbfo) g l (daf o +daf s + de) ] “

which then solves bs, 3, ¢ and thus generates all the coefficients of b;. The
polynomial is then rewritten as,
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(blB3 + szZ + b3B + 194) (32 — hG) = —bs (Bz — hﬂ>
5

which is reduced as,

1 1 1 1
dhA® + drA? + {2d1 s + (& — ads)'] + d3}A tdy + e [ds & (4 - 4ds)’| = 0
(46)

Eq. (46) dictates that the relations, d; = d, = d3 = d4 = 0 will satisfy for the
solution. Hence, the coefficients are then,

12b7a3 + 2b1b3as + 12a3h; = 0

18a1a1:h7 + 54a2asb; + 6a3be + bibbye + 2axb1b5 + 18a2hs: + 3aibibgb; = 0
40a2azb; + 32a1a3by + 12a1:a0b7 + 18a1azehy + 2a1:¢by + 6ara1:he + 12a3a,bs
+b1bechy + bibebye + 2a3b1b; + 6a3b7 + 30a1a:b7¢ + 6aizhye + 6aibe: + 3arb1bebs
+6a1byge + arbibl + 2a1b1bsb + 2a1bab; = 0

52a1a,a3b7 + 14a1za3b7 + 10a1a3:b7 + 12a,a4:b7 + 2a2::b7 + Sugby + Sa%a3b6
+7a1a3bs + 3a1:a2b6 + 6a1aa:hs + arzchs + 24a1a3h7e + 12a3b7¢ + 6aychz: + Yararhe;
+3a1:bes + byess + bibshys + bibgbes + bibschy + babye + bsby + 3azbibeby + 6asb7::

+d2b1bé + 2ﬂ2b1b5b7 + 2ﬂzl’)2b7 + 3ﬂ1b655 + ﬂlhlbsbs + ﬂ]l’)zbs =0
(47)

The first equation gives,
b7 :f(b1)a% (48)

The second equation is rewritten as,

18a1§fa§ + 54fafa2 + 6a§b6 + blﬁcga‘f + 2b1f2a%a1§ + 2a2b1f2a‘1‘ + 18f§a‘11 + 18fa2a1§
+ 3h1b6fa% =0or

18a1f + 54fa, + 6be + byff a1 + 2b1 f2ase + 2ab1 f2ar + 18f a1 + 18fa,. + 3b1bef
=0or

(36 + 2011 )ase + 54fa, + 6be + (bff, + 2asb1f +18f ;) ar + 3bibef = 0

The solution for bg is then,

(36f + 2b1f2)ﬂ1§ = — (bﬁ5 + Ztlzblfz + 18f5)ﬂ1 — 54f(l2 — (6 + 3:]%1)b6
1

RGN

[(bljjcé + 2a5b1f% + 18 fé)al + (36f + 2b1f%)are + 54fa2} = hi(ay, a»)

(49)
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The third equation will produce,

40ﬂ%ﬂ3f + 32&%6{%}“ + 12ﬂ1§ﬂ2f(l1 + 18ﬂ2§fﬂ% + leffal + 6ﬂ15b6 + 12ﬂ1ﬂ2b6 —+ blbaffal + b1b6f§ﬂ1
+2fa1‘5b1b5 + 2a3b1f2a? + 6a%fa1 + 30f§a%az + SOﬁga%az + 60f2a15a1ﬂ2 + 6a1§f§a1 + 12fai5
+6a1be: + 3ab1befa, + 6f§§af + 24f qarzan + 12fa, a0 + 12fai§ + b1bg + 2b1bsfa; + 2byfal = 0

Take the expression for bs as,

bs = _ffaf [hy(a1,a2) + (40fa; + 2b:1f2a3)as)

with,

ha(ay,az) = 32a%a%f + 12a1:a5fa, + 18a2§fa§ + 2a1g¢fa, + 6arzhy + 12a1a5h,
+bihiefa, + blhlffm + 24f5a1§a1 + 6@%}”{41 + 30f§a%a2 + 30ﬁ5a%a2 + 60f2a1§a1a2
+6ai:f a1 + 12fai§ + 6a1his + 3arbihqfa, + 6f§§a% + 2fabihi + 12fa a0 + 12fai5
+bih + 2bofa;

(50)

The fourth relation of (47) will generate,

hs(ai,a7) = (24f§ai’ + 48fadas; + 3b1b6fa2)a3 + 6fa1§a15512a2a2§faf + 2l

+8a3fal + Tarashy + 3aszarhy + 6arazshy + arezhy + 12f .a 105 + 24fa a5 + 6f.a 0
+12fa,a100z + 9a1azh1: + 3a1zhae +f§5¢a1 + 2f 1 + 4Af garar; + 6f§a15 + 6f 11z
+2fajares; + bihahag + foaihy + 2Afaiarchy + bafai + 2arbofa; + 3a1h15¢ + arbyhy

+6f§§ 1!12 + 24f§ﬂ1ﬂ15ﬂ2 + 12]“(/115{12 + 12]‘211(1155412 + ﬂ2b1h + f 5+ blf ( f >
Ja Ja

(51)

which then produce the solution of a3.

Note that @; and a, are the chosen fundamental variables and according to (48-51)
and with the known coefficients b1, by, b3, b4, they will define, bs, be, b7, a3, . There-
fore, the solution of Korteweg de Vries equation is generated as,

J(fa(ar,ar)de
el as(ar,a e
$(&) = bs(a1,a2) + be(ar,ar) ? ( A 2)

{fgﬂlez‘[fmdé (J§ﬂ3(ﬂ1,ﬂ2)d§ + Cz)df + C3] i

a) 2
eZL de (15113(511,1,12)015 + Cz)
+b7(ﬂl1, ﬂz)

N =

[f5ﬂ1€2Luzd§ <f5ﬂ3(ﬂ1,ﬂz)d§ + Cz)d§ + Cs}

(52)

Since only a few of the considered equation has a special polynomial to be solved
by equating all the variable coefficients to zero, it is important to note that the
reduction of polynomial order would be an important step. Solving all coefficients
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to zero often be an obstacle because the difficulty would be the same or even more
than the original nonlinear ODEs. In this case, the reduction of polynomial manip-
ulates and reduces the need for solving all coefficients.

