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Notation

Throughout the thesis, the following standard notation is used. Other nonstandard
notation is introduced in the text as it is needed.

N

Rn
Cn
Ran
Can

Al
Cla,b]

CPla,b]

c(1)

Cinxnla, D)

CP

mxn

[a,b]

Liploc (I )

O(g(x))
If it cannot be confusing, we omit the subscripts m and n for simplicity of notation, and
write Ca,b] = Cpxnla,b], Ch .., la,b] = CP[a,b]. We also use the shorthand notation:

Yk

Iylls :
1M]]5 -

set of all natural numbers;
n-dimensional vector space of real-valued vectors;
n-dimensional vector space of complex-valued vectors;
m X n-dimensional space of real-valued matrices;
m X n-dimensional space of complex-valued matrices;
x| :=max{|x;| : 1 <i <n}; maximum norm for a vector x € C";
|A[:=max; <<, }j_|ai;|; induced operator norm for a matrix A€ C"*";
Banach space of real vector-valued functions continuous on |a, b]
equipped with the norm
¥ llcfap) := max{|y()| : 2 € [a,b]};
Banach space of real vector-valued functions p-times continuously

differentiable on [a,b] equipped with the norm

¥ llcrian) = X0 1yl clas:
set of real vector-valued functions continuous on the interval /;
Banach space of real-valued matrix functions continuous on [a, b|
equipped with the norm

Y16 nfap) := max{|y(z)] : 7 € [a,b]};
Banach space of real-valued matrix functions p-times continuously

differentiable on [a,b] equipped with the norm

Wler s =0y IM@]5;

mxn )

set of locally Lipschitz continuous functions on the interval /;

f(x)=0(g(x)) forx—=0" if 3¢ >0,6 >0:|f(x)| <c|g(x)| for 0<x < J;

max{|y(t)| : r € [0,1]}; fory € C[0,1];
max{|y(¢)| : r € [0,6]}; norm restricted to the interval [0, 8], § > 0;
max{|M(t)|:t € [0,8]}; norm for M € Cy,x,[0,d];



1 Preface

This thesis is devoted to the existence and asymptotic behaviour of solutions of ordi-
nary differential equations (ODEs), in particular, of problems which may have a time
singularity. The thesis consists of two parts.

Part I is concerned with nonlinear second order differential equation
(PO (1)) +q(0) f(u(t)) =0, 1€ [0,00), (11)
subject to initial conditions
u(0) =up, u'(0)=0. (1.2)

Here, f € C(R), f(Ly) = f(0) = f(L) =0, Lo < 0 < Land xf(x) > 0 for x € (Ly,0) U
(0,L). Further, p,q € C[0,00) are positive on (0,e0) and p(0) = 0. Part I deals with the
asymptotic behaviour of solutions in a neighbourhood of infinity and collects results
from papers [} 2, [3]. Global existence results on [0, o) are obtained and the structure
of all possible solutions is described according to their asymptotic properties.

Part II presents results from [4) 5, 6, [7]] devoted to boundary value problems (BVPs) of
the form

Y(t)=—=>y(t)+—=, t€(0,1], yeC[0,1], Boy(0)+Biy(1)=p, (1.3)

where y is n-dimensional real function, M is n X n continuous matrix function, f is a n-
dimensional function which is at least continuous on [0, 1] and By, B] € R;;x, B € R™.
In Part II, the behaviour of solutions near the singular point is analysed. The stress
is laid on the structure of boundary conditions which are necessary and sufficient for
the existence of a unique continuous solution on the closed interval [0, 1] including the
singular point ¢ = 0.

1.1 Recent state summary

In numerous applications from physics, chemistry and mechanics, the mathematical
description of complex processes leads to differential models. These models take often
the form of systems of time-dependent partial differential equations (PDEs). For the
investigation of stationary solutions many of these models can be reduced to singular
ODE:s of the second order or to singular systems of ODEs of the first order, especially
when symmetries in geometry of the problem appear. Therefore, papers providing
analytical results on their structural properties, stability and convergence of different
numerical methods, and results of numerical simulations are available.
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In this thesis we study asymptotic behaviour of solutions of singular second order
nonlinear differential equations in Part I and asymptotic behaviour of singular linear
systems of first order differential equations in Part II. A problem is denoted as singular
if the right-hand side does not fulfil the Carathéodory conditions. Otherwise, a problem
is called regular. In particular, the system of first order ODEs

X (t) = f(t,x), t € CR, (1.4)

where x € R", f: I x R" — R", is understood to be singular if function f does not
fulfil the Carathéodory conditions. For differential equations of the second order we
use the terminology corresponding to the equivalent first order system. The solvability
of such problems is not covered by the Carathéodory theory and requires a different
approach. Two types of singularities are distinguished, time and space singularities.
System (1.4)) has a time singularity if f(-,x) : I — R" is not integrable for some x € R".
Both problems studied in this thesis are singular with a time singularity at the origin,
which means that

€
| sl =
for some x € R" and each sufficiently small € > 0.

In Part I, we study the second order differential equation (1.1):

(p(0)' (1)) +q(t) f (u(t)) =0, t > 0.

This equation can be assumed as a special case of (T.4). For v = pu/, we obtain

In general, the case
/1 ds
0 p(s)
is also considered. Therefore, the differential equation (I.1]) may have a time singular-
ity att = 0.

Regular equation

There exists an extensive literature which is devoted to a qualitative analysis of solu-
tions of the nonlinear equation (I.1)), or to its quasilinear generalizations in the regular
setting, where p > 0 on [0,e0). A general survey concerning asymptotic properties of
solutions of nonautonomous ODE:s is provided in the monograph [60]]. In last decades,
great effort has been devoted to the asymptotic analysis in the case that is the
Emden-Fowler equation

W' (t)+q(t)|ulsgnu=0, y>0,y#1.
10



We refer to [122] for a history survey. The subject of oscillation and nonoscillation
of the Emden-Fowler equation has been extensively studied, for example see [[/4, [79,
80, 96]. The Emden-Fowler equations of arbitrary order are thoroughly discussed in
[60]. Equation (I.1I)) with a nonconstant p and a more general f is investigated in
[211 73,182, [123],[124]], where the equation is regular and the nonlinearity f in all these
papers has behaviour which is characterized by the assumption xf(x) > 0 for all x # 0
and is globally monotone. For further discussion we refer to [32,133) 45]].

A possible generalization of the Emden-Fowler equation has the form with p-Laplacian
(P()®alu)) + 1) Py(u) =0, &> 0,70,

where @y (u) := |u|*sgnu. This generalized Emden-Fowler equation is called sub-
half-linear, half-linear or super-half-linear if &t > ¥, & = y or @ < 7, respectively. Ex-
istence results for solutions with certain asymptotic behaviour for sub-half-linear case
can be found in [53] (75} [77], and those for the half-linear case in [30, 54, [76l], whereas
the super-half-linear case is studied in [31} 89].

The theory of regular variations [23] provides a powerful tool for the asymptotic anal-
ysis. The systematic study of differential equations by means of regularly varying
functions can be found in [88]]. Asymptotic results for related equations or systems
which are characterized by regularly varying functions are obtained in [39, 152, [78, 90,
91,1112, 113]]. Oscillation and nonoscillation criteria for related two-dimensional sys-
tems of linear and nonlinear ODEs are established in [86] and in [38, 94], respectively.
We also refer to [37,,162], where Kneser solutions of two-dimensional systems of ODEs
are studied.

Singular equation

The singular equation

(p(0)u (1)) + p(t) f(u(t)) =0, (1.5)

which is a special case of with p = ¢, is studied in [99, [100], [104]-[110]. The
dynamical system approach and the lower and upper function method are used in
[106, [107] where the existence of an escape solution and the existence of a homo-
clinic solutions of this problem is reached. All types of possible solutions of (1.5,
(T.2) with conditions which guarantee their existence and specify their asymptotic be-
haviour are described in [[104,105,/108]]. In particular, the existence of damped oscilla-
tory solutions with decreasing amplitudes of problem (L.5)), (1.2)) is described in [110].
Sufficient conditions for convergence of such oscillatory solutions to zero are given in
[100]. Problem (1.5), (I.2)) can be transformed into a problem of the existence of a
positive solutions on the half-line. For p(t) = t*,k € N, and for p(t) = t* )k € (1,0),
such problem is solved by variational methods in [22] and [24]], respectively.
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Moreover, the existence and uniqueness of damped solution to (I.1), (I.2)) is studied in
[[L11]] provided that the derivative of function p is continuous and positive and satisfies
another more restrictive assumptions. In addition, conditions guaranteeing that all
damped solutions are oscillatory with decreasing amplitudes are derived.

For other problems with singularities we refer to [[11} 12,95 101, [102], where in [95]]
the existence theory for singular two-point BVPs on finite and semi-infinite intervals is
introduced. Existence theory for a variety of singular problems based on regularization
and sequential technique is presented in [101}, [102]. For further development see [11,
12]] and references therein.

Part II is devoted to singular systems of first order ordinary differential equations.
A popular model class for theoretical investigations is the singular BVP

() =200 4 £0,50)), 1€ 1), B(3(0),5(1) =0,

where o > 1, n x n matrix function M and n-dimensional vector functions f and b are
continuous. Two types of time singularities are distinguished depending on the value
of a. For a¢ = 1 the singularity is denoted as a singularity of the first kind and for
o > 1 the problem is called singular with an essential singularity or a singularity of
the second kind. Part II deals with the linear systems of the form

f()

My(t) —f-T, t € (0,1], (1.6)

t

y(t) =

where in general @ and @ may not be integrable on [0, 1] which yields a time

singularity of the first kind at ¢ = 0.

Analytical properties of problems with a continuous inhomogeneity

y(t)= @y(t) + f(t), 1€ (0,1], Boy(0)+By(1) =P, (1.7)

are discussed in [47, [121]], where the attention is focused on the existence, unique-
ness and smoothness of solutions. In particular, the structure of the boundary condi-
tions which are necessary and sufficient for to have a unique continuous solution
on [0, 1] is of special interest. Problems of type (I.7), where f may additionally de-
pend on the space variable y and have a space singularity are studied for example in
[13L 187, 1116, 117]. Moreover, we refer to papers [9, 17, [18, 20, 50, |61} 97]], where
the solvability of similar linear singular problems is discussed. Interesting results for
linear BVPs with time singularities in weight-spaces can be found in [56, 57, 58]. The
equation with unsmooth inhomogeneity is investigated in [118] where the exis-
tence only of a unique continuous particular solution without any boundary conditions
is examined. The nonlinear equation of the form (1.6) is studied in [119].

12



To compute the numerical solution of the polynomial collocation [26] is pro-
posed in [46]]. See also [[121]] for second order systems. The choice of the collocation
is motivated by its advantageous convergence properties for while in the pres-
ence of a singularity other high order methods show order reductions and become
inefficient [49]. Consequently, for singular BVPs two open domain MATLAB codes
based on collocation have been implemented [[19) 65]. The code sbvp can be ap-
plied to explicit first order ODEs [19], while bvpsuite can be used to solve arbitrary
mixed order problems in implicit formulation. Its scope also includes the differential
algebraic equations [65]]. Both codes have been used to numerically simulate singular
BVPs important for applications and they have proved to work dependably and effi-
ciently [27,166l]. This is our motivation to propose the polynomial collocation for the
approximation of (I.3).

Due to very advantageous properties of the collocation method, this approach has been
used in a variety of other openly available programs. We enclose some examples for
the existing software packages designed to deal with regular and singular ODEs: the
standard MATLAB code bvp4c [114] and the related solver bvpbc [S3], two FOR-
TRAN codes, BVP_SOLVER specified in [115], and COLNEW described in [15] and
based on one of the best established BVP solvers COLSYS [14]]. For most of the basic
solvers, error estimation routines and grid adaptation strategies implemented in these
codes, analytical justification in context of singular systems is given. Typically, to
enhance the efficiency of the code, the order of the basic solver varies depending on
the tolerances specified by the user. Collocation has proved to be also a useful tool to
treat other problem classes, dynamical system in ODEs [[72] and algebraic-differential
equations, see [81].

1.2 Thesis objectives

The thesis has several objectives, above all to obtain new contributions to the theory
of singular differential equation and to extend results for a more general class of prob-
lems.

The first aim of Part I is to investigate the existence of all three types of solutions of
problem (L.1)), (L.2)) from Definitions 2.4 and [2.5] This means to generalize the exis-
tence result about damped solutions from [[111], and moreover, to prove the existence
of escape and homoclinic solutions to problem (I.1I), (I1.2). The effort to show the
existence of a homoclinic solution is emphasised by its important role in applications.
The second goal is to describe in more details the asymptotic behaviour of damped
nonoscillatory solutions of problem (I.I)), (I.2). In particular, investigation of the ex-
istence of damped Kneser solutions of equation (I.1) is of special interest. The aim is
also to derive asymptotic formulas for such solutions and their first derivatives in the
framework of regularly varying functions which has shown to be a powerful tool for
the study of asymptotic properties of solutions of differential equations. We confront

13



our results with numerical simulations to provide a helping insight into the analysis.

The aim of Part II is to investigate analytical properties of linear BVPs with
a variable coefficient matrix and an unsmooth inhomogeneity. We are interested to
recover solution y which is at least continuous, y € C[0, 1]. In particular, our attention
is focused on specifying the structure of general linear two-point boundary condition
guaranteeing the existence and uniqueness of solutions which are continuous on the
closed interval including the singular point t = 0. We also specify conditions for f and
M which are sufficient for y € C”[0, 1], » € N. The motivation for the above analysis of
the variable coefficient case is twofold:

First of all, in order to investigate the nonlinear case one can choose to study the
properties of its linearization, see [47]. In this context a related linear BVP with a
variable coefficient matrix has to be studied. More precisely, the technique applied in
[47] is based on the assumption that a solution to the nonlinear problem exists. Next,
the nonlinear problem is linearized at the exact solution and the well-posedness of this
linearization is studied. However, we are not going to follow this technique and plan in
an upcoming paper to show the existence of the solution of the nonlinear BVP, instead
of assuming its existence.

Secondly, for us, the investigation of the structural properties of (1.3)) is necessary and
interesting in its own right as a prerequisite for numerical analysis. A knowledge of
qualitative properties such as the existence, uniqueness and smoothness of a solution
in the linear case is required for the convergence theory of the collocation method.
The aim is to prove that the convergence order of the collocation is at least equal to the
stage order of the method as predicted by numerical simulations.

1.3 Theoretical framework

In this section, we present the theoretical framework for the subsequent analysis. In
Part I we continue the research initiated by Rachiinkova, Tomecek et al. in [99] [100],
[104]-[110] and [111]]. In particular, we extend the results reached for equation (1.5]
to the more general equation (I.T]). All these papers are establish on the basic assump-
tions: Function f is Lipschitz continuous on the domain where the solution is searched
for, f has prescribed sign conditions and two or three zeros. The coefficient function
p is assumed to fulfil:

/
t
p € C[0,00) NC(0,00), p(0) =0, p' > 0o0n (0,00), lim 2 )

=0. (18
= p(1) 49

In [106,[107]] the existence of three types of solutions (damped, homoclinic and escape)
in the sense of Definitions[2.4] [2.5]is proved under additional conditions posed on p and
f. We are mainly motivated by papers [104, 105, [108, |[109] where another technique
based on differential inequalities is applied. The existence and asymptotic behaviour

14



of all types of possible solutions of problem (1.5)), (1.2) are derived without additional
conditions. Problem (1.3), with f having just two zeros in f(0) = f(L) =0 is
studied in [104] and [109]. In particular, in [104] the problem (1.5)), is investi-
gated provided either f has a sublinear behaviour near —co or

/1 ds -

o pls)

The case when f has a superlinear behaviour near —eo is studied [109]. In paper
[103], the existence of an escape solution and also of a homoclinic solution of (I.3),
(I.2) is proved under the assumptions that f has at least two zeros f(0) = f(L) =0
and a sublinear or linear behaviour near —oo. In [[108]], sufficient conditions for the
existence of at least one escape solution of problem (I.5), (1.2) which is fundamental
for the existence of a homoclinic solution, are presented. The existence and asymptotic
properties of oscillatory solutions of problem (1.5)), (I.2)) are described in [99} 100!
110].

The investigation of the more general problem (I.1)), (I.2) has started in [L11]], where
the existence and uniqueness of damped solution to (I.1]), (I1.2)) is studied under the
basic assumptions on function f which are specified at the beginning of this chapter,
under assumption on function p and under assuming ¢ to be continuous on [0, )
and positive on (0,0). Moreover, the existence and uniqueness of damped oscillatory
solutions with decreasing amplitudes is proved under other additional conditions.