However, it is possible not to search for the expression of variable coefficients,

i.e., bs, be, b7, a1, a; and as. First the roots of Eq. (37) are determined first as ¢, and
then Eq. (1) is decomposed as,

B
D§ = alBDz + (ﬂz — §§>D + % (53)

with A = BD. The solution of (53) is then,

2 a) a 2
D= %EL “ <L%3d§ + Cz) [L%ezL 4 (L%dé + Cz>d§ + Ca} or

V2 Jaade ([ a3 a1 2[ade ([ a3 E
A —BD—TE g <J§§df+C2> |;L§€ 3 (JgEdé+C2>d§+C3:|

(54)

The definition for B is determined by substituting the polynomial solution, ¢
into (54) as in the following,

o V2 f,ﬂzdf a3 aq 2La2d5 as -1
A —(12—76 ¢ (Lgdf+cz) [LEE (L§d5+cz>dé+c3]

Rearranging the above equation as,

2[ [ a1 [z ([ a3 1 2 [ ande Jai )2
¢|:J§Be ¢ <J§Bd§+C2>d§+C3:|2€ <5Bd§+C2

Differentiating once,

2
a1 2 ards <L%3d§ + Cz) = <%62Lazd¢ - %ezjfazdér) (L%clf + Cz)

B
as 1 2 ardé as
+§P€ L ? <LBd§+C2) or

a_ (a2 b\ ([ a3 1
B_(¢2 ¢3)<LB”Z€+CZ>+B¢2 R

Eq. (55) is a first order ODE in B and can be easily solved, which then prove that
A = ¢ without establishing the explicit expression for variable coefficients.

5. Generalized method

In this section, the method of solution to the Riccati equation is extended for the
class of the first order polynomial differential equation as,

As = a,A" +a, 1A" V a, LAV 4 +a3A® + A® + a1A +ay  (56)
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The above equation can be always re-expressed as,

As = (byA" 2+ by 1A" 2 + by A" + . +b3A +by)A> + biA
+ (bnAn_z + b-,,,lAn_:5 + bnszn_zt + oeeenns + b3A + hz)bo

or

A§ =b,A" + bn_1An71 + (bn_z + bnbo)An72 + s + (b3 + bn_lbo)A3
+ (by + by _2bo)A? + (b1 + b3bo)A + babg (57)

which the coefficients will be reformulated as,

by, = ay, by 1 = ay_1,b2bo = ag
hn = Qn, bnfl = an-1, bZhO =ag 2 3
ﬂzbz — b2 +a,ag = ﬂn_zﬂobz
bn—2 + bnbO =an-2
ag

b3+ by-1bo = a3 or b+ an-1 by “ (58)
hz + bn—ZbO =az b% —+ bn_zao = ﬂzhz

b1+ bsby = a4
by +b3a—0 =
b,

In this case, we will always obtain the new coefficients b;. Proceeding into the
other equations andmultiply the equation by the function a, to get,

alAe = (byA" 2+ by 1A" P + by AV + +b3A +by)aA” + biaA
or
+(bnA" 2+ by 1 A"+ by AT 4 +b3A + by)abg
Be = (bya®"B" 2 + by, 10> "B" + by, 0 "B + ... +mm%+mm*§+(m+%ﬁ

+(bu0® "B" 7 + by_10 "B* 3 + by_pa* "Bt 4 L. +bsa ‘B + by)abo

(59)

where B = aA. Then, all the new coefficients in b; will be determined. The step is
now to solve the Riccati equation. Let B = $3,5;, the equation can be rearranged as,

PsPoz + Bofse = (bua® "B" % +by1@® "B 4 by ga® BT +bsa 'B+by)a” 3
or
+ (b1 + %) Boy + (buc? "B + by 123 B3 4 by o B 4 +bya B+ by)abg
a
B3Pz — (bua® "B* 2 + by_1® "B" 2 + b, 2a* "B + L. +bsa 'B+by)a pip5
b,a*"B" 2 +b,_10>"B" 3 + b, ra* B4
Q, n n—1 n—2
- (bl + —f)ﬁzﬂ3 = —Pf3 + abo = yp,p;
a Foreeeee + bga_lB + by
(60)
and is separated as,
P — (bnotz’"B”’2 + b, 103 "B 3 4 b, ot "B +bsa B+ bz)a’zﬂ%/%
a
~(b1+%47)p =0
and
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1
Ba: + B3 — 5 (bna® "B + by12® "B* 3 + by 20" "B + L +b3a 'B+by)aby =0
b
(61)
The solutions for $, and f; are,
pr= —e‘[f(bﬁi_’gﬂ)déx
-1
. b. o2 "B 2 +b 71a37an73 +b 720(47an74 and
X n n n
J o (b )ae a~Bdé + Cy
¢ + i +bza B+ by
_ —Iydéf frdé bna2—an72 + bnilaS—an—3 + bn,2a4_"B"74 bO
/}3_5 3 eJe 1 afdéf—i-Cz
£ F s +bsa ‘B + b, )/
(62)
The relation for B = f,f; is thus,
[e,L(b1*¥+V)d5(h @B L b, o3B3 4 b, Lt Bt +bsa 1B+ by)a pade o
B=pops — 78_[;(1;177)45 {5 n n-1 n-2@ BT A 3 2 3 } x
+C
“ el (bua®"B" 2 + by 1d® "B + bypa B 4 . +b3a7'B + by)abodé + cz]

Without loss of generality, suppose that §, = qoeLydé and the above relation is
performed as,

bya* "B" % + b, 1> "B* 3 -

By = 73»[5(1'”75)% J e-LG?ﬁTf)dﬁ +by_2a* "B +b3a B |a \ppyBadé + C
¢
+b; o

U (bnaz_”B”_z 4 by 1 "B 3 by 2B 4 +bsa B+ bz)a(/)_lbodé‘ +C,

4

N ) azann72 + b _1a3ann73 +b _2a4—an74
(b1+E)ae [ T n n _
Pab3 J eL( o) a Py fidé + Cr| =
d S +b3a B+ b,
p b,a®"B"% + b, 10> "B" 3 4+ b,_a* "B"*
% n n—1 n—2
() J ag 'hodé + C,
PN+ s + bga_lB + by

Rearrange the above equation as,

e([fbldg (bnarz_"B"_2 4+ by 1@ "B 3 4 by a* "B +bsa” B+ b2)¢ﬂ2ﬂ3
Lbld‘f n—2 n—3 n—4 —

e (b P4 by )" P A by A + b3y + by) Py fdé + Ci| =

¢

2ﬁb1d§ 2—npn—2 3—npn—3 4—npn—4 -1
— 1 ap (b,,a B +b, 1> "B" 7 + b, 2a" "B"" + ... +bza "B+ bz)
[J (bnaz,an,z + bn71a3—an—3 + bn72a4—an—4 B RTTTn + b3(171B + bz)a¢71b0d§ + C2:|

¢
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2 bud . :
Let 2 “ap = ap~'hy and integrate the above equation to get,

2
“ el (ba@® "B 4+ by 1@ "B by 00 B 4 +b3a "B+ by) pf,fadt + cl] -
Je
2
- “ (bad® "B* 7 + by_10® "B* 3 + by " "B+ +b3a”'B+ ba)ap 'hodé + C2:|
¢
or
brd o o e _
eL ! 5(la,,ozz "B" 1 4 h, 1> "B 2+ b, 0" "B 3+ ... +bsa 'B? + sz)g02 =
- (bna27"3”72 + b, 12"B" 3 4 b, ya* B +bsa B+ bz)abo

The solution for B is then reduced into the solution of the polynomial equation.
Thus, let A = a1B = ¢, whereg is the expression from the solution of the resulting
polynomial equation which is similar to (38). The expression for a can be deter-
mined by the inverse method as in (53-55) for the first order polynomial differential
Eq. (56).

6. Conclusion

In this chapter, we propose the method of the simplest or the auxiliary equation
to solve the nonlinear differential equation with variable coefficients. The method is
based on the solution of the generalized Riccati equation as the simplest equation. It
is found that the other known simplest equations, i.e., Jacobi and Weierstrass
equation, are also solved by the Riccati equation. The applications with the variable
coefficients elliptic-like and Korteweg de Vries equations show that the problem of
solving nonlinear differential equations with variable coefficients are simplified,
especially by the reduction of the resulting polynomial equation in solving the
Korteweg de Vries equation. The generalization of the method is also derived in
detail.
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Chapter 21

Thermodynamic Stability
Conditions as an Eigenvalues
Fundamental Problem

Francisco Nogueira Lima

Abstract

Quadratic forms diagonalization methods can be used in addressing the stability
of physical systems. Thermodynamic stability conditions appears as an eigenvalues
fundamental problem, in particular when postulational approaches is taken. The
second-order derivatives or appropriate relations between such derivatives of the
energy, entropy or any considered thermodynamic potential, as Helmholtz,
enthalpy and Gibbs, have interesting mathematical features that directly imply in
the physical stability, obtained by use and as consequence of analytical techniques.
Formal aspects on the thermal and mechanical stability become simple conse-
quences, but no less formal, of the superposition of rigorously established physical
laws, and appropriate applications of mathematical techniques.

Keywords: quadratic forms, Taylor’s series, themodynamic stability, eigenvalues,
thermodynamic potentials

1. Introduction

In physics, there is a time-independent theory, namely, thermodynamics that is
used to determine the macroscopic equilibrium of physical systems. In practice, to
compute the equilibrium conditions and the physical properties of a system, a
physicist must find a function that completely describes the system, being capable
of capturing all involved properties. The existence of such a function arises as a
postulate of the themodynamics, having an extremum to the equilibrium states [1].
The function is called entropy and has a maximum at final equilibrium state. On the
other hand, the same understanding about the physical properties of the system can
be extracted through another relevant physical function, namely, energy. This
treatment of using energy function instead of entropy to investigate the physical
properties is completely equivalent but now the energy has a minimum and its
existence also occurs by postulational reason, as for entropy function. A broad
discussion on themodynamic’s postulates can be found in Ref. [1].

In practical problems, it woud be impossible to computing the total energy of a
system taking all time-dependent freedom degrees, such as atomic coordinates of
the components of the system each with its translational, rotation energies, etc.,
among others time-dependent properties. The thermodynamics theory emerges
from the fact that a great number of those freedom degrees are eliminated by
considering statistical averages, and not macroscopically manifesting. Thus, as the
physical principle of energy conservation keeps unaltered over decades, having

339 IntechOpen



Recent Developments in the Solution of Nonlinear Differential Equations

been already rigorously tried and confirmed, a well-defined thermodynamic energy
function appears somewhat intuitive. Indeed, the energy must be interpreted as a
function capable of providing the macroscopic properties of the system. Besides,
due to the complexity in measuring the energy of a system, it is relevant to assume
some state whereby the energy is arbitrary defined as zero and measuring the
energy in connection that state because only energy differences have any physical
meaning [1-3].

There are equivalent approaches to investigate the thermodynamics properties
of a system in terms of thermodynamic functions (or thermodynamic potentials)
of Helmholtz, enthalpy and Gibbs instead of the energy or entropy. Such thermo-
dynamic potentials are obtained by using Legendre transformations in order to
change the original extensive variables, or part of them, in the function
thermodynamic energy by the intensive variables. Besides, other thermodynamic
functions (in addition to those already mentioned) can appear when making
Legendre transformations in specific extensive parameters of the energy or in the
extensive parameters of the entropy, such as grand canonical potential, and
Massieu, Planck and Krammers functions. The function to be used must be
defined by the practical characteristics of the problem and these last mentioned
functions are less common in more elementary approaches of postulational ther-
modynamics [1, 4].

A solid understanding of postulational thermodynamic theory is necessary in
order to investigate the thermal or mechanic stability of the most diverse systems.
The increase in the thermal stability of DNA against thermal denaturation can be
experimentally investigated using a methodology in which the differences or
changes in the standard values of negativity and positivity of enthalpy and
entropy, or even between them, are decisive for the study’s conclusions [5]. The
formalism of free energy (or Helmholtz potential) can be used for practical deter-
mination of the level of stored energy accumulated in material during plastic
processing applied as well as the stored energy for the simple stretching of aus-
tenitic steel [6]. There are an infinity of applications of thermodynamic theory in
wich the stability of a system is intimately related to some physical feature of
thermodynamic functions, and whose the convenience of the choice is determined
by practical situation.

Interesting formalisms or analytical techniques that combine the superposition
of the thermodynamic theory and mathematical methods appear as support for
problems of applied physics aimed to investigate the stability conditions of a sys-
tem, either through experimental or computational studies. In order to show of a
physical point of view, as arises the thermal and mechanical stability of a system,
let us invoke the known physical origin of the energy U, i. e., its existence is
determined by a postulate and the same way we know that U is a function of the
extensive parameters, entropy S, volume V and the mole numbers of the chemical
components N1, N, ..., N,. This physical consideration can be mathematically
written as U = U(S, V,N1, Ny, ..., N,). Similarly, entropy S is a function of the
extensive parameters, energy U, volume V and the mole numbers of the chemical
components Ny, N3, ..., N, and so S = S(U, V,Ny, Na, ...,N,) [1].