In Part IT we continue the investigation initiated by de Hoog and Weiss [46]-[49] and
later followed by Weinmiiller et al. [65]-[69], [121] where the boundary value problem
(I.7) is studied. Here we summarize results obtained in the framework given in [47,
69], which are extended in Part II to the more general problem (I.3)) with unsmooth
f(t)/t. We discuss the case of negative real parts of eigenvalues, the case of positive
real parts of eigenvalues and zero eigenvalues of matrix M (0) separately, since this is
the key to understand the rest of the theory. Here, M € C'[0, 1] which yields M(t) =
M(0)+1tD(t), D € C[0,1].

e Let all eigenvalues of M(0) have negative real parts. Then, y € C[0, 1] if and
only if y(0) = 0. Therefore, the initial value problem (IVP)

v =20 1 10, 0 =0,

has a unique solution. Moreover, y € C"*1(0, 1] if f € C"[0,1],D € C"[0,1],r > 0.

e In the case of only positive real parts of eigenvalues of M(0), we have to specify
the boundary conditions at # = 1 and solve a terminal value problem (TVP). In
particular, the TVP

V()= 250+ 7@, Bi(1) =B,
15



where B; € R™" is nonsingular and 8 € R”, has a unique solution y € C[0, 1].
This solution satisfies y(0) = 0. If f € C"[0,1], D € C"[0,1] and o} > r+1 then
yecto,1].

e Let all eigenvalues of M(0) be zero. Consider the IVP which takes the form

V) =" 170, MOpO) =0, Bw(0) =5,

where the m x m matrix ByR is nonsingular, 8 € R™, and m = dimXée). The
initial condition M(0)y(0) = 0 is necessary and sufficient for the solution to
by continuous. The remaining m conditions necessary for its uniqueness are
specified by Boy(0) = 8. For f € C"[0,1],D € C"[0,1],7 >0,y € C"T1[0,1].

In the numerical part, the polynomial collocation is used to approximate the analytical
solution by a continuous piecewise polynomial function. For regular problems with
appropriately smooth data a convergence order O(h*) can be guaranteed [16], where k
denotes the number of collocation points. Moreover, for special choice of the colloca-
tion nodes, for example the Gaussian points, superconvergence order O(h%) holds at
the mesh points.

The collocation for singular problems with only nonpositive real parts of eigen-
values of M(0) is discussed in [46]. For smooth solutions of such problems, the poly-
nomial collocation converges with at least the stage order O(h*) uniformly in ¢ when
polynomials of degree k are used to define the basic numerical scheme. Similar results
hold in context of TVP with nonnegative real parts of eigenvalues. The counterexam-
ples given in [46] show that the superconvergence breaks down in general for singular
problems. However, for problems with nonpositive real parts of eigenvalues of M(0)
the small superconvergence O(h**1) is proved to hold for certain choice of collocation
points. In the case of a general spectrum of M(0) the approach to convergence analysis
in [46] is not feasible. In [68]] a new representation of the global error of collocation
method applied to (1.7) is derived and the global error is shown to be equal at least to
the stage order O(h¥) for sufficiently smooth data.

In [119] local existence and uniqueness analysis is provided for a certain class of non-
linear differential equation of the type 71/ (t) = g(z,u(r)), see also [118]]. The boundary
conditions are disregarded and the problem is solved numerically by collocation ap-
plied to the integral equation resulting after the integration of the ODE system. It
turns out that the global error of the collocation scheme is O(k*|InA|) provided that
the problem data are appropriately smooth and 4 is sufficiently small.
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1.4 Applied methods

For nonlinear differential equations and linear equations with variable coefficients only
seldom the explicit solution formula is known. There are two approaches to solve such
equations. The aim of the first one is to obtain qualitative properties of solutions,
such as existence, uniqueness, asymptotic behaviour and other characterisations. The
second approach, which heavily relies on the first one, is the use of numerical methods
to solve the problem. In this thesis both, analytical and numerical methods are applied.

Many problems in differential equations can be reduced to operator equations in Ba-
nach spaces where methods of functional analysis are effective, especially those based
on the fixed point theory. The Schauder Fixed Point Theorem plays an important role
for existence results. We apply this theorem in Part I with the help of the Arzela-Ascoli
Theorem which yields the compactness of operators. By means of the methods of a
priori estimates we can apply general existence principles to wide range of problems
even when all assumptions are not fulfilled. The Banach Fixed Point Theorem is espe-
cially useful as it both guarantees the existence and the uniqueness of a solution. We
apply the Banach Fixed Point Theorem for linear system in Part II since it turns out to
be very helpful to deal with difficulties caused by the singularity at ¢ = 0.

From the great variety of numerical methods we decided to use the polynomial collo-
cation to compute a numerical solution. This method shows advantageous convergence
properties compared to other direct high order methods which may be affected by order
reductions and become inefficient in the presence of a singularity.

1.5 Original results

In this thesis new contributions to the theory of singular nonlinear ordinary differential
equations of second order (I.I)) and linear first order boundary value problems with a
singularity of the first kind and unsmooth inhomogeneities are presented. The
thesis is based on the results published in [[1]-[7].

Main original results of Part I are the existence of a homoclinic solution of problem
(L.1), (I.2) proved in Chapter 4| and published in [2], the existence of a Kneser solu-
tion to problem (I.1)), proved in Chapter [5| and published in [3]], and asymptotic
formulas for Kneser solutions in Chapter|[6] published in [1].

The existence results concerning escape, homoclinic and Kneser solutions to problem
(T.1), (I.2) are proved under these basic assumptions on functions f, p and ¢:

e Function f is continuous on R, has three zeros f (L) = f(0) = f(Lg) =0, Ly <
0 < L, satisfies the sign condition xf(x) > 0 on (Lo,L) \ {0}, and is Lipschitz
continuous on [Lg,L]. Moreover, we assume that there exists B € (Ly,0) such
that F(B) = F(L), where F(x) = [ f(s) ds.
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e The coefficient function p is assumed to be continuous on [0,c0), positive on
(0,00) and p(0) = 0.

e The coefficient function ¢ is considered to be continuous on [0,o0) and positive
on (0,).

e The coefficient functions p and g are connected with the asymptotic relation

1 t
lim —/ q(s)ds=0.
0

t—0t p(l‘)

We would like to stress that p(0) = 0 and the case fo] % = oo is also considered here.
Hence, the differential operator in equation (I.1)) may have a singularity at = 0. This
is a fundamental difference from the papers investigating problem (1.1), (1.2) in regular
settings. Moreover, we would like to point out that for our results, the nonlinearity f

does not have globally monotone behaviour and that the condition xf(x) > 0 does not
need be fulfilled for all x # 0.

In Theorem §.15] the existence result for homoclinic solutions are successfully gener-
alized to problem (I.1)), (T.2) where p # ¢. The existence of such solution has great
importance in applications and is derived by means of properties of the sets of ini-
tial values of damped and escape solutions which are nonempty, see Theorem for
damped solutions and Theorem [{.14] for escape solutions, and open, see the proof of
Theorem {.13] The main result - the existence of a homoclinic solution of problem
(L.1), (1.2) is proved under these additional conditions:

/ - (p()g(®) . P
(pq)’ > 0on (0,00), tl1_>n3° 20 0, htn_lglfq(t) >0, tlgr; . > 0.
Then if either
/ 2 < oo, / / T q(s)ds = oo, liminf@ >0, liminf@ >0,
1 p(s) 1 s p(7) =0+t X =0~ X
or

< ds
—— =oo, liminfp(t) >0,
/1 p(s) mp)

the problem (I.1I), (I.2)) has at least one homoclinic solution.

The aim of our future investigation is to derived the existence of a homoclinic solution
also in the case when damped nonoscillatory solutions of (I.1)), may appear. This
case is excluded in Theorem Moreover, we intend to generalize problem (1.1)),
(T.2) to the problem with ¢-Laplacian

(P()9 (1)) +q(r) f(u(r)) =0, u(0) = ug, u'(0) =0,
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where ¢ is an increasing homeomorphism with ¢ (R) = R.

Furthermore, the existence of Kneser solutions is investigated and asymptotic proper-
ties of such solutions and their first derivatives are derived in the framework of regu-
larly varying functions. In particular, the new existence results about Kneser solutions
of singular problem (L.5)), (I.2)) for p = ¢ proved in Theorems [5.5|and [5.6|are general-
izations of those published in [3]. For the existence of Kneser solutions the additional
conditions need to be satisfied:

P'(t) o p(s) ds
p(t)
Then there exists a Kneser solution of problem (I.1)), (1.2)), if there exists either Ag €

(0,L) or By € (Lp,0) such that

1
p=q, p€C(0,), p*is nondecreasing on (0,0), >c> 3 fort > 0.

f) 2

F(x) = 2c—1
holds for x € (0,A¢] and ug € (0,Ap] or x € [By,0) and ug € [By,0). By our knowledge,
for p # g, the existence of Kneser solutions of singular problem (I.1)), (I.2) remains to
be an open question.

In general case p # g, a regular equation on [a,0),a > 0, is studied in Section
More precisely, two classes of initial value problems are discussed,

(p(0) (1) +q(0) f((u(t)) =0, 1 € [a,),

(1.9)
u(a) =up € (0,L), 0 <u(r) < Lfort € [a,oo),

and
(p(0)d (1)) +q(0) f((u(t)) =0, 1 € [a,%),

u(a) = up € (Ly,0), Lo < u(r) <0fort € [a,).
In Theorem [5.16] the existence of a nonoscillatory solution of problem (1.9) is proved.
This solution is either a Kneser solution or a monotonically increasing solution whose
limit is L for ¢ tending to infinity. The dual assertion stated in Theorem yields
the existence of a nonoscillatory solution of problem which is either a Kneser
solution or a monotonically decreasing solution whose limit is Ly for ¢ tending to
infinity.

(1.10)

In both, the regular and the singular case, the new asymptotic formulas in the form of
upper bounds are derived for damped Kneser solutions to the ODE and their first
derivatives in Theorem [6.9]and Theorem [6.10l These theorems claim that if functions
p,q are continuous on [a,0), a > 0 and regularly varying functions of index o > 1,
B > 0 respectively, such that § — o > —1, and function f fulfils the conditions:

Ly<0<L, feClLoLl, f(Lo) = £(0) = F(L) =0, xf(x) > 0 for x € (Lo, L) \ {0},

3> 1 timinf L9 S 0 fimsup L o

=0 x| -0 X"
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then each Kneser solution of (I.I) on 7 € [a, o) which satisfies either
u(a) =up € (0,L), 0 <u(r) <Lfort € [a,oo),
or
u(a) =up € (Lo,0), Lo < u(t) <0fort € [a,o),
has the following asymptotic behaviour:

B-a+2
lime =1 ~€[u(t)| = 0.
f—o0

Moreover,
if B> ra—r—1 then

: oa—€|,,/ —
tlggt lu' ()] =0,

if B <ra—r—1then
B—oa+r+l

i —1 €y =
tlggt lu'(t)] =0,

for arbitrary small € > 0.

According to the terminology concerning the Emden-Fowler equation

(p() [ ()| sgn(ud (1)) +q(0) u(r)|"sgn(u()) =0, @, y>0,

equation (I.T)) can be treated as a super-linear equation since here « = 1 and y=r >
1 = a, holds for f(x) with x in a neighbourhood of the origin. The super-half-linear
Emden-Fowler equation is studied in [31} 89] where a different sign condition is posed
on the nonlinear term when compared to results presented in this thesis. Therefore, the
results in [31}89] cannot be used for our problem.

The goal of our future investigation is to prove the existence of Kneser solutions to
equation (I.T]) with a time singularity at @ = 0 and p # ¢, and to more precisely describe
their asymptotic behaviour in the form of asymptotic equivalence as ¢ tends to infinity.

In Part II original contributions to BVPs (1.3)) are described. The investigation con-
cerns linear system of first order differential equations with a singularity of the first
kind and with a generally nonintegrable inhomogeneity subject to general linear two-
point boundary conditions. While for BVP with smooth inhomogeneity and its
applications, comprehensive literature is available, this is not the case for problem
(I.3). The ODE system (1.6) was investigated in [118]], where only particular solutions
without boundary conditions are considered, whereas in Part II a general structure of
linear two—point boundary conditions is of interest.

The main analytical result in Part II is the existence and uniqueness of a continuous
or even smooth solution of problem (I.3)) derived in Chapters [§ and [9] and published
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in [4] for the case with a constant coefficient matrix, and in [6] for the case with a
variable coefficient matrix. The new numerical result presented in Chapter (10| is the
convergence of a numerical solution obtained by a collocation method. The conver-
gence order is proved to be O(h*), where k denotes the number of collocation points.
The numerical analysis is published in [4] for [VPs with a constant coefficient matrix
and it is completed in [7] for the general BVPs with a variable coefficient matrix.

In particular, the analytical results concerning the case of the constant coefficient ma-
trix My having eigenvalues only with negative real parts are presented in Theorem 8.5]
the case of eigenvalues of M, with positive real parts is discussed in Theorem [8.11]
under less restrictive assumptions than those used in the proof in [4]. The case of M
with zero eigenvalues is described in Theorem [8.15] Conditions that are necessary for
a solution to be continuous on [0, 1] and conditions that are required for the uniqueness
of a solution are given in each case. These results are necessary prerequisites for the
investigation of problem (I.3]) with a variable coefficient matrix. The three key cases
are discussed separately in Theorem [8.6] Theorem [8.12] and Theorem [8.18§] for eigen-
values of M(0) with negative real parts, eigenvalues of M(0) with positive real parts
and zero eigenvalues of M(0), respectively. In more details:

e If all eigenvalues of M(0) have negative real parts and f € C|0, 1], then there
exists a unique continuous solution y of the BVP (I.3]). However, the boundary
conditions in are here reduced to the initial conditions M(0)y(0) = —f(0),
which is necessary and sufficient for y € C[0, 1]. Moreover, if f € C"[0,1], M €
C’[0,1] and M) (0) = 0, then y € C"[0, 1].

e If all eigenvalues of M(0) are assumed to have positive real parts, then there
exists a unique continuous solution y of the BVP (1.3) provided that f € C|0, 1]
and By € R™*" is nonsingular. Here, again the general boundary conditions are
reduced to a particular form, namely to the terminal conditions By(1) = 3. The
smoothness of y depends not only on the smoothness of the inhomogeneity f
and the matrix M but also on the size of the smallest positive real part o of the
eigenvalues of M(0). In particular, if f € C"[0,1], M € C"[0,1], M")(0) =0, and
oy >r,theny e C"[0,1].

e In the case that all eigenvalues of M(0) are equal zero, we have to assume a
special structure in f close to the singularity, namely, f(z) = O(t*h(t)) fort — 0,
where h € C[0,8],6 > 0 and o > 0. Moreover, if M had the form M(t) =
M(0)+tYD(t),y>0,t €[0,1], D € C|0, 1], then there exists a unique continuous
solution y of the BVP reduced to an IVP, where B; = 0 and ByR € R™*™
is nonsingular. The matrix R consists of the linearly independent columns of the
projection R onto the m-dimensional space spanned by eigenvectors associated
with zero eigenvalues of M(0). The necessary and sufficient condition for y
to be continuous is here M(0)y(0) = 0. Moreover, if f € C"[0,1], D € C"[0, 1],
a>r+1,andy>r+1,thenye C"0,1].
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In the most general case, the spectrum of M(0) is arbitrary, contains zero eigenvalues,
and both eigenvalues with positive and negative real parts. In order to state the main an-
alytic result for BVPs, the following projections are needed. Let S,R, H and N denote
the projection onto the subspace spanned by the eigenvectors associated with eigenval-
ues of M(0) with positive real parts, the subspace spanned by eigenvectors associated
with zero eigenvalues of M(0), the subspace spanned by principal eigenvectors as-
sociated with zero eigenvalues of M(0), and the subspace spanned by eigenvectors
associated with eigenvalues of M(0) with negative real parts, respectively. Moreover,
we define Z := R+ H, P:= R+ S. We also use P, R to denote the matrices consisting
of the maximal set of linearly independent columns of the respective projections.

The existence of a unique continuous solution, y € C[0,1] of BVP (1.3) is proved in
Theorem [9.9] provided that

feCo1], Zf(t) =0("h(1)),
where o > 0 and / is continuous at zero,
M € C[0,1], ZM(t) = ZM(0) +t"ZD(¢),
here Y > 0 and D is a continuous matrix function, and
By,B1 e R™", B € R", where m = rankP,

such that the m x m matrix
B()Ié + B, P

is nonsingular. This solution satisfies two of initial conditions
Hy(0) =0, M(0)Ny(0) = —Nf(0),

which are necessary and sufficient for y € C[0, 1]. The smoothness result y € C"[0, 1]
follows by applying the smoothness results derived separately for components of the
solutions associated with eigenvalues of M(0) with negative real parts, positive real
parts and zero eigenvalues.