In this chapter, we discuss in details the postulate of maximum entropy or
minimum energy through which it is possible to see that the thermodynamic func-
tions S or U, or any potential/function derived them by Legendre transformations,
have mathematical features that can be obtained of an eingenvalues fundamental
problem, that is, the diagonalization of the hypersurfaces defined by U =
U(S,V,N1,Ny, ...,N,) or S = S(U,V,N1,Ny, ..., N,) that conveniently expanded
in Taylor’s series provides the signs its second-order derivatives in an
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(r 4+ 2)-dimensional thermodynamic space. Besides, some relations between these
derivatives by diagonalization of the quadratic form of U, S or other thermody-
namic function, naturally appear and as consequence relevant conclusions about the
system stability. Quadratic forms appear in several physical problems, especially in
quantum mechanics [7], and in thermodynamic theory this is not different. In
particular, we precisely investigate the mathematical caracteristics of the hypersur-
face of energy and other thermodynamic functions for a system of single chemical
component. In this case, it is possible to reduce the hypersurface

U(S,V,N1,Ny, ...,N,), in an (» 4+ 2)-dimensional thermodynamic space, to a

three dimensional hypersurface where U = U(S, V,N) (see that » = 1). Analytical
calculations of quadratic forms diagonalization are used to reveal the signs of the
second-order derivatives of the three-dimensional thermodynamic functions.
Accordingly, the stability conditions are obtained.

This chapter is organized as follows. In Section 2, we discuss the general pro-
cedures to diagonalize the thermodynamic energy as well as obtain Talyor’s series in
an (r 4 2)-dimensional thermodynamic space. It is also presented the same way to
entropy function. In Section 3, we diagonalize thermodynamic energy in a three-
dimensional space, and derived Helmholtz, enthalpy, and Gibbs potentials as well
as grand canonical potential. In addition, the signs of second-order derivatives of
such thermodynamic functions are calculated. In Section 4, stability conditions are
presented as consequences of the obtained signs in previous section. As it turns, we
summarize our main findings and draw some perspectives in Section 5.

2. The quadratic form of the energy hypersurface in an
(r + 2)-dimensional thermodynamic space

We already addressed in the introduction about the postulational existence of
the thermodynamic energy function U = U(S, V,N1, N3, ..., N,) that is a function
on extensive parameters entropy S, volume V and the mole numbers of the
chemical components N1, N>, ..., N,, where r represents the amount of chemical
components in the system. Besides, U is capable of describing all thermodynamic
macroscopic properties of treated system. A formal discussion on extensive
parameters can be found in Ref. [1]. However, understand them as those are
dependent on the amount of matter or mass of the system.

Remembering the most general form of Taylor’s series for a function
f =f(x1,%2, ..., x,) of n variables expanded around (x19, %20, ..., Xz0) [8]:

flx1,%2, o, %0) = f(%10,%205 + , Xn0) + Z%A-’Ci
l’ 1

1 5 )
= 2 A + .,
+2!zi:;axiaxj *ih% F

where Ax; = x; — x;jo, and all partial derivatives are evaluated at
(%10,%205 ... »Xn0). Here x;0 denotes the coordinates of some arbitrary stationary
point around which the function is expanded, with zero index to differentiate it
from all other points in the #-dimensional space.

Let us carefully expanding the energy U(S, V,Ny, N, ..., N,) using Taylor’s
series given by Eq. (1) around (So, Vo, N19, N2g, ..., Nyo) point in
(r 4+ 2)-dimensional space.
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ou

U(S, Vs N1, N3, ..., Ny) = U(So, Vo, N1o, Nao, s Nro) + 5 (S = So)
ou " U 1 [*U *U
+=(V—=Vo)+ > ——(Np—Nio) +=; S-S V-V
vV~ Vo) k;aNk( k= Nio) +35, [asz( o) + g (V= Vo)’ @)
: a2U
— (N, =N A

where AX; = X; — X0, withX; =S,V,N1,N,, ...,N, and X;o =
S0, Vo, N10, Nag, ..., Nyo. Notice that last term that explicitly appears in Eq. (2) in
wich the simplified notation X; is introduced represents all possible combinations of
double partial derivatives obtained from the extensive variables of the energy. Besides,
see that i # j in the same term due to already computed previous terms to i =j.

By analogy with the one-variable differential calculus and due to the postulate of
minimum energy (4°U > 0, see Refs. [1-3]), taking a stationary point
(So> Vo, N10, N2g, ... s Nyg), we know that all first-order derivatives in Eq. (2) are
null at this point

ou ou ou
gfo,av Oan dmeWHhkf(,.,r), 3)

and therefore

1 [0°U
U(S,V,N1,Na, ...,N,) = U(So, Vo, N10, N2g, ..., Nyo) + = [asz (S — Sp)?
(4)
U "\ U ) U
V-V ~— (N, —N, AX;AX | + ..
aVz( 0) +k:1 aNi( k kO) +Z](ZZ#;>()XZ()XJ i j +

Let us define in Eq. (4) AS=S — Sp, AV =V — Vg, AN, = N}, — Ny, AU =
U(S, V,Nl,Nz, ,Nk) — U(So, Vo,Nlo,Nzo, ,N,,o), and also U = 2'(AU) Thus,
it is possible rewriting Eq. (4) as follows.

- U PU PU
U(S,V,Ny,N,, ..., N, AS AV AN
( 1, N, )= asz( )? avz( )? ;azvk( k)’
B (5)
P*U
+ZZ&X@X AX;AX + .

i j(i#)

Notice that U in above expression must be interpreted the same way as the U,
being only mathematically multiplied and suppressed by the constants 2! and
U(So, Vo, N19, N2g, ..., Nyo), respectively. Physically, U also obeys minimum
energy postulate and keep the dependence with the extensive parameters, U =
U(S, V,N1, N3, ...,N,). On the other words, U is the original energy function U, at
less than a multiplicative constant, and additive. We should not forget that the
expression given by Eq. (5) has more terms than those explicitly listed, with third-
order, fourth-order derivatives and so on. However, if we take only terms until the
second-order derivatives, it is possible to see that hypersurface defined by U is a
complete quadratic form, in an (r 4 2)-dimensional thermodynamic space (see
quadratic forms in Refs. [8, 9]). Then, some mathematical generalities can be
extracted of the thermodynamic energy written as Eq. (6) below:
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- U aZU
U= AS)? AV)?
(6)
(ANy) i.
+ZaNz Oh ZZaXdX AX,
i j6#A)
The matricial form of the quadratic expression in Eq. (6) is given by
Fu
as?
PU U AS
V2 0X;0X AV
. U AN,
U= (AS AV AN; AN, .. AN,) o2 AN, |7 @
?U :
X ;0X; AN,
U
oN?

where the second-order derivatives above and below of main diagonal represent
all combinations of double partial derivatives in relation to the extensive variables
of the energy. Explicitly showing the terms of mixed partial derivatives in the

matricial equation given by Eq. (7), we have

U U U U

oS> 9SOV 9SoN, 0SON, AS

U U U U AV

avaeS V2 aVoN, dVoN, AN
U= (AS AV AN; AN, .. AN,)| U U QU PU AN1

ON10S ON10V  oN? ON10N, o2

PU  FU  FU PU AN,

ON,dS 0N,0V 0N,dN; N}

(8)

Resuming the previous discussion in which the extensive variables are
compactly defined as X;, we can also express the energy in Eq. (8) of a compact way

U = (AX,)"M(AX;), 9)
where

aZ_U rU FU ;U

s 9SOV 0SoN, dSON,

rU aZ_U FU rU
ovVoS  9V2  oVoN, dVoN,

M= | U *U aiU o*U , (10)

ON10S ON.0V aN% 0N 10N,

FU FU FU 02_U

ON,0S 0N,0V  oN,oN; ON?
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AX; is a column vector with AS, AV, AN3, ..., AN, components, and AXiT is the
transpose of AX;. As M is a symmetric matrix, a diagonalization procedure can be
applied to simplify the investigation of mathematical features of U and its physical
consequences. At first, the choice to expanding the thermodynamic energy in
Taylor’s series up to the second-order is due to the appearance of a complete
quadratic form with a known mathematics of many-variable calculus. Accordingly,
the canonical form U = AX/TDAX,’ obtained by diagonalization allows visualizing
interesting physical features more easily. Notice that D is the eigenvalues matrix of
M with (r + 2)-components, and the AX is the column eigenvector (with AS', AV,
AN', ..., AN! components) of the diagonal matrix D as well as AX'” is the
transpose. A review on quadratic forms diagonalization can be found in Ref. [9].

The canonical form to U can be expressed by Eq. (11)

0 = (ax)"D(aX)) =

s 0 0 0 0 AS'
0 4y 0 0 O AV’
0 0 Ay, 0 O AN}
(AS' AV’ AN} AN) ... AN)) (11)
T AN"2
0O 0 0 =~ 0

0 0 0 0 i/ \AN

»

= 25(AS')? + Ay (AV') 4 an, (AN})? + ... +2n, (AN')?

See that in the canonical form of U given by Eq. (11) are eliminated the mixed
partial derivatives of Eq. (6). Besides, the minimum energy postulate imposes to the
function U (S, V,N1,N3,..,N,) in Eq. (11) the following mathematical condition:

U = 25(AS')* + Ay (AV') + an, (ANY)? + ... + 2, (AN')* > 0. (12)

It is possible to see that this conditon occurs only when As > 0, Ay > 0, Ay, >0,
..» Ay, > 0 for any sets of values of AS', AV, AN/, ..., AN,. To obtain the 4;
(i =S,V,Ny, ..., N,) eigenvalues, it is necessary diagonalize M (see Eq. (8)) by
solving the equation (4;] — M)X; = 0, where I is an indentity matrix (see Ref. [9])
that provides the determinant below

aZ_U B FU U FU
9s2 S0V 9SoN; dSoN,
U aZ_U ) U *U
VoS ov? 0VoN; dVoN,
PU PU PU ; FU =0. (13)
0N10S 0N10V 0N} ™ 0NN,
*U FU U @ .
0N, 0S 0N, 0V ON,oN;  \oN?
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Observe that Eq. (13) implies an equation in 4 of (r + 2)-degree. Besides, all 4;
are necessarily positive due to the minimum energy postulate.

So far, we have show some generalities about thermodynamic energy in an
(r 4+ 2)-dimensional space. Notice that diagonalizing M by solving Eq. (13) is not an
easy task. For a system with great number of chemical components analytical
solutions of Eq. (13) can become increasingly hard.

If we take the entropy of the system instead of energy, all above formalism
remains valid by simple exchanging U and S variables in the equations. In addition,
due to the maximum entropy postulate, all eigenvalues of second-order derivatives
matrix (similar to M by exchanging U and S) must be negatives (1y <0, 1y <0,

An, <0, ..., Ay, <0). Then, in this case we have Eq. (14) instead Eq. (12).

S = 4s(AU') + av(AV')” + Ay, (AN))® + ... + 4n, (AN))? <O0. (14)

In a two-dimensional thermodynamic space, a discussion on the eigenvalues of
M and the physical consequences of its positivity is presented in Ref. [10]. In this
case, the conditions of thermal and mechanical stability are naturally demonstrated
through the signs of the second-order derivatives of some thermodynamic function
of two-variables. The two-dimensional problem arises when is considered a one-
component system and, in particular, we can take the thermodynamic energy per
mol, reducing the dependence of such energy function for only the variables
entropy (s) and volume (v) per mol (u = u(s,v)).

The stability conditions of a thermodynamic system are intrinsically related to
the signs of the second-order derivatives of the energy, being the exact calculating
of the eigenvalues of Eq. (13) (of previously known signs) an important factor in
order to understand the physical origin of the stability of the system. In next
section, we present a discussion of eigenvalues of the energy in a three-dimensional
thermodynamic space.

3. Diagonalization of the energy in a three-dimensional thermodynamic
space

Let us define the energy in a three-dimensional thermodynamic space. To do
this, we consider a system with one chemical component and explicitly write the
energy U = U(S, V, N) in terms of the involved extensive parameters S,V and N.

Similarly of Eq. (3) and by analogy with one-variable calculus, we have % = % =

g% = 0 (at a stationary point (So, Vo, No)) due to the minimum energy principle.
Besides, in order to investigate the second-order derivatives of U (or U, there are no
physical difference), a simple matricial quadratic form can be obtained by
application of Egs. (6), (7) and (8), as follows:

*U  FU U

3S2  0SOV  0SoN
FPU  FPU U AS

U=(AS AV AN)| aVaS gv2 oVaN || AV | = (AX:)) M) (AX:),
AN

FPU U 02_U

ONOS ONoV  9N?

(15)
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where

FU  FU  FU
9S> SOV 4SoN
PU 62_U rU
M) = | dVaS  9gV?  oVoN (16)
’*U AU U
ONAdS ONoV  9N?

AX; is a column vector with AS, AV, AN components, AX is the transpose of
AX;, and M(3,3) is a symmetric matrix that provides three eigenvalues for U by
diagonalization of M s,3). Thus, by using the canonical form of U combined with

minimum energy principle, we know that all signs of the eigenvalues 41, 15, and 13
of M(3,3) are positive

A4 0 0\ /AS

U = (AX}) D) (AX]) = (AS' AV AN')[ 0 2, 0 || AV
(17)

0 0 i) \AN

= 21(AS) + 1(AV') + 43(AN')* > 0.
Note that D 3,3) in Eq. (17) is the eigenvalues matrix of M3,3) given by Eq. (16).

As in Eq. (13), here we need solve the eigenvalues equation (4l(33) — M(3,3))Xi = 0
that provides the following determinant

U U PU
(asz_ ) Y% 9SON
U U PU
%S (W B ﬂ) aVoN | =0 (18)
U U (62U 1)
ONaS ONOV oN?

The determinant given by Eq. (18) provides a third-degree equation in 4.