In the numerical part, the collocation method applied to approximate the solution of the
analytical problem (1.3)) is analysed. We portion the interval [0, 1] by the equidistant
mesh A={0—1 <t <...<t; =1} with a step h. The analytical solution is ap-
proximated by a continuous piecewise polynomial function p of degree less or equal
k which fulfils the problem at k collocation points ¢;; = t; +uh, | = 1,...k where
0<up <...<u <1, and which fulfils the boundary conditions. It turns out that the
collocation retains its classical stage order k uniformly in ¢ for a scheme with k col-
location points, provided that the analytical solutions are appropriately smooth. The
convergence behaviour is investigated separately for general IVPs, TVPs and BVPs.
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In context of an IVPs with appropriately smooth solution, polynomial collocation
method executed with k arbitrary collocation points retains its classical stage order
O(KK) uniformly in ¢. This convergence result is derived in Theorem For certain
choice of collocation points satisfying

/Olw(s) ds =0, W(l‘) = (t—ul)(t—uz)...(t_uk)

the so-called small superconvergence order O(h**1) is proved to hold uniformly in ¢,
only in the case where M(0) has multiple zero eigenvalues the order of convergence is
affected by logarithm terms:

k+1 d—1
Iy —pll < const B+ in(m) 4,

where d is the dimension of the largest Jordan box of M(0) associated with the eigen-

value A =0 and
(), = x, x>0,
710, x<o,

The small superconvergence is proved in Theorem Similarly, for TVP the con-
vergence of collocation with stage order O(4¥) is proved in Theorem

The main result for BVPs from the numerical point of view is the existence and
convergence of collocation solution of the corresponding numerical scheme to (1.3)).
Provided that the unique analytical solution is sufficiently smooth, in particular y €
C**2[0,1], and f € C**1[0,1], M € C**+2(0,1], o > k+2 and £ is sufficiently small,
then there exists a unique collocation solution p and for the global error the following
estimate holds

|p—yl|l < const.h*.

Here, oy is the smallest real part of positive eigenvalues. This assertion stated in
Theorem [10.9| represents an extension of previous results obtained for to the
more general class of problems (I.3)) with a singularity of the first kind and with a
nonintegrable inhomogeneity.

The aim of future study is to investigate the nonlinear problem

a0

== —1€(0,1], Boy(0)+Buy(1) = .

and to prove the existence of a solution of the nonlinear BVP which we intend to
publish in an upcoming paper.
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The thesis presents original results achieved by the author during the PhD studies of
the Mathematical Analysis at the Palacky University Olomouc in cooperation with:

e prof. RNDr. Irena Rachinkovd, DrSc., Department of Mathematical Analy-
sis and Mathematical Applications, Faculty of Science Palacky University Olo-

mouc, Chapters [SHIO| see [1], [4]-[7].

e Ao. Univ. Prof. Dr. Ewa B. Weinmiiller, Department for Analysis and Scientific
Computing, Vienna University of Technology, Chapters [SHIO| see [1], [4]-[7].

e prof. RNDr. Svatoslav Stanék, CSc., Department of Mathematical Analysis and
Mathematical Applications, Faculty of Science Palacky University Olomouc,
Chapters [/H9)}, see [4]], [5].

e Michael Hubner, Department for Analysis and Scientific Computing, Vienna
University of Technology, Chapters 6] [I0] see [1], [[7].

e Mgr. Martin Rohleder, Department of Mathematical Analysis and Mathematical
Applications, Faculty of Science Palacky University Olomouc, Chapters [2-H4]
see [2].

e Mgr. Jakub Stryja, Ph.D., Department of Mathematics and Descriptive Geome-
try, VSB - Technical University Ostrava, Chapters see [2]].

The results were presented at several international conferences and published in mul-
tiple peer-reviewed journals. The list of author’s publications is listed at the end of the
thesis.

1.6 Structure of the thesis

The thesis is divided into two parts and organized in the following manner:

Part I consists of five chapters and it is devoted to singular nonlinear second order dif-
ferential equation. In Chapter [2] basic properties of solutions of an auxiliary problem
are derived. These preliminaries are fundamental for further investigation of existence
and uniqueness properties stated in Chapter (3| Once the results for the auxiliary prob-
lem are obtained, we proceed to the existence of three types of solutions of the original
problem in Chapter [ In particular, we prove the existence and other properties of
damped and escape solutions. By means of these results we derive the main objective
of this chapter - the existence of a homoclinic solution in Theorem [4.15] Chapter 3]
investigates the existence of Kneser solutions. Although the thesis is mainly focused
on singular problems, here the regular problem is also discussed. In the last chapter
of Part I, regularly varying functions at infinity are introduced and asymptotic formu-
las for Kneser solutions of both, the singular problem and the regular problem with
regularly varying coefficients, are derived.
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Part II deals in four chapters with linear systems of first order differential equations
with a singularity of the first kind and unsmooth data. In Chapter [/| motivation and
necessary notation is introduced. In Chapter (8] three case studies are carried out, the
case of only negative real parts of eigenvalues of M(0), positive real parts of eigenval-
ues of M(0), and zero eigenvalues of matrix M(0). The three case studies are used to
formulate results for general IVPs, TVPs, and BVPs in Chapter @ Chapter @ is de-
voted to numerical analysis, in particular, to collocation methods and the convergence
analysis of the collocations schemes applied to solve the problem numerically. Finally,
numerical examples are provided to illustrate the theoretical findings.

The thesis is completed with the list of author’s publications, the list of references and
author’s curriculum vitae.
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Part I

Singular nonlinear second order
differential equation
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2 Introduction

Part I covers the singular initial value problem

(p(0) (1)) +q(0) f (u(t)) =0, u(0) =up € [Lo,L], u'(0)=0

on the unbounded domain [0,0). Here, f € C(R), f(Ly) = f(0) = f(L) =0, Ly <
0 < L and xf(x) > 0 for x € (Ly,0) U (0,L). Further, p,q € C[0,o0) are positive on
(0,00) and p(0) = 0. The integral [, % may be divergent which yields the time sin-
gularity at# = 0. The set of all solutions of the problem is described. Existence results
and properties of damped and escape solutions are derived. By means of these results,
the existence of an increasing solution with u(e0) = L (a homoclinic solution) play-
ing an important role in applications is proved. Furthermore, the existence of Kneser
solutions is investigated and asymptotic properties of such solutions and their first
derivatives are derived in the framework of regularly varying functions. The analytical
findings concerning Kneser solutions are illustrated by numerical simulations obtained
by the collocation method. The content of Part I is mainly based on results published in
[[L]—[3]]. In particular, results devoted to the existence and properties of damped, escape
and homoclinic solutions are published in [2], results concerning existence of Kneser
solutions are generalizations of those published in [3], and asymptotic properties of
Kneser solutions of problem with regularly varying coefficients are published in [[1].

2.1 Motivation

In this part, we investigate the second order nonlinear ordinary differential equations
arising in modelling of multi-phase fluids in hydrodynamics. Our motivation has its
origin in the Cahn-Hilliard theory which is devoted to study behaviour of nonho-
mogeneous fluids and leads to the system of partial differential equations (see e.g.
[135, 71, [83]] and references therein):

Pr —l—dzv(pﬁ) =0,

dv
- T Vu(p) —vAp) =0.

Here p denotes density of the fluid, V velocity of the fluid, p(p) chemical potential
and v is a constant parameter. By considering the case when the motion of the fluid is
zero, the system of PDEs is reduced to a single equation of the form

YAp = u(p) — Ho,

which describes the state of the fluid in R”. Here L is a suitable constant. We search
for a solution with the spherical symmetry which depends only on the radial variable r.
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By introducing the polar system of coordinates in R" and a convenient system of units,
the PDE is reduced to the ODE posed on unbounded domain

n—1
y(p”+—7—P):=um)—umre(Qw)

This equations is known as the density profile equation and together with the boundary
conditions
p'(0) =0, lim p(r) = py,
r—roo

describes the formation of microscopical bubbles in a fluid, in particular, vapour inside
a liquid. The first boundary condition follows from the spherical symmetry and is also
necessary for the smoothness of a solution of the equation at r = 0, see Remark
The second condition indicates density of the external liquid surrounding the bubble.
In the simplest model in R>, the chemical potential is considered as a three-degree
polynomial with three distinct real roots and the problem is reduced to the form

(rzu')’ :lzrz(u+1)u(u—§), 2.1
/(0) =0, Tim u(r) = &, 2.2)

where A € (0,0) and & € [0, 1] are parameters which reflect different physical situ-
ations, see [64. [83]]. The constant solution u = & corresponds to the case of homo-
geneous fluid without bubbles. A great physical significance has a strictly increasing
solution, the so called bubble-type solution, having just one zero. This solutions in-
dicates the gas density inside the bubble, the bubble radius and the surface tension.
For further development we also refer to [43, [120]. Numerical investigations of the
problem can be found in [35, 64, 83]].

The equation (2.1) arises in many other areas: in population genetics where it serves
as a model for spatial distribution of the genetic composition of a population [40} 41];
in the homogeneous nucleation theory [8]; in relativistic cosmology for description of
particles which can be treated as domains in the universe [84]; in the nonlinear field
theory, in particular, when describing bubbles generated by scalar fields of the Higgs
type in the Minkowski spaces [36]]. Other problems close to (2.1, can be found
in [10, 22, 250159, 160, 63, 85].

Motivated by the above problems we consider the generalization of the density profile
equation

(p()u' (1)) +q(t) f(u(t)) =0
on the unbounded domain [0, ). In particular, we study the equation subject to the
initial conditions

u(0) = ug € [Lo, L], u'(0) = 0.
By means of the existence and properties of different types of solutions we derive the
existence of a bubble-type solution satisfying

limu(t) = L.

t—voo
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2.2 Statement of the problem

We investigate the equation

(P (1)) +q(t) f (u(r)) =0 (2.3)
with the initial conditions
u(0) =up, u'(0)=0, uge[Lo,L], (2.4)
where
feC(R), xf(x)>0forxe (Ly,L)\{0}, (2.6)
p€C[0,), p(0)=0, p(t)>0forre (0,0), 2.7
g € C[0,00), ¢(t) >0fort e (0,00). (2.8)

At the beginning, we specify smoothness of solutions that we are interested in. Further,
we define different types of solutions according to their asymptotic behaviour.

Definition 2.1 Let ¢ € (0,0). A function u € C' [0, c] with pu’ € C' [0, ¢] which satisfies
equation (2.3)) for every ¢ € [0, ¢] and which satisfies the initial conditions (2.4)) is called
a solution of problem (2.3)), (2.4) on [0, ¢|. If u is a solution of problem (2.3)), (2.4) on
[0, ] for every ¢ > 0, then u is called a solution of problem (2.3)), (2.4).

Remark 2.2 The condition «’(0) = 0 is necessary for the smoothness of the solution in
the case where p = ¢ is an increasing function. To see this, let us consider a solution u
of (pu')' + pf(u) = 0. Since u € C'[0, ), the assumption p(0) = 0 yields p(0)u’(0) =
0. Since f is continuous on [Lg, L] and u(0) € (Ly,L), there exist M > 0 and & > 0 such
that | f(u(r))| < M for ¢ € (0,0). We now integrate (2.3) and use the monotonicity of
p to obtain

‘ 1
p(t)
Consequently, u’'(0) = 0 holds.

t
gﬂ/p(s)dsgzm, 1€ (0,5).
0

1)) = o

[ ps)rtuts) as
0

Definition 2.3 A solution u of problem (2.3)), (2.4) is said to be oscillatory if u % 0 in
any neighbourhood of o and if u has a sequence of zeros tending to co. Otherwise, u is
called nonoscillatory.

Definition 2.4 Consider a solution of problem (2.3), (2.4) with uy € (Lo, L) and denote
Usup = Sup{u(t): re [07°°)}

If ug,p = L, then u is called a homoclinic solution of problem (2.3), (2.4).
If ugup < L, then u is called a damped solution of problem (2.3), (2.4).
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Note that if we extend functions p and ¢ in equation (2.3)) from the half-line onto R
as even functions, then a homoclinic solution of (2.3)), (2.4) has the same limit L as
t — —oo and t — oo. This is a motivation of Definition [2.4]

Definition 2.5 Let u be a solution of problem (2.3), (2.4) on [0, c], where ¢ € (0,0). If
u satisfies

u(c)=L, u'(c)>0,
then u is called an escape solution of problem (2.3), (2.4)) on [0, c].

Definition 2.6 A solution u of equation (2.3)) on [a,0),a > 0, is called a Kneser solu-
tion if there exists 7y > a such that

u(t)u'(t) < 0fort € [ty, ).

Different types of solutions with respect to their asymptotic behaviour are illustrated
in Figure [2.1]

Figure 2.1: Different types of solutions

Our first goal is to study properties of solutions determined by Definitions [2.4] [2.5]and
[2.6]and to find conditions guaranteeing their existence.
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3 Solvability of the problem

In order to derive the existence of all three types of solutions of problem (2.3)), (2.4),
we introduce the auxiliary equation

(p()u' (1)) +q(t) F(u(r)) =0, (3.1)
where

(x) = {f(x) for x € [Lo, L], 32)

0 forx <Lg, x>L.

By means of results about existence and properties of all three types of solutions of
problem (3.1)), (2.4), we proceed to the existence of escape and homoclinic solution of
problem (2.3)), (2.4), which is proved in the next chapter in Theorem {.14] and Theo-
rem

3.1 Preliminary results

In this section, we provide auxiliary lemmas concerning properties of solutions of
problem (3.1I), (2.4). The assertions stated below are needed in the sequel for the
existence and uniqueness results.

Lemma 3.1 Let (2.5)—(2.8)) hold and let u be a solution of problem (3.1)), (2.4).
a) Assume that there exists t; > 0 such that u(ty) € (0,L) and u'(ty) = 0. Then
u(t) >0=u'(t) <0fort e (1,6,

where 0y is the first zero of u on (t1,0). If such 0, does not exist, then u'(t) <0
fort € (t,00).

b) Assume that there exists tp > 0 such that u(t;) € (Lo,0) and u'(t;) = 0. Then
u(t) <0=u'(t) >0 fort € (t2,6], (3.3)

where 6, is the first zero of u on (tp,). If such 6, does not exist, then u'(t) > 0
fort € (ty,00).

Proof:

a) Let #; > 0 be such that u(t;) € (0,L) and u'(f;) = 0. First, we assume that there
exists 0; > 1, satisfying u(¢) > 0 on (#1,0;) and u(6;) = 0. Then, by (2.6) and
238), q(t)f(u(t)) > 0, and hence

(pu’)’(t) <0, te (11,91).
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Since (pu')(#1) = 0 and since pu’ is decreasing on (1, 6;), we obtain pu’ < 0 on
(11,61), and, due to (2.7), ' < 0 on (¢1, ;). Furthermore, after integrating (3.1)
over (t,0;), we get
6, 5
pu'(61) =— | q(s)f(u(s))ds <O.

I

Thus pu’ < 0 on (1,0;]. If u is positive on [t], ), we obtain as before pu’ < 0
on (11,00). The inequality «’(z) < 0 for 7 € (t;,0) follows from ([2.7).

b) We argue similarly as in a). n
Further properties can be described by means of the function
F(x)= /Oxf(z)dz, x €R.
Condition (3.4) stated below is illustrated in Figure [3.1]

1 1 1 1
Lo B 0 L

Figure 3.1: Function f satisfying condition (3.4)

Lemma 3.2 Assume that (2.5)-2.8) hold and that

there exists B € (Ly,0) : F (B) = F(L), (3.4)
pq is nondecreasing on [0, ). (3.5)
Let u be a solution of problem (3.1)), (2.4) such that there exist b > 0, 0 > b satisfying
u(b) € (B,0), u'(b)=0, u(8)=0, u(t)<O0fortclb,0).
Then u fulfils either
u'(t) >0fort € (b,), limu(t) € (0,L), (3.6)

t—>eo
or

Jdc€(0,), u(c)e(0,L), u'(c)=0, u'(t)>0fortec (b,c). (3.7)
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Furthermore, if

pq is increasing on [0,0), (3.8)
then the assertion holds also for u(b) = B, u'(b) = 0.
Proof: According to Lemma u'(r) > 0 for r € (b,0]. Assume that there exists
¢ > 0 such that «'(c¢) = 0 and «/(z) > 0 for ¢ € (b,c). Let u(c) > L. Then there exists

by € (0,c] such that u(by) =L, u' > 0 on (b,b;). We multiply equation (3.1) by pu/,
integrate over (b, b)) and obtain

by

by , 0 i »
| o 0) pad @) de == [ (pa) o) Fwle)ul @) dr— [ (pa) O F(w(0)u' 1) .
By (3.5)), we get

/ 2 L
0< POV < (pg)(6) [ Fluto' 1)~ (pa)(0) [ Fute)uc)
< (pq)(0) (F(u(b)) — F(u(b1))) = (pq)(8) (F (u(b)) — F(L)))
Hence,
F(u(b)) > F(L). (3.9)
On the other hand, since B < u(b) < 0, we get by
F(L)=F (B) > F(u(b)). (3.10)

This contradicts (3.9). Consequently, u(c) € (0,L) and (3.7) holds.

Let «/(t) > 0 on (b,). Then u is increasing and it has a limit for r — . Let
lim, ,cou(t) > L. Then there exists by > 0 such that u(b;) = L, u'(by) > 0, which
yields a contradiction as before. Let lim;_so u(f) = L. Then

lim F(u(r)) = F(L),

and, by (3.10), there exists T > b such that F(u(T)) > F(u(b)). Hence, after multi-
plying (3.1) by pu’ and integrating over (b, T), we get

/ 2
I < (pg)(6) (Futb)) ~ Fu(T)) <0.