-+

a2 N a2 ov? T astont T oviant T asan avas

02_U+62U+02U}2 {azuazu FUPU QFPUFPU U U
0S*  oV?  oN?

PU U N FU U @@@Jr PU U U
VAN ONOV ' 0SoV aVaS 0S2 9V2 N2 3S0V oVON oNaS

U o*U U U U U FU *U &*U
0VOSANOV 0SON 0NV aVON 9s2  aNS dSoN oV2

_ U J*U U] _
aSAV aVaS oN2|

(19)
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The above equation is commonly known as characteristic equation, and its
solution necessarily imply in three positive roots due to the minimum energy
postulate. After some algebraic manipulations [8, 11, 12] in order to solve Eq. (19)
and considering 4; > 0, 4, > 0 and 43 > 0 (three positive roots), we find the following
relations

2 2 2
g >0, a—g >0, a—g > O(asexpected fromone — variable calculus),  (20)
oS FY% ON

FUPU U o*U

9S2 gV2  0SoV VoS
FPUFUPU FU U U U FU U
9T OVEAN? | 3SaV aVaN aNaS | avas aNaV aSaN

>0, (21)

(22)
B FU U aZ_U_ FU FU a2_U_ FU azuaZ_U .
ONOV dVAN 3S2  ONASASON o2 aSoV oV oS aN? '

Observe that Eq. (22) is equivalent to the determinant of M (3,3 (see Eq. (16)),
being positive to energy representaion, and so |M3,3)| > 0. Besides, considering that
the product of the three roots x1x2x3 = —d/a in a general third-degree equation
ax3 +bx* + ex +d = 0 is a known expression of more elementary courses, Eq. (22)
can be easily obtained due to the positivity of all eigenvalues of U (see that d is the
last bracket term in Eq. (19), and @ = —1) in the condition of minimum introduced
by the thermodynamic postulate. In addition, notice that first relation in Eq. (19) is
the determinant of the upper left 1x1 submatrix of M(s,3), while Eq. (20) is the
determinant of the upper left 2x2 submatrix of M 3,3).

In short, to obtaining in which conditions at equilibrium point (Sp, Vo, NO)

U = U(S, V,N) has a minimum in this three-dimensional thermodynamic space,
the set of relations given by Eqgs. (20)-(22) must occur, where the relations 32715 >0
and % > 0 in Eq. (20) were introduced for a more physical than mathematical
reason during analytical solution of Eq. (19). A general approach about mathemat-
ical second derivative test for many variable functions can be found in Ref. [8].

We must solve Eq. (19) permuting U and S in an equivalent entropy represen-
tation. Besides, by imposing all negative values due to maximum entropy postulate,
it is possible to obtain a set of relations as in Egs. (20)-(22). Solving eigenvalues
equation below

S S azs} 5 [azs ’S S PSS PS PSS IS

R+ =+ =+ Pt ———F——
oU?  9V?  ON? oU2aV?  oU?0N?  0V2aN?2  oUON oNoU

L 0’S S N ’S S 0°S &S &S N 7S S S
"OVON 0NoV ' oU9V oVoU U2 V2 aN? ' dSAV dVON oNoU
N #S S oS B #?S  9°S az_s B ’S %S az_s

0VOU ONOV 0UON  ONOV aVON oU?  dNU oUON V2

S S oS)

oUoOV oVoU oN2|

(23)

and imposing 41 < 0, 4, <0 and 43 < 0 (all negative eigenvalues due to maximum
entropy postulate), we obtain
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0%S %S 0*S
— <0, — <0, — <0(asexpected from one — variable calculus) 24)
oUu oV oN

?S *S  *S IS

— === 5 2
oU?9v?  oUAV aVoU (25)
0°S 0°S 0°S N ?S 0*S S N ?S 0*S S
U2 aV2aN? ' 0UAV dVON dNoU = 9V oU N9V oUON (26)

B 7S S az_s B #S #S 0*S  #S 'S S

— —| <
0NV dVoN oU? 0NoU dUoN gV?* 0UdV oVoU ogN?

As it happened for energy, here Eq. (24) is expected from one-variable calculus
and its last two relations were introduced for a more physical than mathematical
reason during analytical solution of Eq. (23). It is important to emphasize that
although Eq. (25) keeps the same format and sign of Eq. (21), the sign in Eq. (26)
for the entropy formalism is now negative. This should not cause any surprise and
can be concluded even without explicitly calculate the three eigenvalues of charac-
teristic equation due to the known expression to the product between the three
roots, x1x,x3 = —d/a in a general third-degree equation ax3 +bx* +ex+d=0.
Then, as all eigenvalues are now negative, Eq. (26) is easy verified from character-
istic equation (see Eq. (23) where d is the last bracket term, and @ = —1). The set of
Egs. (24)-(26) provides the mathematical conditions of maximum for entropy
thermodynamic function S= S‘(U, V,N) at (Ug, Vo, Ny).

Some physical problems require the use of thermodynamic potentials of Helm-
holtz, enthalpy and Gibbs as well as the grand canonical potential instead of ther-
modynamic energy to be more easy solved. These thermodynamic functions are
introduced in the next topic.

3.1 Second-order derivatives of other thermodynamic functions

By using Legendre transformations, it is possible to change the extensive vari-
ables, or part of them, in the thermodynamic energy function. In this subsection,
we are considering the same energy of three extensive variables defined by U =
U(S, V,N) in which making appropriate Legendre transformations the intensive
variables are introduced. A discussion on extensive and intensive thermodynamic
variables can be found in Ref. [1]. Legendre’s transformation is, in short, a process
of change of variables.

3.1.1 Helmholtz potential

In order to introduce Helmholtz potential that is an energy function that instead
of being a function of S, V and N it is written in terms of T, V and N, we need to
make Legendre transformation (change S by T') in extensive parameter S. This
process of introducing intensive parameter T is described below. Before let us write
U(S,V,N) as

ou
dUu(S,V,N) = EdSJr—dVJraNdN (27)
where the temperature can be defined by T = %2 with V and N constant, the
pressure is defined by P = — % with Sand N constant and the chemical potential is

defined by u = aU ~ with S and V constant. With these definitions, we have to Eq. (27)
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dU = TdS — PdV + udN. (28)
Taking

A(TS) = TdS + SAT

2
TdS = d(TS) — ST, (29)

and substituting Eq. (29) into Eq. (28)

dU = d(TS) — SAT — PAV + udN
d(U — TS) = —SAT — PdV + udN (30)
dF = —SAT — PdV + udN,

where
F = U — TS(being F known as Helmholtz potential). (31)

See of the Eq. (30) that F is a function of T, V and N. Then F = F(T, V, N),
and the energy F defined as function of T, V and N has modified its concavite in
relation to the new introduced parameter by Legendre transformation in S, i. e.,
the second-order derivatives of F on T is negative now, keeping positive the signs of
FonV and N as in original energy (see Eq. (32) below).