This contradiction yields lim; .. u(t) € (0,L) and (3.6) holds.

Let us assume that (3.8)) is fulfilled and u(b) = B, u'(b) = 0. We follow the steps in
the first part of this proof. If there exists by such that u(by) = L,u’ > 0 on (b,by),
then by multiplying equation (3.I) by pu’ and integrating over (b,b), we obtain the
contradiction

0<

0 < (Pl >Z'<b1>>2



Consequently, if there exists ¢ € (0, ) such that u’(c) =0, u/(¢t) > 0 for ¢ € (b,c), then
u(c) € (0,L).

Let u'(t) > 0 fort € (b,0). Due to the above arguments, lim;_,. u(¢) < L. Assume that
lim; o u(t) = L. Then

P(u(b)) = F (B) = F(L) = lim F(u(?)).

t—o0

After multiplying equation (3.1) by pu/, integrating over (b,0) and over (0,7) for
t > 0, we get due to (3.3)

Therefore,
(pq)(0)F (B) >
We let t — oo and get

u 2 o
(pa) (0)F (B) > PO~ () 0)F 5).

This contradiction completes the proof. [

The next lemma can be proved analogously.

Lemma 3.3 Assume 2.5)-2.8), (3.4), (3.5). Let u be a solution of problem (3.1)), (2.4)

such that there exist a > 0, 6 > a satisfying

u(a) € (0,L), u'(a)=0, u(@)=0, u(t)>O0fort€|a,0). (3.11)
Then u fulfils either
u'(t) <0fort € (a,), lim u(t) € (B,0), (3.12)
or
b € (0,00): u(b) € (B,0), u'(b)=0, u'(t)<O0forte (a,b). (3.13)

Remark 3.4 Let assumptions (2.5)—(2.8) hold. Both equations (2.3)) and (3.1)) have
a constant solutions u(t) = L, u(t) =0 and u(t) = Ly. By Lemma the solution
u(t) =0 is the only solution satisfying conditions u(tp) = 0, u/(tp) = 0, for some 7y > 0.
Assume moreover

f € Liploc ([L()»L] \ {O}) : (3.14)

Then, by (3.2), (3.14), the solution u(¢) = L is the only solution satisfying conditions
u(ty) =L, u' (1) =0, for some f > 0. Similarly, u(z) = Ly s the only solution satisfying
conditions u(ty) = Lo, u/(ty) = 0, for some #y > 0.
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Lemma 3.5 Assume (2.3)-(2.8) and (3.14). Let u be a solution of problem (3.1), (2.4)

with uy € (Lo, B]. Assume that there exist 6 > 0, a > 0 such that

u(0) =0, u(t)<0fortel0,0),
! u'(t) >0fort € (0,a).

Then
u(a) € (0,L), u'(t) >0fort e (0,a). (3.15)

Proof: Directly from Lemma[3.1] we have «’ > 0 on (0,a). Therefore,
pu'(t) >0, t€(0,a). (3.16)

On contrary to (3.13)), assume that u(a) > L. Then, by (3.14) and Remark we
have u(a) > L. Therefore, there exists ag € (6,a) such that u(t) > L on (ag,a]. After
integrating equation (3.1)) over (ag,a), we get

a

pil (@) = pid (a0) = | q(s)F(u(s)) ds =0.

ag

By virtue of (3.2), pu/(ag) = 0, contrary to (3.16). O

3.2 Existence of a solution

This section is devoted to the existence result of a solution to the auxiliary problem
(3.1), (2.4). The Schauder Fixed Point Theorem is used in order to obtain the existence
of a solution on each compact interval [0, b]. Furthermore, the boundedness of function
f allows to extend the solution on [0, o).

Theorem 3.6 (Existence of a solution of problem (3.1), (2.4)) Let assumptions 2.5)—

(2.8) and
1 t
li —/ ds=0 3.17
B dy 1O o
hold. Then for each uy € [Ly,L] problem (3.1), (2.4) has a solution u. If in addition
conditions (3.4), (3.5) and (3.14) hold, then the solution u satisfies:

ifup € [B,L], thenu(t)>B, 1€(0,0), (3.18)
ifug € (Lo,B), thenu(t) >ug, te€ (0,0). (3.19)

Proof: The existence of a solution of problem (3.1), (2.4) with ug = Lo, up = 0 and
ug = L follows from Remark Assume that uy € (Lo,0) U (0,L). By integrating
equation (3.1]), we get an equivalent form

u(z):uo—/oti/osq(r)f(u(r))drds, £ € [0,00).

p(s)
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By (2.6), (3.2), there exists M > 0 such that
)| <M, xeR.

Further, we put
1

o) =5 /O g(s)ds, 1 >0, @(0)=0. (3.20)

According to (3.17), function ¢ € C|0,b]. Choose an arbitrary b > 0. By (3.17), there
exists ¢, > 0 such that |@(t)| < ¢, for each ¢ € [0,b]. Consider the Banach space
C0,b] with the maximum norm and define an operator .% : C[0,b] — C[0, D],

(Fu0) =w- [ — [ e deas

p(s)

Put A = max{|Lo|,L} and consider the ball Z(0,R) = {u € C[0,b]: |lullcps < R},
where R = A+ Mb@,. The norm of operator .# is estimated as follows

w— [~ [ a@ i) dcas

|- Z ul|crop = max
[0,5] p(s)

< A+Mbe, =R,
t€[0,b]

which yields that .# maps % (0,R) on itself. Choose a sequence {u,} C C[0,b] such
that limy, e |14, — || 0 5) = 0. Since the function f is continuous, we get

) ) ~ x b1 s
,}gfgoﬂfun—yuHc[o,b] §nll_1'>f°1°||f(un)_f(”)uc[o7b] (/0 m/o q(7) d’L‘ds) =0,

that is the operator .# is continuous. Choose an arbitrary € > 0 and put § = 5.

Mo,
Then, for 71,1, € [0,b] such that [t} — ;| < & and for u € Z(0,R), we have

[(Fu) (1) — (Fu) ()| = <Ma@plty —11] <E€.

[ [ amiu)
— | q(7)f(u(7))dtds
n p(s)Jo

Hence, functions in .% (% (0,R)) are equicontinuous, and, by the Arzela—Ascoli the-
orem, the set .7 (% (0,R)) is relatively compact. Consequently, the operator .% is
compact on & (0,R).

The Schauder Fixed Point Theorem yields a fixed point u* of .% in % (0,R). Therefore,
o s B
u(t :uo—/—/q‘cfu*r drds.
(1) p(s)o()(())
Hence, u*(0) = uo,
(P @) (1)) = —q(6)F (u" (1)), 1 €[0,b].

Since |(u*)'(¢)| < M@(t) and, by B17), lim,_,+ (u*)' () = 0 = (u*)'(0). According
to (3.2), f(u*(r)) is bounded on [0,0) and hence, by Theorem 11.5 in [60], #* can be
extended to interval [0, o) as a solution of equation (3.T).
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In order to derive estimates (3.18) and (3.19), we use (3.4), (3.5) and (3.14) and apply
Lemmas[3.2] [3.3]and [3.5] For more details, see the proof of Theorem 2.5 in [111]].

]

Remark 3.7 Under assumptions (2.5))—(2.8)) and (3.17)), each solution of problem (3.1,
is defined on the half-line [0,0). In addition, the set of these solutions with
up € (Lp,0) U (0,L) is composed of three disjoint classes ., (damped solutions), .7,
(homoclinic solutions), and ., (escape solutions). Here

1. u € ¥4 if and only if ug,, <L,
2. uc Yy if and only if uy,, = L,

3. uc .7, if and only if ug,, > L.

3.3 Uniqueness of a solution

Once the existence of a solution to (3.1, (2.4) is presented, we prove the uniqueness
together with the continuous dependence on initial values under some additional as-
sumptions.

Theorem 3.8 (Uniqueness and continuous dependence on initial values) Let assump-

tions (2.5)-@2.8)), (3.17)) hold and let
feLiplLo,L]. (3.21)

Then for each ug € [Lo, L], problem (3.1), 2.4) has a unique solution. Further, for each
b > 0 and € > 0 there exists § > 0 such that for any By, B € [Lo,L]

[B1 —Ba| < 6 = |lur —uz||ci1p0,) < €
Here, u; is a solution of problem (3.1)), (2.4) with ugp = B;, i = 1,2.

Proof: For i€ {1,2} choose B; € [Ly,L]. By Theorem there exists a solution u;
of problem (3.1)), (2.4) with up = B;. We integrate (3.1]) where u = u;, and get by (2.4)
§ 1 s ~
w(@) =B~ [ o [a@fn)dras, Eeloe). (G2
o p(s)Jo

Denote
p(t>:max{|u1(§)_u2(§)|: 66[07t]}7 ZE[O,OO).
Then (3.22) yields

S ~

p(0) < 111~ Bol+ [ — [ 4(0) | (1)~ Flun(e)] deds, 1€ [0.).
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By (3.21)), there exists a Lipschitz constant K € (0,00) for f on [Lg,L]. Then K is the
Lipschitz constant for f on R and

t 1 s
p() < |B1—Ba| +K | W/o g()p(7)dtds, t€[0,00). (3.23)
Denote (cf. (3.17) and (3.20))
1
P(s) = o0)

Choose b > 0. Then, due to (3.17), there exists ¢, € (0,0) such that

/Osq(r) dr, se(0,00), @(0)=0.

lo(s)| < @y, s€][0,b]. (3.24)

Since p is nondecreasing on [0, 5], we get by (3.23))

!
pU) < IB1—Ba| +K [ p(5)p(s)ds. 1€ 0.b],
and, using the Gronwall lemma, we arrive at
p(t) <|Bi—Byle®"®, 1€[0,D]. (3.25)

Similarly, by (3.22)), we get for i € {1,2}

/ _ 1 ! . oo / _
)=~ [ 4O () s, 1€ ©), wi0) =0

Therefore,

‘u'l(t) —u'z(t)| < %/Olq(s)]ul(S) —up(s)|ds, t€[0,00).

After applying (3.24) and (3.25)), we get

max{|u} (t) —uy(1)| : 1 €[0,b]} < |By — By | K p,eKP.

Consequently,
lur —uall i 5 < |B1— Ba|(14+ Kpp)eX"? < e,

provided |B; — B;| < 8, where

€
(1+Kqy)ekbo

If B] = By, then u;(t) = uy(t) on each [0,b] C R which yields the uniqueness of a so-
lution of problem (3.1)), (2.4). L]
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Example 3.9 In order to illustrate a problem with a unique solution, we put
pt) =1 q)=1", 1€[0,0).

Power functions p, g with a > 0, B > 0 satisfy conditions (2.7), (2.8), (3.8) (conse-
quently (3.3)). Moreover, if B > o — 1 then (3.17) holds. Further, we choose f € C(R)
defined for x € [Ly, L] as a polynomial function:

f(x) = k|x|"sgnx(x—Lo)(L—x), x€ [Lo,L], (3.26)

where ¥ > 0, k > 0. Clearly, assumptions (2.3), and are satisfied. More-
over, assumption (3.4) holds if 0 < L < —Ly, and due to Theorem [3.6] we obtain the
existence of a solution. In addition, if y > 1, then f is Lipchitz continuous on [Ly,L]
and the uniqueness follows.
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4 Bubble-type solution

The goal of this chapter is to prove the existence of a bubble-type solution of problem
(2.3), (2.4). Such solution is strictly increasing and satisfies

limu(t) = L.

t—roo ( )

We point out that a homoclinic solution is actually a bubble-type solution.This relation
is described in Lemma .9 The proof of the existence of a homoclinic solution is
based on a characterisation of the set of escape and damped solutions. Therefore we
first investigate damped and escape solutions in more details.

4.1 Damped solutions

In this section, we specify an interval for starting values ug where the existence of
damped solutions is guaranteed. Moreover, we provide conditions under which each
damped solution is oscillatory. Note that by virtue of Definition [2.4] and (3.2)), all
results of this section are proved for the original problem (2.3)), (2.4), since function
f coincides with function f on [Lo,L] and Ly < u(t) < L holds for ¢ € [0c0) if u is a
damped solution. In addition, all lemmas of Section [3|are valid for damped solutions

of problem (2.3), (2.4).

Theorem 4.1 (Existence of damped solutions of problem (2.3), (2.4)) Assume that the
assumptions (2.3)-2.8), (3.4), (3.3), and are fulfilled. Then for each
ug € (B, L), problem 2.3)), has a solution u. The solution u is damped and satis-
fies (3.18). Moreover, if (3.21) holds, then the solution u is unique.

Proof: Choose ug € (B,L). By Theorem there exists a solution u of the auxiliary
problem (B.1)), (Z:4) satisfying u(t) > B for t € (0,00). The idea to prove that u is
damped is based on Lemmas [3.1}-[3.3] and it is presented in the proof of the Theorem
2.6. in [I11]]. Since the estimate B < u < L holds, then f(u(t)) = f(u(t)) for t > 0.
Consequently u is a solution of problem (2.3)), (2.4)). We refer to [111]] for more details.

O

Remark 4.2 If moreover (3.8)) is fulfilled, then, by Lemma[3.2] the assertion of Theo-
remholds for ug = B, too. Functions satisfying (3.8) are presented in Example

In the study of oscillatory and nonoscillatory properties of solutions, two cases are
distinguished according to the convergence or divergence of the integral [ ﬁ ds:
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I. We assume that the function p fulfils

=1

II. We assume that the function p fulfils

< 1

Definition 4.3 A function u is called eventually positive, if there exists fy > 0 such that
u(t) >0 fort € (t9,00). A function u is called eventually negative, if there exists o > 0
such that u(z) < 0 for z € (fp, ).

The asymptotic behaviour of damped nonoscillatory solutions is specified in the next
lemma.

Lemma 4.4 Assume (2.3)-2.8), (3.4), (3.5), @.1)) and

t

1 S
lim —/ T7)dTds = oo. 4.3
i fow ) q(7) (4.3)

Let u be a damped solution of problem (2.3), (2.4) with up € (Lo,0) U (0,L) which is
nonoscillatory. Then

limu(t) = 0. 4.4)

t—oo
If moreover

|
liminf p(z / ——ds>0 4.5
minfp(t) | o) (4.5)

then

lim u/(¢) = 0. (4.6)

t—roo

Proof: Assume that u is a damped nonoscillatory solution of problem (2.3)), (2.4) with
uo € (Ly,0)U(0,L). Then u is either eventually positive or eventually negative. Firstly,
we prove that lim; .. u(¢) = 0. Since u is nonoscillatory, Lemma guarantees the
existence of 7y > 1 such that u is either increasing or decreasing on [#(, o). Therefore,
there exists lim; .. u(t) = c. Since uy,, < L, we have ¢ < L. After integrating equation
(2.3) from #( to ¢ and dividing this by p(¢), we get

o) =P )t as,

- Cplio(to) L )
ulr) = ulo) + [ PETS / e / g(0)f(u(r)) drds.  (4.7)
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Let u be eventually positive. Then ¢ € [0,L). Assume ¢ € (0,L). Then there exists
M > 0 such that f(u(t)) > M for t > ty. From (4.7), we obtain

ult) < o)+ o) 1) [ ——as—mt [~ [q(e)azas,

w0 P(s) o P(8) Jiy
lim u() < ulto) + pl) (o) | L s miim [ / (1) drds
u u u ——ds— — = —oo,
o) = BT PROTERO) o) & S Sy p(s) !

which contradicts ¢ € (0,L). Hence ¢ = 0.

Let u be eventually negative. If u is negative on [0, o0), then, by Lemmab), we get
u'(t) > 0 fort € (0,) and thus ¢ € (Lg,0]. Now, assume that there exist a > 0 and
6 > a satisfying (3.11) and u(t) < 0 for r > 6. By Lemma 3.3 it occurs either (3.12))

or (3.13). If (3.12) holds, then ¢ € (B,0). If (3.13) holds, then, by Lemma [3.1| b),

¢ € (B,0]. Assume that ¢ € (Lo,0). Then there exists M > 0 such that —f(u(z)) > M
for t > 1y and, similarly as in the eventually positive case, we derive a contradiction.
Therefore, ¢ = 0 and (4.4) is proved.

Secondly, we prove that lim,_,. /' (t) = 0. Assume in addition that (#.3)) is valid. Let u
be eventually negative. Then, by (2.6)—(2.8) there exists 7; > 0 such that /(¢) > 0 for
t > t1. By (4.5)) there exist ¢ > 0 and #, > #; such that

p(t)/tmﬁds2c>0, t € [ty,0).

From (3.1)), (2.3), (2.6) and (2.8) it follows
(p(t)u' (1)) = —q(1) f(u(t)) > O for t € [t2,e0).
Function pu’ is increasing on interval [t;,0) and we have

p(0)u (7) < p(s)u (s) < p(t)u (t) forty < T < s <t

Therefore
_ iy . tp(s)u/(s) s ' ZL s
u(t)—u(T)—/Tu(s)ds—/T P 5= p(0) (r)/f Fets
fim ) —u(®)) = p(e)u(7) [ s
—u(e) 2 W (@)p(e) [~ de =l (x)e >0
0 = limsup(—u(t)) > climsupu’(1) > 0.

By (@.4) we get (4.6). For eventually positive solutions we proceed analogously.  [J

The oscillation criteria for damped solutions of problem (2.3)), (2.4) are studied in
[2,111]]. The following result is a corollary to Theorem 3.5 and Theorem 3.6 in [2]].
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Theorem 4.5 Let assumptions (2.3)-(2.8), (3.4), (3.5) hold and either (&.1)) and

liminf@ >0, liminf@ >0,
)c—;O+ X x—0" X - (4.8)
2 o _ [
/1 0“(s)q(s)ds = oo,  where {(t) /t o0) ds,
or A.2) and _
/1 q(s)ds = oo. 4.9)

Then each damped solution of problem (2.3), (2.4) with ug € (Lo,0) U (0,L) to be
oscillatory.

Example 4.6 A power function p(¢) =t fulfils @.1)) if @ > 1. In addition, let g(r) =
A, B >0,B > oo — 1 hold. Condition yields

ds  117¢ 1

_ _ ) _ T 22048 g _ o
0(t) ity /lé(s)q(s)ds —(06_1)2/1 s ds )

provided B > 2a — 3. Since the implications
oac(1,2]=200-3<a—1<f,

a>2=B>200—-3>a—1,

are valid, we deduce that p and ¢ satisfy (2.7), (2.8), (3.8), (3.17) and @.§) if o € ( 1,2],
a—1<Bor2<a,20—3<f. Further, let f € C(R) be sublinear for x € [-2,1]

such that
) x+2), xe[-2,0],
flx) = {xb(l . ce[0.1], (4.10)

where 0 < a < b < 1. Then Ly = —2, L =1 and f fulfils 2.5)), (2.6), (3.4), (3.14) and
(.8). Consequently, each damped solution is oscillatory by Theorem [4.5]

Example 4.7 In the second case, the integral in (4.2) is divergent for a power function
p(t) =t*, a < 1. The condition guaranteeing oscillation of all damped solutions
holds for g(1) =B, B > 0. Moreover, let & € (0,1], B > ot — 1 and let f(x) =
k|x|Ysgnx(x — Lo)(L — x) for x € [Lo,L] where 0 < L < —Ly, ¥ > 0, k > 0. Then
2.7, 2.8), (3-8) and hold. Therefore, each damped solution is oscillatory by
Theorem A3

4.2 Escape solutions

In this section, we prove some important properties of escape and homoclinic solu-
tions. In order to obtain existence results, the monotonicity of escape and homoclinic
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solutions is needed, see Lemma4.8land Lemma[4.9] Moreover, we specify asymptotic
behaviour of homoclinic solutions in Lemma Note that, by Theorem a solu-
tion of problem (2.3)), is damped if uo € (B, L), B < 0. Therefore, we can restrict
our consideration about escape and homoclinic solutions on ugy € (Ly,0).

Lemma 4.8 (Lemma 4.1 in [2], Escape solution is increasing) Let assumptions (2.5)—
(2.8) hold. If a solution u of problem (3.1)), (2.4) with uy € (Lo,0) is an escape solution,
then

Je € (0,00): u(c) =L, u'(t)>0forte (0,). (4.11)

Lemma 4.9 (Lemma 4.2 in [2], Homoclinic solution is increasing) Let assumptions

2.3)-2.8), (3-4), B.3) and (3.14) hold. If a solution u of problem (3.1), (2.4) with

up € (Lo,0) is homoclinic, then

lim u(t)=L, u'(t)>0forte (0,0). (4.12)
In order to prove further asymptotic properties of homoclinic solutions, we need the
condition
litminfp(t) > 0. (4.13)
—>00

Lemma 4.10 Assume that 2.5)-2.8), (3.4), (3.5) and (3.14) hold. Further, assume
that either condition (.1)) is valid or conditions .2)) and @.13) are fulfilled. If a

solution u of problem (3.1), 2.4) with uy € (Ly,0) is homoclinic, then u fulfils

lim i/ (1) = 0. (4.14)

f—yo0
Proof: According to Lemma[4.9] u fulfils (4.12)). Hence, there exists 7y > 0 such that
u(to) =0, u> 0 and f(u) > 0 on (f9,). We have (pu')’ < 0 and function pu’ is
decreasing on (fy,0). Since p > 0, ' > 0 on [0,), there exists

lim p(t)u (1) > 0. (4.15)

f—oo

Assume (@.1)), then we have lim;_,e ﬁ =0 and limy_,e p(t) = . Since pu’ is de-
creasing, we obtain from (4.195)
0 < lim p(1)u' (1) < p(to)u(t9) < o

t—yoo

and (4.14) follows.
Assume (#.2) and (@.13). By (4.13), we have

lim p(t)u'(t) = K > 0.

=30

Let K > 0. Then p(¢)u/(t) > K fort >ty and



r ds

u(t)—u(ty) >K | —, t>1.

(#) —u(to) ' 70)

We let t — oo and get by (@.2) and (.12)) that L > K - o, a contradiction. Therefore,
K =0 and, due to (4.13)), we have (4.14). O

The following lemma is essential for the existence of escape solutions. For illustration
of sequences {b,}_, and {y,};"_ used below, see Figure[4.1]

Lemma 4.11 Ler 2.3)-2.8), (3.4), B3.14) and either @.1), (4.8), or @.2), @.13) be

satisfied. Further we assume

(pq)" > 0o0n (0,e), (4.16)
(p(t)q))"
e 0, 4.17)
limint 22 < 0, (4.18)
t—ee q(t)
liminfq(r) > 0. (4.19)

Choose C € (Log,B) and {B,}>_, C (Lo,C). Let for each n € N, uy, be a solution of
problem (3.1), 2.4) with uy = By, and let (0,b,) be the maximal interval such that

un(t) <L, u,(t) >0, t€(0,by). (4.20)
Finally, assume that for n € N there exist ¥, € (0,b,) such that
un(vn) = C and {1} is unbounded. 4.21)

Then the sequence {uy,}_, contains an escape solution of problem (3.1)), (2.4).

L /

oy, y, b1 Y b_3 b_2= 00

Figure 4.1: Illustration to Lemma[4.T1]
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o)

Proof: Since the sequence {7}, _, is unbounded, there exists a subsequence going to
infinity as n — co. For simplicity, let us denote it by {%,}"_,. Then we have

limy, =, Y, <bp, neN. (4.22)

n—soo

Assume on the contrary that for any n € N, u,, is not an escape solution of problem

G.1), 4.

Step 1. Choose n € N. Then we have two possibilities:

1. uy is a damped solution. Then, if (4.1) and (4.8) hold, we get, by Theorem [4.3]
that u, is oscillatory. If (4.2) and (@.13) hold, we can use Theorem 4.5] because
@.19) yields (@.9), and we get that u, is oscillatory, again.

2. up is a homoclinic solution, which yields b, = oo (¢f. Lemma.9) and we write
un(bp) =1im; e u, (t)=L. By Lemmal4.10} u,, fulfils (4.14) and hence u;, (b, )=0.

Therefore, we have
un(by) € (0,L), ul,(b,) =0, (4.23)

for both b,, < e and b,, = . In addition,
I € [V, o) 4y (Ta) = max{uy (1) : 1 € [, ) }- (4.24)

Due to (3.1)), u, fulfils

n

) (1) _p(f)u;<r(> COTAG) R wss)

Further, we put

Bylt) = s (1), 1€ (0.b) (4.26)
Then, by @.23)),

AE(1)  (pOds ) (a0 O (1 N .
a pa) T 2 (p<r>q<r>> a8 1)
C0dO2 (1Y (p0u)? (p)g)

-T2 (pmq(r)) =T 2 gy S0

By virtue of (2.8), (4.16) and (#.20), we have

u/2
dES,(l) = —2(';2((?) (p(t)q(1)) <0, e (0,by). 4.27)

49



After integrating (4.27) over (%,,b,) and using (#.20), (4.24)), we obtain

bn 2 ’ bu 3 /
b o) = [ EOLO g [0 0
<dT)K [ ),
Yn
where ,
K, = sup{% e (}/n,bn)} € (0,00).

Hence, we have

En(Yn) < En(bn) + () Kn(L—C). (4.28)
By virtue of (2.7), (2.8), @.20) and (4.21)), we get from (#.26))

Ex(Y) > F(un()) = F(C). (4.29)

Since F is increasing on [0, L], (#.23)) and (#.26)) give for b, < oo

Ey(by) < F(un(by)) < F(L). (4.30)

Let b,, = o, which means that u, is homoclinic and lim;_,. u,, () = L. Then there exists
to > 0 such that u,(¢) > 0 and f(u,(t)) > 0 for t € [ty,°). Therefore, pi, is decreasing
on [fy,0). Due to (2.7) and (#.20), p > 0,u), > 0 on (0,), and hence

0< lim p(t)uy (1) < plto)uy(to) < .

Therefore, by using (#.19), (4.23)), we get
p(t)

0 < limsup —=u/ (1) <
< limsup 3 n(?)

and 0
. p\t) o
tl;n; a0 u, (1) =0.

Consequently, (4.30) is valid also for b, = . Further, using (#.28)—(@.30), we derive
F(C) < E,(%) <F(L)+u, (1)K (L—C), (4.31)

and hence, ~ ~
F(C)—F(L) 1 )=
S St 7). 4.32

L-C K, < (%) (4.32)

Step 2. At this point, we consider the sequence {u,}; . Assumptions and

(#.22) imply
lim K,, = 0, (4.33)

n—yoo
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which by [#.32) yields
lim i, (7,) = oo. (4.34)

n—soo

Since F' > 0 on [ly, L], we get from [#.26)

p(T)u ()
2‘](7}1)

Further, since E, is decreasing on (0, b,) according to (@.27), we derive from {.3T])

v

E,(Th) neN.

P(T)u; (V) - - .
Tm < En(yn) < En(yn) < F(L) "‘”n(Yn)Kn(L_C)v neN.
Consequently,
= p(7,) U (7)) — _ = o 1
G0 (T - KL -C)) S <o meN. @39
Due to @.18), @.33) and #.34),
lim (%u;(%) —Kn(L—C)) = . (4.36)

Conditions (4.34)-(#.36) yield a contradiction. Therefore, the sequence {u,}:_, con-
tains an escape solution of problem (3.T)),(2.4). O

All next existence theorems for escape and homoclinic solutions have the following
common assumptions:

23)-3), G4, G.I7, @.21) and E.16)-E.19). (4.37)

Provided that each damped solution is oscillatory, we establish the existence results
for two cases which are characterized by conditions (4.1) and (#.2). Therefore, we use

in addition either assumptions
(@.1) and (4.8) (4.38)

or assumptions
#@.2) and @.13). (4.39)

Under these assumptions, we prove that problem (3.1)), (2.4) has at least one escape
solution.

Theorem 4.12 (Existence of an escape solution of problem (3.1), (2.4)) Assume that
#@.37) and either [&.38) or (#.39) hold. Then there exists at least one escape solution

of problem (3.1), (2.4).
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Proof: Choose n € N, C € (Ly,B) and B, € (Ly,C). By Theorem there exists
a unique solution uj, of problem (3.1), (2.4) with uy = B,. By Lemma[3.1]b), there ex-
ists a maximal a, > 0 such that &), > 0 on (0,a,). Since u,(0) < 0, there exists a maxi-
mal g, > 0 such that u, < Lon [0,a, ). If we put b, = min{a,, a, }, then (4.20) holds. If
up is damped, then, by Theorem[4.5] u,, is oscillatory (c¢f. Step 1. in the proof of Lemma
[4.11), and hence there exists ¥, € (0,b,) such that u,(y,) = C. If u, is not damped,
then it is either a homoclinic or an escape solution (¢f. Remark[3.7), and clearly, there
exists ¥, € (0,by,) satisfying u,(y,) = C. Consider a sequence {B,}_; C (Lo,C). Then
we get the sequence {u, };_, of solutions of problem (3.1)), (2.4) with uo = B, and the
corresponding sequence of {¥,}7_,. Assume that lim,_,.. B, = Lo. Then, by Theorem
the sequence {u, };_, converges locally uniformly on [0, o) to the constant func-
tion u = Ly. Therefore, lim,,_, ¥, = o and {.21) is valid. Consequently, according
to Lemma the sequence {u,}; _, contains an escape solution of problem (3.,

O

4.3 Homoclinic solution

The goal of this section is to give sufficient conditions for the existence of escape and
homoclinic solutions of problem (2.3)), (2.4). First, we analyse problem (3.1)), (2.4)
and we proceed by generalizing these results to problem (2.3)), (2.4).

The next theorem provides the existence of a homoclinic solution of problem (3.1,
(2.4). The proof is based on a description of sets of initial values of damped and
escape solutions.

Theorem 4.13 (Existence of a homoclinic solution of problem (3.1), (2.4)) Assume
that and either (4.38)) or (.39) hold. Then there exists a homoclinic solution of

problem (3.1)), (2.4).

Proof: Step 1. Let .#,; C (Ly,0) be the set of all uy € (Lo,0) such that the corre-
sponding solutions of problem (3.I)), (2.4) are damped. By Theorem [#.1]and its proof,
A 4 is nonempty. Let us choose uy € .# ; and let u be the corresponding solution of
problem (3.1), (2.4). Then, according to Theorem[.5] u is oscillatory. Therefore, there
exist 0 < a; < by such that

u(al) =A; >0, Lt(bl) =B; <O0.

Choose € > 0 satisfying
1
£< Emin{Al, |B1]|}.

Let v be the solution of equation (3-I) satisfying v(0) = v € (Lo,0). By Theorem[3.8]
there exists 8 > 0 such that

[vo—uo| <& = [lu—vllcipp, <€
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Consequently,
u(t)—e <v(t) <u(t)+efort €[0,b],

and

A B
v(ay) > 71 >0, v(b)< 71 <0.

Therefore, if |vo — up| < &, then v is not an increasing function, and so v is damped (cf.
Lemmas and Remark . Altogether, if uy € .# 4, then (ug — 8,up+8) C
M 4, and finally .# 4 is open in (Lg,0).

Step 2. Let .#, C (Lo,0) be the set of all uy € (Ly,0) such that the correspond-
ing solutions of problem (3.1)), (2.4) are escape solutions. By Theorem M e 18
nonempty. Let us choose uy € .# . and let u be the corresponding escape solution of
problem (3.1), (2.4). Then u fulfils (4.11). Hence, there exists ¢; > ¢ such that

M(Cl) =L >L.
Choose € > 0 satisfying
1
e<-(L1—-L).
5 (L1 = L)

Let v be the solution of equation (3-I) satisfying v(0) = vy € (Lo,0). By Theorem[3.8]
there exists 8 > 0 such that

vo—uo| <8 = [lu—vllcij,, <&

Consequently,
u(t)—e <v(t) <u(t)+e forrel0,c]
and {
v(cl) > §(L+Ll) > L.
Therefore, due to Remark if [vo —up| < 0, then v is an escape solution. Finally, if
ug € M o, then (ug — 6,u9+96) C M, and 4 , is open in (Lg,0).

Step 3. Let .# ), C (Lo,0) be defined by
My = (L(),O)\(,//dU%e).

Since .4 ;U .# . is nonempty and open set in (Lg,0), .# has to be nonempty and
closed in (Lg,0). In addition, if we choose uy € .4, then the corresponding solution
of problem (3.1), (2.4) fulfils uy,, = L, and, due to Remark u is a homoclinic

solution of problem (3.1)), (2.4). O

Finally, we extend the existence results from Theorem[.12]and Theoremd.13]to prob-
lem (2.3), (2.4) and reach the main purpose of this paper.
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Theorem 4.14 (Existence of an escape solution of problem (2.3)), (2.4))) Assume that
[4.37) and either (4.38) or @.39) hold. Then there exist constant ¢ € (0,o0) and func-
tion u such that u is an escape solution of problem (2.3)), (2.4) on [0, ¢].

Proof: By Theorem[.12] there exists an escape solution u of problem (3.1)), (2.4). By
Lemma u fulfils (4.11). Due to (3.2) u, is an escape solution of problem (2.3),

(2-4) on [0,c]. O

Theorem 4.15 (Existence of a homoclinic solution of problem (2.3), (2.4)) Assume
that (4.37) and either (4.38)) or (4.39) hold. Then there exists a homoclinic solution of

problem (2.3), 2.4).

Proof: By Theorem there exists a homoclinic solution u of problem (3.1)), (2.4).
Due to (3.2)), u is a homoclinic solution of problem (2.3)), (2.4), as well. O

We conclude with examples where functions p, g and f were chosen in such a way that
problem (2.3), (2.4) has at least one homoclinic solution.

Example 4.16 Consider p(f) = t* and ¢(t) =P, where € (1,2], a — 1 < B < «
or a € (2,3], 2a—3 < B < a. Note that (4.18)) follows from B < o and that the
inequality 2a — 3 < o yields a < 3. Let f € C(R) be given by where a = b =
1. Then Ly = —2, L = 1. Then assumptions (4.37) and (4.38)) are satisfied. Due to
Theorem . 15| there exists a homoclinic solution of problem (2.3)), (2.4).