&F &°F &F
—<0,— >0, — >0. 32
oT? oV? ON? (32)

It is a general fact that Legendre transformation change the sign of the second-
order derivatives of the new introduced function in relation that intensive parame-
ter. A demonstration of this consideration to molar Helmholtz potential f = f (s, ) is
shown in Re. [10], and a treatment on Legendre transformations can be found in
Ref. [13]. Recently, the thermodynamic stability of chignolin protein was theoreti-
cally investigated by using of a computational methodology of decomposition of the
Helmholtz energy profile that indicates that intramolecular interactions predomi-
nantly stabilized certain conformations of the protein [14]. Besides, in the same
study the direct Helmholtz energy decomposition provides the predominant factor
in the thermodynamic stability of proteins.

Following the same procedure used to derive the stability conditions of the
energy and entropy functions, it is possible to obtain a complete set of relations that
Helmholtz potential must obey. Mathematically F is known as a saddle surface. This
feature of F stems from the imposition that some eigenvalue of the canonical form
of F (similarly to the Eq. (17)) have opposite sign to the others. The saddle surface
of Helmholtz of three variables has a maximum in relation to the temperature but a
minimum in relation to the volume and mole number. The relations given by
Eq. (32) are sufficient to conclude on the physical stability of a system, as demon-
strated in Section 4, and the other expressions to the second-order derivatives of F
are not shown here. However, the curious reader can be computing all signs of the
second-order derivatives to Helmoltz and to other thermodynamic functions that
follow below, as already discussed to energy and entropy functions.

3.1.2 Enthalpy potential

The enthalpy potential is also mathematically a saddle surface. In this case,
Legendre transformation is applied in the extensive parameter V and introduced
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the intensive parameter P. Further, H keep unaltered with a minimum in relation to
the entropy S and N but becomes a maximum on P, and so H = H(S, P, N).
Remembering that dU = TdS — PAV + udN, then

d(pV) = PdV + VdP

(33)
—PdV = —d(PV) + VdP,

and substituting Eq. (33) into Eq. (28), we have

AU = TdS — d(PV) + VAP + pdN
d(U + PV) = TdS + VAP + udN (34)
dH = TdS + VdP + udN,

where
H = U + PV (being H knownasenthalpy potential). (35)
Due to Legendre transformations, it is possible to conclude that

o*H 0°H o*H
—>0,—5 <0,—— >0, (36)
aS oP ON

and other inequalities can be obtained the same way as previously presented to
energy and entropy functions,i. e., by diagonalization of H(S, P, N).

3.1.3 Gibbs potential

It is possible to write a function obtained by double Legendre transformation in
the extensive parameters S and V, namely Gibbs potential. This is a function on
introduced intensive variables T and P. To do that, we combine Egs. (29) and (33)
into Eq. (28). Then,

dU = TdS — PV + udN
AU = d(TS) — SAT — d(PV) + VdP + udN
dU — d(TS) + d(PV) = —SdT + VdP + udN (37)
d(U — TS + PV) = —SAT + VAP + udN
dG = —SdT + VAP + ydN,

where
G = U — TS + PV (being G known as Gibbs potential). (38)

Legendre transformations provide the following relations, and G = G(T, P, N) as
seen in Eq. (37).

’G »’G »’G
— <0, — <0

o2 <O <% o7 (39)

Here the second-order derivatives in relation to T and P are negative now as well
as the G = G(T, P, N) becomes a surface of maximum in relation of these two
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parameters. See that energy keeps unaltered in relation to N, and Gibbs potential
has a minimum in relation to mole number because Legendre transformations are
applied only in S and V, introducing T and P respectively. Besides, by diagonaliza-
tion of quadratic form obtained by expanding of G, it is possible to compute other
inequalities in additon those expressed by Eq. (39), as already discussed to the
energy and entropy formalisms.

3.1.4 Grand canonical potential

A function of T, V and y is known as grand canonical potential J. To obtaining
J =J(T, V,u) let us introduce the intensive parameter u of the extensive parameter
N as follows. Taking

d(uN) = Ndy + udN

udN = d(uN) — Ndu, “0
and combining the above equation with Eq. (29) into (28), we have
AU = TdS — PV + udN
dU = d(TS) — SAT — PdV + d(uN) — Ny
AU — d(TS) — d(uN) = —SdT — PAV — N (41)

d(U —TS — uN) = —SdT — PdV — Ndu
dJ] = —SdT — PdV — Ndu,
where
J=U—TS — uN = F — uN(beingJ knownasgrand canonical potential). (42)

Thus, by Legendre transformations in S and N, T and y intensive variables are
introduced, respectively, the relations below are naturally obtained.

?J o’ oy
— <0,—2=>0,—= <0. 43
oT? ov? ou? (43)

These relations indicate that G has now a maximum in relation to intensive
parameters T and y, keeping a minimum on V. Legendre transformations applied in
the entropy formalism are also useful to derive other thermodynamic functions that
are not treated here. The appropriate choice of the thermodynamic function is
relevant in practical problems. Besides, thermodynamic functions are convex func-
tions of their extensive variables (positive signs of the second-order derivatives)
and concave functions (negative signs of the second-order derivatives) of their
intensive variables [1].

Novel geometric approaches aimed at obtaining thermodynamic relations
in a systematic way for a number of thermodynamic potentials and formally
derived the classical Gibbs stability condition has been recently investigated [15].

So far, we demonstrate the mathematical conditions that second-order deriva-
tives of the thermodynamic functions must satisfied. In the next section, we use
these conditions to directly obtain the mechanical and thermal stability of a general
system.
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4. The stability conditions of a system

Let us start this section remembering some quantities of physical interest
defined below [1-3]:

a= %/3—;{ (44)
o= (45)
cp=r (46)
br=—0 00 (47)
ks= -5 o0, (48)

where a (at p constant) in Eq. (44) is the coefficient of thermal expansion, cy
and cp in Egs. (45) and (46) respectively, are the specific heats at V or P constant,
kr (T constant) in Eq. (47) is the isothermal compressibility and ks (S constant) in
Eq. (48) is the adiabatic compressibility. All these quantities are relevant in physical
applications and their exact values as well as their increase or decrease tendencies
can say a lot about the stability of the physical system.

The thermal expansion is related to changes in dimensions of physical systems
due to temperature variations. We can understand the behavior of materials on the
macroscopic or microscopic scale when subjected to temperature changes by the
abosolute values of « that can be positive or negative.