Example 4.17 Consider p(t) =% and ¢(t) =B, where e € (0,1], 3 >0, — 1 < B <
o. Let f € C(R) be given by (3.26) with 0 < L < —Lg, ¥ > 1, k > 0. Then assumptions
and (4.39) of Theorem [.T5] are satisfied and hence, problem (2.3)), (2.4) has a

homoclinic solution.

Example 4.18 Consider the initial value problem

(2 (1)) +VPu(t) (1 —u(t)) (u(t) +4) =0, >0, (4.40)
u(0) =ug € [-4,1], '(0)=0. '
Here Ly = —4, L=1, B=6-3, f(x) =x(1 —x)(x+4), p(t) = 1% q(t) = V3.
According to Example we see that and all assumptions of Theorems
and are satisfied. By Remark for each uy € [B,L) there exists a unique
damped solution u of problem (4.40). Since all assumptions of Theorem [.5| are valid,
we get that if uy # 0, then the corresponding solutions u is oscillatory. In addition,
assumptions and (4.38) of Theorems [.14] and .15 are fulfilled. Therefore,
there exists at least one homoclinic solution of problem (4.40). Further, having in
mind that .#Z, C (Lo,0) is open (c¢f. Step 2 in the proof of Theorem we get
infinitely many escape solutions u of problem (4.40) on [0, c|, where ¢ can be different
for different solutions. By Theorem [4.1, we have .#, C (Lo, B).
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Example 4.19 Consider problem (2:3), (Z-4) with p(¢) = V17, q(t) = V> + arctant,
t €[0,0), and

fx(1=x)(x+3) for x > 0,
f(x)_{%x(l—x)(x—l—Z) for x < 0.

Here Ly = —2, L =1, B= —1 and we can verify that @) and all assumptions of
Theorems [3.6] [3.8] 4.1} 4.5 as well as assumptions (4.37) and (4.38)) of Theorems 4.14]

and [4.T5] are satisfied. Therefore, the there exists at least one homoclinic solutions of

problem (2.3)), (2.4).
Example 4.20 Consider problem (2.3)), (2.4) with
p(t)=t, q(t)=Vt, t€[0,).
Then p and g satisfy 2.7), 2.8), (3.17), @.2), (4.13) and @.16)—(@.19). Further, let
f € C(R) be such that
f(x) = x*sgn(x)(1 —x)(x+3).

Then Ly = —3, L= 1 and f fulfils (2.5)), (2.6)), (3.4) and (3.21)). Therefore, assumptions
(@37), @39) of Theorems [#.14] and [4.13] are fulfilled and problem (2.3), (Z.4) has a

homoclinic solution.
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5 Khneser solutions

This chapter is devoted to the investigation of the existence of damped nonoscillatory
solutions to problem (2.3)), (2.4). Since under the assumptions of Theorem [5.§] each
such solution is a Kneser solution, we establish existence criteria for Kneser solutions
of (2.3), (2.4) and study the asymptotics of these solutions. In Section[5.I|the existence
of Kneser solutions to singular problem (2.3)), (2.4) is investigated. We restrict our
attention to the case where g = p and study the equation:

(p(0)u (1)) + p(t) f(u(t)) =0, (5.1)

and provide existence criteria for positive and negative Kneser solutions of such prob-
lem. The existence of Kneser solutions to general problem (2.3)), (2.4)

(p()d' (1)) +q(t) f (u(r))

is more involved. Therefore, in Section we restrict our consideration on the in-
terval [a,0),a > 0, where equation (2.3) is regular. For the reader’s convenience, we
recapitulate the definition of Kneser solution and we introduce damped Kneser solu-
tions.

0,

Definition 5.1 A solution u of equation (2.3)) on [a,),a > 0, is called a Kneser solu-
tion if there exists 79 > a such that

u(t)u'(t) < 0 fort € [ty,o). (5.2)
We say that u is a damped Kneser solutions provided in addition
sup{u(t) :t € [a,0)} < L.

Remark 5.2 Equation (2.3) have no damped Kneser solutions in the case that

< ds
/1 o= (5.3)

This follows from (2.6), (2.7), (2.8) and the following arguments: Let u be a damped
eventually positive solution of (2.3)) on [a, ), that is

u(t) >0,t>a (5.4)

for some a; > a > 0. Then, pu’ is decreasing for t > ag. Assume that pu’ < 0 for
t > 11 > a;. By integrating the inequality p(¢)u/(¢) < p(t;)u' (1) = K < 0, we obtain

u(t) <u(t) +K/[:%.
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Therefore, as ¢ tends to infinity, lim;_,e u(f) = —co contradicts (5.4)). This means that
u' >0 on [tp,0). Hence, any damped eventually positive solution of (2.3) is increas-
ing and there exists no Kneser solution to (2.3)). Similar arguments can be given for
damped eventually negative solutions of (2.3).

In Theorem it was proved that for each u( € [B, L) there exists a solution of prob-
lem (2.3)), (Z.4) which is damped. On the other hand, if uy € (Lo, B), then the corre-
sponding solution of problem (2.3), need not be damped. We demonstrate the
existence of damped nonoscillatory solutions in the next example.

Example 5.3 Consider the equation

(P (1)) +2F (u(@)) =0, (5.5)

where
—12—2x for x < -2,

flx)= ¥ for xe[-2,1],
2—x for x> 1.

Here Ly = —6, L=2, B= —v/3, p(t) = t>. By Theorem4.1|and Remarkproblem
(5.5), @.4) with ug € [~+/3,2) has a unique solution « which is damped. What is more,
we can check by a direct computation that for uy € [—2, 1], problem (3.3)), (2.4) has a

solution
8u0

u(t) = S 1 € 0,00).

If ug € (0, 1], the solution u is positive and decreasing in [0,0), and hence it is damped
nonoscillatory. Similarly, we see that if ug € [—2,0), then u is negative and increasing
on [0,00), and so it is also damped and nonoscillatory. On the other hand, numerical
simulations give damped oscillatory solutions provided ug € (1,2), see Figure
Moreover, the set of all initial values up < O such that the corresponding solutions
of problem (5.5), (2.4) are damped is open in (—eo,0). See Theorem 17 in [105].
This theorem is also valid in the case where nonoscillatory solutions are not excluded,
but only for p = g and under other additional assumptions. On this example we also
demonstrate that there are problems for which more solutions are damped, not only

those starting at ug € [B,L).

5.1 Singular problem

The main purpose of this section is to prove the existence of Kneser solutions to sin-

gular problem (5.1)), (2.4)
(p()u' (1)) + p(1)f (u(t)) =0, t €[0,%0), u(0) = ug € (Lo, L), u'(0) =0.
In the whole section, Kneser solutions are considered on the half-line [0, ).
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5 10 15 20 25 30

Figure 5.1: Simulations for Example [5.3]

In order to prove sufficient conditions for the existence of Kneser solutions of equation
(5.1)), we need identities (3.7)), (5.8) of the Pohozhaev type. In general, identities of the
Pohozhaev type have shown to be useful to investigate the existence and nonexistence
of positive radial solutions of quasilinear elliptic equations which are related to second
order ordinary differential equations of the Emden—Fowler type, see for example [42].
Here we use the notation

t X
P = [ p(s)ds, Fx)= [ f(s)ds
0 0
In order to derive the existence of Kneser solutions, we need the additional assumption
p € CH0,00). (5.6)

Lemma 5.4 Let u be a solution of equation (53.1)). Let f € C(R) and let (5.6) hold.
Then u fulfils

p(Ou(t)u' (t) = /tp(s)ulz(s) ds— /tp(s)f(u(s)) u(s)ds, t >0, (5.7)

0 0

and

o) (4P = [P as

_/Ot (%—%)p(s)ulz(s)ds,l>0. (5.8)

Proof: Consider a solution u of equation (5.I). To derive identity (3.7), we multiply
(5.1)) by the solution u and obtain

(p(0)u' (1)) u(t) + p(t) f (u(?)) u(t) = 0, 1 > 0. (5.9)
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After using (5.9) together with the equality
(P (D)u(r))" = (p(0)u (1)) u(®) + p(t)u*(¢), 1 > 0,

we get .
(p(0)u' (1)u(r))" = p(t)u(t) — p(t)f (u(t)) u(t), £ > 0. (5.10)
After integrating (5.10) over (0,) identity follows.

Further we multiply equation (5.1)) by % and get

P(t)u (1)
p(t)
By virtue of the equality
(P(D)F (u(1)))" = p(t)F (u(t)) +P(t)f (u(t)) (1), t >0,
and after integrating (5.11) over (0,7) we obtain

(gﬁ@zghﬂww®ym+p@FWO»—A}@WWQ»®:Qt>Q

(p()d (1)) +P(1) f (u(t)) (1) = 0, 1 > 0. (5.11)

p(s)
Furthermore,
" P(s)u'(s) o q. P@OuP(@) 7 pls)u*(s) "P(s)P'(s)
/o—p(s) (p(s)u (s)) ds = 3 _/0 > ds+/0 —p(s) u=(s),

holds for ¢+ > 0 where the integration by parts was used. Consequently, we deduce
u(t) t
Pu) (24 F @) = [ p6)F (uls)) as
t(p'(s)P 1
- / (M - §> p(s)u*(s)ds, t > 0.
0

p*(s)
[
The existence of a Kneser solution is guaranteed by two following theorems.
Theorem 5.5 (On the existence of Kneser solutions I.)
Assume 2.5)-2.7), (3.4), 3.3, (B.21)), (5.6),
P(t
im PW _o (5.12)
1—0+ p(t)
and that there exist ¢ > % and Ag € (0,L) such that the inequalities
'(t)P(t
39112ate®m% (5.13)
p(1)
xf(x) 2
> 0,A 5.14
F(x)_z_laxe(ao] ( )



hold. Then for each uy € (0,Ay] there exists a unique solution u of problem (5.1)), (2.4)).
The solution u is damped and satisfies

u(t) >0, u'(t) <0, t € (0,). (5.15)

Proof: By Theorems [3.8] and there exists a unique solution u of problem (5.1,
(2.4) with up € (0,Ap]. Suppose, on the contrary, that there exists 7y > 0 such that
u(t) >0 on [0,7) and u(fy) = 0. Due to Lemma 3.1]

0 <u(t) <Ap, u(t) <0, t € (0,1 (5.16)
We use equality (5.7) fort =1y

ployuton 10) = [ pls)(s)ds— [ p(5) a(s)) () ds.

0
Since u(tg) = 0, we get

[ psras = [ (o) (o)) uts) s (5.17)
Due to (5.8)), where t =t
0 < Plto) (”/2’0) +F(u(t0)))

L o /(p'(s)P(s) 1 Ou2(s) ds
= [P poF oy as— [ (P 2 plows o
According to and (5.13) we get
[ ror ey as > [ (P80 1)yt a

p*(s)
> c—%)/oop(s)ulz(s)ds: 262_1 Oop(s)f(u(s))u(s) ds.
This yields s
f0 2 S (u(s))u(s
/O p($)F (u(s)) (26_1 e > ds > 0, (5.18)
Furthermore,

f () uls) 2
F(u(s)) —2c—1’
is satisfied according to (5.14) and (5.16). Therefore

< 2 fluls)u(s)
2c—1 F (u(s))

s € (0,19),

) <0, se (O,I()),

contrary to (5.18). The obtained contradiction implies u(¢) > 0 on [0,e). Due to
Lemma 3.1 we get u/(r) < 0 for 7 € (0,0). Hence, (5.13) is valid. Since Ay € (0,L),
solution u is damped. [
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A dual theorem for an initial value ug from a left neighbourhood of zero is proved with
similar arguments.

Theorem 5.6 (On the existence of Kneser solutions I1.)

Assume (2.3)-2.7), @ (3.3), B.21), (5.6) and (5.12) hold. Let condition (5.13)) hold

with a constant ¢ > 5 and assume that there exists By € (Lg,0) such that the inequality

Xflo) 2
F(x) = 201"

€ [Boy,0) (5.19)

is satisfied. Then for each ug € [By,0) there exists a unique solution u of problem (5.1)),
(2.4). The solution u is damped and satisfies

u(t) <0, u'(t) >0, t € (0,). (5.20)

Proof: By Theorems[3.8/and 4.1} there exists a unique solution « of auxiliary problem
@.1), 2.4) with ug € [Bo,0). In the contradiction with (5.20)), we suppose the existence
of o > 0 such that u(z) < 0 on [0,f) and u(ty) = 0. By virtue of Lemma the
inequality

By <u(t) <0, u'(t) >0, 1€ (0,1) (5.21)

holds.

By using the identities of Pohozhaev type (5.7), (5.8) and assumptions (5.13)), (5.19)
and (5.21)) as in the proof of Theorem|[5.5] we arrive at a contradiction which implies

that o cannot exist. Therefore (5.20) holds. Moreover, f(u(t)) = f(u(t)) for t > 0,
and therefore u is a Kneser solution to (5.1)), (2.4)). Clearly, u is damped.
O

Corollary 5.7 Let u be a solution of equation (5.1]) and let assumption (5.14)) or (5.19)
be fulfilled. If the function p € C!(0, ) satisfies condition only on (0, 7] then,
according to the proof of Theorem [5.5] or Theorem [5.6] each solution u of problem
G-1), 2.4) with ug € (0,A¢] or ug € [By,0) has no zero on (0,].

The asymptotic behaviour of damped nonoscillatory solutions is specified in Lemma[4.4]
Below, we show a connection between damped nonoscillatory solutions vanishing at
infinity (see Definition [2.3|and [2.4)) and damped Kneser solutions.

Theorem 5.8 Let (2.5)-2.7), (3.4), (3.5), @.1)) and (4.3)) hold. Then a damped solution

of (3.1) 2.4) is a Kneser solution if and only if it is a nonoscillatory solution vanishing
at infinity.

Proof: Let u be a damped Kneser solution of problem (5.1)), (2.4). Then by (5.2),
u 1s nonoscillatory and due to Lemma vanishes at infinity. Let u be a damped
nonoscillatory solution which is eventually positive. Then there exists a > 0 such that

O<u(t)<L,t>a. (5.22)
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By Lemma[.4] « fulfils (4.4) and hence there exists 7y > a such that

i (t9) <0 (5.23)

After applying (2.6), (2.7)) and (5.22) to equation (5.1), we get (p(t)u'(t)) < 0 for
t > a, which together with (5.23)) yields

u'(t) <0, t € (tg,). (5.24)

Consequently, by virtue of Definition and inequalities (5.22)), (5.24)), u is a Kneser
solution of equation (5.1)). If u is eventually negative, we argue similarly.

O

Example 5.9 Let Ly < By <0 <Ag <L, o > 1, r > 1. Consider problem (5.1), (2.4),
where

p(t) =1t% 1 €0,), (5.25)
(|Bo|"(Lo —x)
—— fi Lo,B
f(x) =< |x|"sgnx  for x € [By,Ao], (5.26)
Apfx—1)
—  f Ao, L
| AL or x € (Ao,L],

such that F(Lg) > F(L). To ensure the existence of Kneser solutions, we apply Theo-
rems [5.5|and [5.6] We see that p satisfies condition (5.13)), because

PP a1 o
200 —a+1—c>§, t € (0,00).

Since )
);(;) = r+ 1 for x € [By,0) U (0,Ay),

conditions (5.14) and (5.19) are reduced to a simple inequality

1> .
e —2c—1

(5.27)

Lower bounds 2%1 corresponding to different values of o are given in the table below.

o 2 3 4 5 6 7 8 9 10 11

2] 6.00 400 333 3.00 280 267 257 2.50 244 2.40
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For instance, put o = 3. Then ¢ = % and % =4, Therefore, due to (3.27), if r > 3 we

can apply Theorems [5.5] and For each ug € [By,0) U (0,A¢], problem (3.1)), (Z:4),
where p is given by (5.25)) and f by has a damped Kneser solution u.

In addition, the function f (5.26) with r > 3 has a superlinear behaviour at a neighbour-
hood of origin and the function p(¢) = > belongs to a set of regularly varying functions
defined in Section[6.1] According to Section[6.2] Theorem [6.9]and Theorem [6.10] the
asymptotic formulas

2
im¢tr—1_¢ =
lim ¢~ u(r)| = 0,

r+1
1 —1 € / —
thrgt lu'(t)] =0,

hold for the Kneser solution u and for arbitrary small € > 0.

Example 5.10 Consider problem (5.1)), (2.4) where
p(t) =1*+13, 1 €]0,00), (5.28)
—*3 for x< —1

flx)=4 x* for xe[-1,1] (5.29)

2—x for x> 1.

We verify that assumptions (5.13), (5.14) and (5.19)) are satisfied. For r > 0

P ()P _ (43 +32) (L +14) _lef 3l se 3 1
p2(1) (t* +13)2 20(e8 +217+16) — 4 2’
since
1668 +32¢7 +15:% > 1513 +30¢7 4 15¢°.
Further

@, 2

F(x) = 2c—1
Hence, for each ug € [—1,0) U (0, 1] and p, f given by (5.28)), (5.29), problem (5.1,
(2.4) has a damped Kneser solution u.

xe[~1,0)U(0,1].

Moreover, function f is superlinear at zero and p is a regularly varying function of
index 4. Therefore, we can apply asymptotic formulas for u and u’:

i p1—€ _ i £ 2] _
Jim ' €[u(0)] =0, lim >~ ¢ul (1) = 0,

for arbitrary small € > 0 according to Theorems [6.9]and [6.10}
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In the following examples we illustrate other types of function p which appear to
satisfy condition (5.13)

Example 5.11 Let us consider problem (5.1)), (2.4)), where

p(t) = 2 +tcos(r), t € [0,00),

—*3 for x< —1
f(x) = { x*sgnx for x€[—1,1]

2—x for x> 1.

The graph (Figure of the function

p'(t)P(t)  3t*+cos(t) —tsin(r) (l4 (t)+tsin(t))

p2(1) (B +rcos(r))? 4 Teos

shows that condition (5.13)) is satisfied with ¢ = 0.7

0.95-
0.9+
0.85[~
0.8
0.75
0.7+

0.65[~

0.6 1 1 1 1 1 1 1 1 1 |
0 10 20 30 40 50 60 70 80 90 100

Figure 5.2: Condition (5.13) for p(t) = > +tcos(t)

%(I;(I) >0.7, 1 € (0,00). (5.30)
Moreover, (P()
. pP(it) 3
th—>r£lo p2(t) 4
Since £(0) 5
);(;) =5= " xe[-LO)U(O,1]



problem (5.1)), (2.4) has for each uy € [—1,0) U (0,1] a damped Kneser solution u,
according to Theorems [5.5] [5.6] Function p is positive and differentiable and satisfies

condition .
tp(t
tim P _ (0,00),
= pl1)
with o = 3. Such functions belong to the set of regularly varying functions of in-
dex 3, see Remark Therefore, we can apply Theorems [6.9] and with r = 4.

Asymptotic formulas for u and «’ are given by

L 2/3—¢ — 0 Tim S5/ ()] —
lim 1232 u(1)] = 0, lim 15321/ (1) = 0,

Example 5.12 Let us consider problem (5.1)), (2.4)), where

—53 for x< —1
flx) = x  for x€[—1,1]

2—x for x> 1.

The graph (Figure [5.3)) of the function

! 2 3 2 2
ORI RS R ]

3 2
L4 2p
= — (4r* +3t°+ 18t — 12tlog(t + 1) — 18log(r + 1))

(5.31)

6t
shows that p/(t)P(t)/p?(t) is monotone. In addition

i P OP@) _2
= pA1) 3

holds. We put ¢ = %, then ﬁ = 6 and condition with r = 5 is satisfied. There-
fore, problem (5.1)), (2.4)) has for each up € [—1,0) U (0, 1] a damped Kneser solution,
due to Theorem [5.5]and [5.6] In addition, function p is a regularly varying function
of index 2 and function f is superlinear at zero with r = 5. Therefore, the asymptotic
formulas

1/ 0 T 3/2=€1 (] —
tlggt lu(t)| =0, [lg?ot lu' ()] =0

hold, according to Theorems [6.9] [6.10] see Section [6.2]

Remark 5.13 We are aware that analytical proofs of estimate (5.30) and monotonic-
ity (5.31) cannot be replaced by any graph. However, we are able to illustrate the
fulfilment of assumption (5.13)) graphically only.
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Figure 5.3: Condition (5.13)) for p(1) = 1:_;

5.2 Regular problem

While investigating the existence of damped nonoscillatory solutions of general singu-
lar problem (2.3), (2.4) where p # g, we have been confronted with numerous difficul-
ties. Therefore we begin to study the solvability of equation (2.3)

(p()u' (1)) +q(t) f(u(t)) =0

on the interval [a,e),a > 0. Since a > 0, equation (2.3)) is regular. We investigate (2.3)
together with one of the following conditions:

u(a) =up € (0,L), 0 <u(r) <Lfort € [a,o), (5.32)
or
u(a) =up € (Lo,0), Lo <u(r) <0fort € [a,). (5.33)
Problems (2.3)), (5.32)) and (2.3)), (5.33)) are studied under the assumptions:
Ly <0<L, feClLy,L], f(Lo) = f(0) = f(L) =0, (5.34)
p €Cla,»),p>0on [a,), (5.35)
g € Cla,>), g > 0on (a,). (5.36)

The existence result is shown using the Diagonalization Lemma.

Lemma 5.14 (Diagonalization Lemma)
Let u, € C'[a,n], n € N, n > a be such that for each b > a there exists p;, > 0 satisfying

S (1)) < py fort € la,bl,n>b, j=0,1,

and
{u),}n>p is equicontinuous on [a,b].
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Then, there exists a subsequence {u;, } C {u,} and u € C'[a,) such that
r}l_rgolo u](ci) (t) = ul(r) locally uniformly on [a,), j =0, 1.
Proof: Let {b,} € N be increasing, b,, > a for all n € N and lim,,_,.. b,, = oo. Then
(i) for by € N we have \uﬁlj)(t)] < pp, for t € |a,bi],n > by, j = 0,1, moreover,
{u},}n>p, is equicontinuous on [a,b;]. Hence, by the Arzela—Ascoli theorem,

there is a subsequence {uy, , } C {un }n>p,, for which {ul(cj1 )n (¢)} is uniformly con-
vergent on [a,b] for j =0, 1.

(i) Next, there exists a subsequence {u,,} C {uy,,} such that {u,(é )n} is uniformly
convergent on |a, by for j =0, 1.

(n) We can proceed inductively to obtain a subsequence {uy, ,} C {u, ,,} such that

i—1,n
{u,(clj ZL} is uniformly convergent on [a, b;| for j =0, 1.

Let ky, := kn,, for n € N and consider the diagonal sequence {uy, }. Choose B > a.

Then [a, B] C [a,by] for some m € N. Since {uy, }n>n is taken from {u;,  } and we

know that {u,(cfn) _} is uniformly convergent on [a,by,| for j =0, 1, we can see that {u,(ci )}

is uniformly convergent on [a, B] for j = 0, 1. Consequently, {u,(qjl ) }n>m is locally uni-

formly convergent on [a,0). Let lim, ety (¢) = u(t) and lim, et (t) = v(t) for

t € [a,o0). Then u,v € Cla, ) and letting n — oo in
ug, (1) = uy, (a) +/t uy (s)ds, t € [a,n],n €N,
a
yields
u(t) = u(a) +/tv(s)ds, t € la,o0).
a
Hence u € C'[a,) and v = ' on [a, ) and the result follows. O

The fact that @ > 0 is crucial for the existence result stated in Theorem [5.13] since in

this case equation (2.3)) is regular on [a, o) and the solvability of (2.3), (5.32)) and (2.3,
(5.33) can be shown using the following standard arguments.

Before proceeding, we define the function f* by

ﬁ,x>L,
ff(x)=1q fx), x€[0,L], (5.37)
2o x <0,

and consider the auxiliary equation
(p(0)id (1)) +q(1) f* (u(z)) = 0. (5.38)

68



Theorem 5.15 Let assumptions (5.34)—(5.36) be satisfied and a > 0. Then problem
2.3), (3.32) (and problem .3), (5.33)) has at least one solution.

Proof: Step 1. Showing solvability of an auxiliary Dirichlet problem:
Let n > a, up € (0,L) and let us assume the Dirichlet boundary conditions

u(a) =ug, u(n) =0 (5.39)

hold. We first prove the existence of a solution to problem (5.38)), (5.39). The linear
homogeneous problem

(p(t)u' (1)) =0, u(a) = 0,u(n) =0, (5.40)

has only the trivial solution # = 0. Indeed, the assumption of the existence of a non-
trivial solution results in the following contradiction. Let u be a nontrivial solution of
(5.40). Then there exists 6 € (a,n) such that u(0) # 0,4/(6) = 0. After integrating
(5.40) from 6 to ¢ € [a,n], we obtain

p()u'(t) = p(0)u'(6) =0, t € [a,n].

Since p is positive on [a,), u’ = 0 on [a,n] follows and hence, u has to be a constant
function on [a,n|. Therefore, u = 0 is the only solution to (5.40). Consequently, there
exists the unique Green’s function G(t, s) to problem (5.40)

( —?)P(z‘) for a <t <s<n,
Glt.s) = (n) (5.41)

( —M>P(s) for a<s<t<n

P(n) T

where P(t) = [! %,t € |a,n]. The Green’s function (5.41)) is bounded by

|G(t,s)| < P(n) fort,s € |a,n].

Moreover, the partial derivative of G(z,s) has the form

1—m L for a<t<s<n
aG(t,s) P(n) ) p(t) - -
o P(s) 1
— —_— for a<s<t<n,
P(n) p(t)
and it is also bounded,
dG(t,s) 1
< , t€la,s)U(s,nl,s € |a,n|,
2 < el lan

where ppi, = min{p(t) : t € [a,n]|} > 0.
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Then, the nonhomogeneous linear problem

(p(t)u' (1)) = (1), u(a) = ug,u(n) =0,

has the unique solution

u() :ﬂ)/t"pd—f)—/ana(t,s)y(s) ds, 1 € [a,n]

P(n (1
Let us define the operator T : C[a,n] — Cla,n,
(Tu) (1) ﬂ/n dt +/ (t,5)q ))ds, t € [a,n].
Let u be a fixed point of 7. Then
U nodr ! P(t) "
) = i [0 [ (1 p ) POl i) o
+/( por ) PO6) () ds,
! B $)g(s)f*(u(s))ds
u <t> - P(l’l)p([) p(t) u P(I’Z)P( )q( )f ( ( ))d
b [ (1 pey a0 o) as,
(P ) = - P)g(0) 7 ) — (1= 2 g0 wte)
P(n) P(n)
= —q(t)f*(u(?)), t € [a,n].

Therefore, u € C'[a,n], pu’ € C'[a,n] and u is a solution of equation (5.38)). Moreover,
since P(a) = 0, we conclude

= s+ [ (1= ) P@ao) uls)) 5 =
) = [ (1=t ) PO)a(o) ) ds =

and so, conditions (5.39) are satisfied.

In order to show the existence of a fixed point of the operator 7', we use the Schauder
Fixed Point Theorem. Let Q C Cla,b],

Q= {xeCla,n: |xllcm <P} (5.42)
where
p = |uo| +P(n)MQ,
= sup{|f*(x)| : x € R},

M
0= ["qi)d



Then,

n d n
Tl :,2}2";]{ [ G(t,s)CI(S)f*(u(s))ds}

ol ,,
< py PPl M/

Consequently, 7(Q) is bounded in Cla,n|. Due to (5.42), T(Q) C Q. Since f* is a
continuous function, it follows from

1 Tum = Tullclam < lgm]{/a |G(2,9)lg(s) 1S (wm(s)) = " (u(s))| ds}

that T is continuous on Q. Moreover, for u € Q, 11,1, € [a,n], there exists § € (11,1)

such that
(7)) = (T) ()] < |2 [Tl [7160129) = Glon) (o)L s s
< ";;lf‘ / oG '\r ~ala(s) L () o

uo| 1 q(s
<|th—1n ( +M/ ds
| | P(n )pmm min

< Itl_tzl(’uo‘ 1 _|_MQ)
o P(”) Pmin Pmin

This implies the compactness of T on €, due to the Arzela—Ascoli Theorem. Since the
operator T is continuous and compact on Q and T(Q) C Q, there exists a fixed point
u = Tu due to the Schauder Fixed Point Theorem.

Step 2. Showing solvability of problem (2.3)), (5.39):
Let u be a solution of problem (5.38)), (5.39). We prove that

0 <u(t) <Lfort € [a,n]. (5.43)
Let us assume that
u(ty) = max{u(t) : t € [a,n]} > L. (5.44)
Since u(a) = ug € (0,L) and u(n) = 0, it follows that 7y € (a,n) and u'(fy) = 0. There-
fore, we can find 6 > 0 such that u(¢t) > L on (t9,to+ 8) C (a,n) and, by (5.37),

L—u(t)

(P(f)ul(f))/ = —Q(f)m

>0, 1€ (to,to+9) (5.45)
follows. After integrating (5.45) over (1,2),t € (tp,tp + 0), we obtain

0< _/tOtCI(S)u(i)_——uL(SL ds = p(t)u'(t).
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Thus, ' > 0 on (fy,fp + 8), which contradicts (5.44). Analogously, the contradiction
follows when assuming
min{u(z) : t € [a,n]} <O0.

Finally, it follows from (5.37)) and (5.43)) that u is a solution of equation (2.3) on [a,n].

Step 3. Showing solvability of problem (2.3)), (5.32)):
It follows from Step 2 that for each n € N, n > a we have a solution u, of equation

(2.3) on [a,n]. This solution satisfies
up(a) = ug, 0 <uy(t) < Lfort € [a,n]. (5.46)

We prove that there exists a subsequence {uy} C {u,} which locally uniformly con-
verges on [a,oo) to a solution u of problem (2.3)), (5.32)). To this aim we consider an
arbitrary compact interval [a,b] C [a,e). Then

0 <un(t) <L, 1€lab], n>b,

holds. Consequently, there exists 7, € [a,b] such that |u},(7,)| < ;. Let us estimate
the first derivative of the solution u, on [a,b]. After integrating equatlon (2.3) from
t € |a,b] to T, we obtain

p()uy (1) = p(Ta)u rn+/ q(s ) ds,
, _p(Tn)u, — s)f(u,(s))ds
) = D )+ s / 4(5)f (un(s)) s,
pmax L

1
+ C[maxfmax<b _a) =:pPp, L € [a,b], (547)

Pmin b—a Pmin

<
s~
—~

~
S~—
IA

where

Pmax = max{p(t) :t € [a,b]},
Pmin = min{p(t) : 1 € [a, D]},
qmax = maX{Q(I) S [ ]}v
Smax = max{|f(x)]:0<x<L}.

According to (5.47), the sequence {u,} is equicontinuous on [a,b]. Equation (2.3)
yields

(P (1))'] < |q(e) f(un(t))| < Gmaxfmax, t € [a, D).

Since the sequence {(pu,)'} is bounded on [a,b], the sequence {pu/,} is equicontinu-
ous on |a,b]. Since pyin > 0, we have by for 11,1, € [a,b]

Juy (1) — up (12)| < (1p(t1)uy (1) — p(2)uy, (12)| + po|p(22) — p(11)]) -

Pmin

72



This implies that the sequence {u,} is also equicontinuous on [a, b]. From the Arzela-
Ascoli Theorem and the Diagonalization Lemma it follows, that there exists a
subsequence u,, =/ u, u’, =" u’ on [a,0) and u is a solution of equation (2Z.3]) on

[a,o0). By (5.46), u satisfies (5.32).

For problem (2.3)), (5.33) we consider uy € (Lo,0) and use the dual arguments. O

Imposing some additional assumptions on f, p, and ¢, enables to derive two different

limits of solutions to problem (2.3)), (5.32)) and 2.3)), (5.33).
Theorem 5.16 Let us assume that a > 0, conditions (5.34)—(5.36) hold, and

f €Lip;,.(0,L], f(x)>0forxe(0,L). (5.48)

Then problem (2.3)), (5.32) has a solution u, such that

O<u(t)<L fort€la,oo). (5.49)
If in addition
1/t
}E&m /a q(s) ds = oo, (5.50)
with
litnlglfp(t) > 0, (5.51)
then either
u'(t) >0 fort > aand tlggu(t) =L, (5.52)
or
u is a Kneser solution. (5.53)

Proof: According to Theorem problem (2.3), has a solution u. Let us
assume that u(b) = L for some b > a. Due to (53.32)), u/(b) = 0. By virtue of the first
condition in (5.48), u = L is the only solution satisfying u(b) = L,u’(b) = 0. Therefore,
u(t) < Lfort € [a,o0). Assume that u(c) = 0 for some ¢ > a. Due to (5.32)), u'(c) =0.
After integrating equation (2.3) over (c,7),t € [a,o), and using the second condition
in (5.48)), we conclude «'(z) < 0 for ¢ > ¢ and «'(z) > 0 for ¢ < ¢. This yields u =0

which contradicts u(a) = ug > 0. Therefore (5.49) holds. By 2.3), (5.32), (5.36), and

(.48)
() (1) = —q(1)f(u(t)) <0, t > a,

and thus, pu’ is decreasing on [a, ).
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(i) Assume that #’ > 0 on [a,0). Then there exists lim,_,o u(t) =: Iy € (ug,L]. Let
Iy € (ug,L) and let us denote mgy := min{ f(x) : x € [ug,lo]} > 0. Integration of

(2.3) over [a,t] yields

t

p(0)u () = pla)u (@) < —mo [ q(s)ds. 1 € a,e),

1 , L
o) (p(a)d'(a)) _mom/a q(s)ds, t € [a,e).

After letting 1 — o and using (5.50), (5.51)), we arrive at 0 < liminf; o1/ (¢) <
—oo, which is a contradiction. Therefore /[y = L and (5.52)) holds.