Specific heats are useful to understand the thermal properties of physical sys-
tems in several length scales (macroscale and microscale). Besides, the specific
heats are positive physical quantities associated to the thermal stability of the
system, as will be mathematically demonstrated in this section.

The isothermal and adiabatic compressibilities are positive physical quantities,
being related to the mechanical stability of the system. A deep comprehension of
the physical origin of the mentioned quantities in terms of the signs of the
second-order derivatives of thermodynamis functions, it is relevant to theoretical or
experimental researchers.

In order to better investigate the physical consequences of the signs of the
second-order derivatives of the energy, see the first relation in Eq. (20)

*PU

- > 0. (49)

Remembering the temperature definition T = 2%, we have by derivation of
temperature T side by side in relation to the S entropy

o _FU

0
S  0s? > (50)

Then, if we combine Eq. (50) and the definition of specific heat (at V constant)
given by Eq. (45), it is possible to obtain

T U
—=—>0
Ney  98? (51)
= cy>0.

352



Thermodynamic Stability Conditions as an Eigenvalues Fundamental Problem
DOI: http://dx.doi.org/10.5772/intechopen.95777

A positive specific heat (cy > 0) is obtained due to the absolute temperature is
positive. Besides, N is a positive amount. The same physical conclusion can be

obtained of the first relation in Eq. (32), 3271'; <0.AsFisafunctionof T, Vand N

(F =F(T,V,N)), an infinitesimal of dF is given by
oF oF oF
deﬁdTJrWdVJrWdN (52)

that compared with Eq. (30) provides

oF
-S= T’ (53)
oF
p=2, (54)
and
oF
F=3N (55)

If we take the derivation side by side of Eq. (53) in relation to T considering V
and N constant

oS &°F

ToT ot 0

It is possible to observe that the left side of Eq. (56) is relationed to the specific
heat at V constant and the sign of the second-order derivatives can be checked by
comparing with Eq. (32), and so

aS ’F
“ar o < 57
and from definition of specific heat in Eq. (45)
Ncy Nc,
—— <05 >0=¢>0. (58)

Note that Eq. (58) represents the same result already obtained in Eq. (51), only
taking different formalisms to thermodynamic function, and so analyzing distinct
second-order derivatives. The specific heat must be interpreted as the necessary
amount of heat to increase or decrease the temperature of the physical system. A
negative specific heat would imply in an inexistent physical situation because we
would have a system capable of receiving some quantity of heat (postive) and
decreasing its temperature (negative dT'). There is still another non-physical situa-
tion with negative specific heat in the hypothetical situation in which the system
loses heat but increases its temperature.

We investigate now the signs of second-order derivatives of Gibbs potential. The
relation given by first inequality in Eq. (39) provides an important conclusion to
specific heat at P constant, with ¢p > 0. To demonstrate that, let us take a differential
element dG of Gibbs potential G = G(T, P, N)

oG oG oG
dG —ﬁdT+ﬁdP+aWdN' (59)
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The above equation can be compared with Eq. (37), and we obtain

oG
-S = 5T (60)
oG
V=—, 61
P (61)
and
oG
=—. 2
F=oN (62)
Deriving Eq. (60) side by side in relation to T at P constant, we have
S G
ToT ot (63)

and from definition of specific heat at P constant in Eq. (46) and by comparing
with the first inequality in Eq. (39)

N ’G
T oT (64)

N
%>0=>Cp>0.

Notice that specific heat at P constant is also positive. The positivity of the
specific heats previous shown is related to the thermal stability of the physical
system. Then, it is possible to see that the thermal stability emerge as consequence
of the signs of the second-order derivatives previously treated. Thus, appropriately
computing the eigenvalues of the matricial energy or other thermodynamic func-
tion is essencial to finding the stability conditions.

Resuming Eq. (54) and by derivation of the left and right sides in relation to V'
keeping T constant

oP o°F
Vo 9
Comparing Eq. (66) with the definition to isothermal compressibility in
Eq. (47), we can obtain
oP 1

As the sign of the second-order derivative in Eq. (66) is positive, we have

1 OF

VR o2
1 OF T 7
%:W>O:>k'r>0.

Notice that the sign of the second-order derivative of the appropriately chosen
potential leads to a relevant relation for the sign of physical quantity of interest.
Besides, in the definition given by Eq. (47) that increments of pressure in the
system leads to decrease in volume due to the ever positive isothermal
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compressibility, and this is an intuitive conclusion. From Eq. (67) we mathemati-
cally demonstrated that isothermal compressibility is always positive due to specific
features of the potentials. In particular, the positive value of kr appears from
curvature of some chosen potential. The same way kg > 0 can be obtained from
enthalpy potential through the the sign of the second relation (‘;2713 <0) in Eq. (36),
and after some algebraic manipulations. A positive value of this physical quantity is
associated with the mechanical stability of the physical system, as in k7.

It is relevant to clarify that @ does not to have a positive defined sign that can be
obtained from some function. The well-known case of the water shows that volume
increases when temperature decreases below at 4°C, being negative « in this regime.
Yet, thermodynamic books [1-3] show some relations between the physical quanti-
ties,asc, = ¢, + TVa?/Nkr, ¢p/cy = kr/ks as well as ¢, > ¢, and kr >k, obtained by
reduction of thermodynamic derivatives and by using Maxwell’s relations. But this
is not the purpose of this chapter.

It is worthy of emphasis that some stability condition can be deduced by the
signs of the second-order derivatives of energy (or any thermodynamic function),
as presented in this chapter. In a three-dimensional (or higher) thermodynamic
space the complexity in obtain with success the stability conditions for some poten-
tial is associated to the matrix order of the second-order derivatives. Besides, to all
cases one or several second-order relations must be manipulated to conclude about
the thermal and mechanical stability of the system.

5. Conclusions

In this chapter, we show the useful of specific linear algebra topics in addition
with many-variable calculus that coupled to minimum energy postulate appear as in
important insight to understand the stability of thermodynamic systems. We find
the thermal and mechanical stability of physical systems are directly associated with
the signs of the second-order derivatves of thermodynamic energy or other taken
representation.

We present a general addressing to the energy representation in terms of matrial
equations whereby the stability conditions arise of an eigenvalues fundamental
problem. Besides, the minimum energy postulate provides the signs of the second-
order derivatives. Accordingly, of a physical point of view the stabilility of a system
occurs due to minimum energy postulate.

Formal caracteristics of postulational thermodynamic theory and, particularly,
about the second-order derivatives of the thermodynamic functions are discussed
with relevant consequences on the thermal and mechanical stability. The presented
analytical formalism is an important support to conclude how the stability of a
system arises, and can be useful in any field of the exact sciences. We hope that this
methodology can be extended to higher-order matrices of energy as well as some of
the obtained relations can be used in specific problems of applied physics.
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