0<u(t) <

(ii) Assume now that there exists b > a such that u’(b) <0 . Then (pu')(b) < 0 and
since pu’ is decreasing, we can find 7y > b such that pu’ < 0 on [fy, ). By (5.33),
u' < 0on [fy,0) and (5.53)) follows.

O
The dual theorem formulated below can be proved using similar arguments.
Theorem 5.17 Let (5.34)—(5.36) hold and a > 0. Moreover, we assume that
f €Lip;,.[Lo,0), f(x)<O0forxe (Ly,0). (5.54)

Then problem (2.3)), (5.33)) has a solution u, such that
Lo<u(t) <0 fort€a,).
If in addition (5.50) and (5.51)) hold, then either
u'(t) <O0fort>aand tlLI?ou(t) = Ly,

or
u is a Kneser solution.

It is important to notice that for a = 0, equation (2.3 becomes singular, because p(0) =
0, and the results obtained in the previous section cannot be immediately extended
to cover the singular case. To see this, note that for the case p(t) =t%, a € (0,1],
e 1% = oo follows, and thus, problems (2.3)), (5.32)) and (2.3)), (5.33) have no Kneser
solutions, see Remark @ Therefore, o has to be greater than 1. However, in such
a case 01 % = oo and the functions P and G in (5.41) are not defined at t = a = 0.
Consequently, the singular case when a = 0 requires a quite new approach or at least a
nontrivial modification compared with the case when a > 0.

To our knowledge, the existence of Kneser solutions for the case a = 0 and p # g under
assumptions ((5.34)), (2.7)), and (2.8) remains an open problem.
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6 Asymptotic properties of Kneser
solutions

Asymptotic properties of Kneser solutions vanishing at infinity are described in this
chapter. For the purpose of investigation asymptotic behaviour of such solutions, we
introduce regularly varying functions in Section The theory of regular variation
has proved to be a useful tool for the study of asymptotic properties of nonoscilla-
tory solutions of linear and nonlinear differential equations. Asymptotic formulas for
damped Kneser solutions are derived in Section [6.2] provided that coefficient functions
p and g are regularly varying at infinity. We conclude Part I with numerical simulations
of Kneser solutions.

6.1 Regularly varying functions

In this section, functions regularly varying at infinity are introduced and some of their
basic properties necessary for the analysis are shown. For a complete treatment of the
theory of regularly varying functions, see for instance [23], and [88] for the applica-
tions to asymptotics of ordinary differential equation.

Definition 6.1 A function g, which is positive and measurable on [7y,o0), 79 > 0, is
called regularly varying of index o € R if for each A > 0

lim @ =A%,
r— g(t

)

The set of all regularly varying functions of index « is denoted by RV (a).

Remark 6.2 A regularly varying function of index o = 0 is called a slowly varying
function and the set of those functions is denoted by SV. A slowly varying function
can be bounded or unbounded, but as t — o< it can neither grow too fast to infinity, nor
decay too fast to zero. This means that

lim t°L(t) = oo, lim¢ %L(z) =0

t—>o0 {—>o0
for any € > 0 holds.

Remark 6.3 Definition implies that a regularly varying function g of a can be
represented by
g(t) =t%L(t), t € [10,0),

where L is a slowly varying function.
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Remark 6.4 Let g € RV (o), h € RV(B) and k € R, then
g+heRV(max(a,B)), gheRV(a+pB), geRV(ka).
See for example Appendix in [88]].

In what follows, the symbol ~ is used to denote the asymptotic equivalence,

[

ft)~g(t) ast—>oo<:>tli_>r£1°M: 1.

Theorem 6.5 (Karamata Integration Theorem)
Let L(t) € SV, ¢ > 0.

(i) If a > —1, then
/t s*L(s)ds ~ ;taHL(I) ast — oo
¢ a+1 '

(ii) If ¢ < —1, then

Tsor ~—— Ly oo.
/z s*L(s)ds oc+1t (t)ast—
(iii) If o = —1, then
tL L(t
l(t):/ ﬁdseSVana’ limﬁzo.
c S t—oo l(t)

In order to investigate the asymptotic behaviour of the nonoscillatory solutions of prob-

lem (2.3), (5.32)) and problem (2.3)), (5.33)), we first need to provide auxiliary lemmas

for regularly varying functions.

Lemma 6.6 Ler o > 0 and g € RV (a). Then,
= ds
lim g(# / —— = oo, 6.1
lim g(r) | <) (6.1)

Proof: According to Remark[6.3] the function g can be represented as g(¢) =t*L(z), t €
[7p,0), where L € SV. For o > 1, property is a simple consequence of Theorem
(i), since —o¢ < —1. Indeed, noticing that L1 e 8V, fort — oo, we have

< d o 1
/ & / s UL (s) ds ~ ——1 @ L1 ()
t gls) i a—1
and therefore, the function
> ds o /(><> —oy—1
t —— =t"L(t s LT (s)ds
g0 [ oy =1L [
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is asymptotically equivalent to

1 1
tL(t)L " (¢) = .
(oL ()
Thus, for o > 1, property (6.1) follows.

Let us now consider a € (0, 1]. Then,
=] d =] o =]
/ Bl :/ sTOL71(s) ds:/ s LeL(s) dsZt/ s~ LT () ds, 1 € 19, 00).
t g(S) t t t
According to Theorem [6.5](ii) for —a — 1 < —1, it is asymptotically equivalent to
a1 (l‘)
p” .
Therefore, for t —
* ds * t
t — > %L / s (5) ds ~ —
g0 [ oz | (5)ds~ =

and follows for any a € (0, 1].
[

Lemma 6.7 Let us assume that the functions g and h satisfy g € RV (o) and h € RV (),
where & >0, >0, B —a > —1, and ¢ > 1. Then,

Proof: According to Remark [6.3] the functions g and & can be represented as
g(t) = taLg(t)a h(t> = tﬁLhO)? re [T07°°)7
where L, L, € SV. Therefore,

1 t t
— / h(s)ds ==L (1) / PLy(s) ds. 6.2)
8 (t ) ¢ c
Due to Theorem [6.5](i), the function given by (6.2)) is asymptotically equivalent to the
function

) 1 _
Gt L O L) = g L),

where L(t) = L;l (t)Ly(t) € SV. Finally, Remark and the assumption  — ot > —1
imply

1 t
lim—/hs ds = oo.
M e )"
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6.2 Asymptotic behaviour

This section focuses on properties of Kneser solutions of problems (2.3), (5.32) and
(2.3), (5.33) in the neighbourhood of infinity. Asymptotic formulas for the solutions
and for their first derivatives are provided. These asymptotic properties apply to the
Kneser solutions of regular differential equations with a > 0, as well as to the
Kneser solutions of singular equation (2.3)) with a = 0, provided that u(a) € [Lo,L].

We assume that function f satisfies condition (5.34)) and the second conditions in (5.48)
and (5.54),

Ly <0 <L, fE C[LO7L]7 f(LO) :f(()) :f(L) :()7

xf(x) > 0 forx € (Ly,0)U (0,L).

According to Theorem [6.5] condition (5.3)), which excludes the existence of damped
Kneser solutions, is satisfied when p € RV () with oo < 1. For o = 1, the integral
may be convergent (or may not) and hence Kneser solutions of the problem could
exist. Therefore, in the asymptotic analysis, we restrict our attention to the case o > 1.

(6.3)

We first formulate the asymptotic properties of Kneser solutions to problem (2.3)),

(5.32), or (2.3), (5.33). The next theorem is a corollary of Lemmas 4.4} [6.6] and [6.7]

Theorem 6.8 Assume that (6.3) holds and a > 0. Moreover, assume that p € RV (a)N
Cla,»),q € RV(B)NCla,»), o > 1,3 >0, —a > —1. Let u be a Kneser solution

of problem (2.3)), (5.32)), or (2.3)), (5.33). Then,
lim u(t) =0, tli_>m u'(t) =0. (6.4)

f—o0
Proof: Although Lemma/4.4|is stated for damped nonoscillatory solutions of singular
problem (2.3)), (2.4), the arguments can be applied to Kneser solutions of problem
2.3), (3.32), or 2.3), (5.33) with a > 0. In particular the inequalities for indices of
regularly varying functions p and ¢, &« > 1, B > 0, B — o« > —1 imply that and
(4.5) hold, and therefore, due to (5.2), the proof of (6.4) repeats that of Lemma[.4]

O

Finally, we specify the asymptotic behaviour of Kneser solutions in a more precise
way.

Theorem 6.9 Assume that (6.3)) holds and a > 0. Moreover, let us assume that p €
RV(a)NCla,=), 00 > 1, g€ RV(B)NCla,~), B >0, B —a > —1, and

3r> 1 timinf X 5 0 timsup PO (6.5)
=0 |x| x—0 |x|
Let u be a Kneser solution of problem (2.3)), (5.32) or (2.3)), (5.33)). Then, for any € >0
B—a+2 €
lims -1 lu(t)| = 0. (6.6)

t—voo
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Proof: Let u be a Kneser solution of problem (2.3), (5.32) or (2.3)), (5.33). Consider
to > a from (5.2). According to (6.3) and (6.4), there exist k, K, > 0 and #; > o such

that
f ()]

k< —+
E

<K,x€(0,8) and 0 < |u(t)| < 8, t>1,.
Hence, we have

ku@]" <[f ()] < Klu(@)]", 1 = 11 (6.7)
We now integrate equation (2.3]) from #; to ¢ > ¢ and obtain

t

p(0)u' (1) = p(tr)u' () + | q(s)f(u(s)) ds = 0.

31

Since u(t)u'(t) < 0 and u(r) is monotone for ¢ > ty,

OO [ gl ds> ko)) [ gts)ds

follows. Therefore,

dtl
k|u /q S P>

Let L, and L, be slowly varying functions such that p(t) = t*L,(¢) and q(t) = tPL,(t).
Functions Ly, L, always exist due to Remark [6.3] According to Theorem [6.5](i), there
exists a sufficiently large b > 1 such that

1 "sPL,(s)ds 1 L,(t
—/q(s)ds:fl1 ” a(s) > tﬁ_a+1£,t>b
p(1) Ju 1%Ly (1) 2(B+1) Ly(t)
Therefore,
/
t
|u ( )|r > Cltﬁ_a+1L(l), t
kfu(t)]
where ¢; = Bl B and L(r) = pg; Again by Theorem (6.5 (1), there exists a suffi-

+1)
ciently large T > b such that

1 1 1 P
o () > o e

C1 ﬁf(x
> 3G ary’ L

holds for ¢t > T'. Consequently,

0 < [u(t)] < (k(r— 1)chﬁ*“+2L(t)) s,

—
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where ¢; = m. Let us define L, (z) := (L(t))fﬁ and ¢3 := k(r — 1)cy, then

o+2

0<t =1 |u(t)| <ecslp(t), t>T. (6.8)

Finally, we choose & > 0 and multiply inequality (6.8)) by # €. Then, Remark[6.2]yields
M —€
lims -1 lu(t)|=0
f—yo0

which completes the proof. ]

We finally focus our attention on the first derivatives of Kneser solutions.

Theorem 6.10 Let all assumptions of Theorem be satisfied. Then, for any € >0
the following statements hold:

(i) If B > ra—r—1, then

lim %]/ (¢)| = 0. (6.9)
[—o0
(ii) If B <ra—r—1, then
B—oa+r+1 €
limr 1 i (1) =0. (6.10)

f—oo

Proof: Let u be a Kneser solution of problem (2.3), (5.32) or (2.3), (5.33) and let
a <ty < 11 be the points from the proof of Theorem Then, uu’ < 0 on [f1,) and
(6.7) holds. Let us choose & > 0. Due to (6.6)), for each ¢ > 0 there exists 7; > 1 such
that

B-at+2 .
0<t r-1 Nut)| < e, t > Ty, (6.11)
We first integrate equation (2.3) over (77,7) and set A; := p(T1)|u/(T1)|. Then, by (6.3),

0< p(n)]i (1)) = Ay + /T ij(S)If(u(S))Ids <Al+K /T jq<s>\u<s>|’ds, £>Ty.

Let L, and L, be slowly varying functions such that p(t) = t*L,(¢) and q(¢) = tPL,(t).
This implies

t
0 < 1%L, (1)]l (1)) < Ay +1</ SBLy()u(s)| ds, t > T1.
T
Due to (6.11),
t
0 < 1%L, (1) (1)] < A +K /T SBTHEELL () [sH € (s)[” ds
1

t
<A +Kc | sPTRTeRL (5)ds,
Ty

where u = B:ffrz,ez:rel > 0.
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(1)

(ii)

Let B > roo —r—1. Then,

B = (ra—r—rl)_—il—ﬁ—r

_B-B+i-r_
r—1

—1.

At this point, we choose € and accordingly & which are sufficiently small for
B —ru+& < —1 to hold. By the Karamata Integration Theorem [6.5] (ii), there
exists Ap < oo such that

0 < 1%L, ()| (1)] < A + K¢ /T BT L (5)ds = A,
1

holds for # > T;. We choose an arbitrary € > 0 and multiply the above inequality
by t_SL;l. Thus,
0 <t %l (1) < Aat~°L, (1),

for t > T1. Due to Remark [6.2] asymptotic formula (6.9) follows.

Let B < ro—r— 1. Then, for arbitrary & > 0,
rb —
T S S
r—1 r—1
o—r—1)+1-p—
:(r r—1) B r_}_g2
r—1
_ 1—
ELJFIF+622—1+82>—1-
’/‘_

By the Karamata Integration Theorem [6.5] (i), there exists a sufficiently large
T > Ty, such that

2Kc"
B-ru+e+l

holds for ¢ > T, where Ay = [3_r2++c;2+1

0 < 1%L, (1) (1)] <A; + PorRFELL (1) = A+ Agr®Ly (1)

and @ = —ru+ &+ 1 > 0. Therefore,

97O (1)) < Ait” L, (1) + A2L(2),

where t > T,L(t) = iq E?) Finally, we choose an arbitrary & > 0 and multiply
P
the above inequality by ¢ ~%. Consequently, we obtain

B—o+r+l

0<t™ 1 Cl (1) <A~ BL (1) +AxtBL(1),

where € = & + &3. By Remark[6.2] the asymptotic formula (6.10) holds and the
result follows. O
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Remark 6.11 In [3]], asymptotic formulas for damped nonoscillatory solutions of prob-
lem (2.3)), (2.4) in the case g = p are derived. It is shown that under the assumptions

2.5, 2.6, (3.4, (3.21)), (6.5) and

peC0=)NC0), p0) =0 im0 gt 612

each damped nonoscillatory solution u of problem (2.3), (2.4) satisfying

. o . / o
lh_}rgu(t) =0, tl;n;u (t)=0

has the following properties:

2

limsupz 7T |u(t)] < oo,
f—yo0
L If o € [1,24}), then
limsup p(t)|u/ (t)| < oo.
f—so0

I If @ > “H, then for any ot > &

limsup p(£)t 1% (1)] < oo.
t—oo

The condition (6.12) and condition p € RV (o) NC[0,), & > 1 are connected in the
following sense: Any positive and differentiable function p satisfying

/
i 20 _
= pl1)

is a regularly varying function of index . On the other hand, if p € RV (a), o > 0 has
a asymptotically monotone derivative then

tp'(t) _
= pl1)

We refer to Proposition 9 and Proposition 10 in [88]].

6.3 Numerical simulations

We use the open domain MATLAB Code bvpsuite to numerically simulate three
model problems in order to illustrate theoretical statements made above. The aim is to
give numerical evidence for the existence of Kneser solutions. We focus on the singu-
lar problems (2.3), (5.32)) and (2.3)), (5.33)) with a = 0 and simulate Kneser solutions
on the interval [0,o0) which contains the singular point + = 0. Moreover, asymptotic
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properties of such solutions are investigated and compared with the analytically de-
rived asymptotic formulas (6.6) and (6.10).

The MATLAB software package bvpsuite [67] was developed at the Institute for
Analysis and Scientific Computing, Vienna University of Technology, to solve BVPs
in ODEs and differential algebraic equations. The solver routine is based on a class of
collocation methods whose orders may vary from 2 to 8. Collocation is investigated
in the context of singular differential equations of first and second order in [46, [121],
respectively. This method could be shown to be robust with respect to singularities in
time and retains its high convergence order if the analytical solution is appropriately
smooth. The code also provides an asymptotically correct estimate for the global er-
ror of the numerical approximation. To enhance the efficiency of the method, a mesh
adaptation strategy is implemented, which attempts to choose grids related to the solu-
tion behaviour, making sure that the tolerance is satisfied with the least possible effort.
Error estimate procedure and mesh adaptation work dependably provided that the so-
lution of the problem and its global error are appropriately smoot Both the code and
the manual can be downloaded from http://www.math.tuwien.ac.at/~ewa. For
further information see [[67]]. This software has proved useful for the approximation of
numerous singular BVPs important for applications, see for example [28, 44,64, 98].

Since we intend to solve a scalar second order differential equation, we have to specify
two boundary/initial conditions which are correctly posed to guarantee the uniqueness
of the solution, at least locally. More precisely, we try to solve problems (2.3)),
and (2.3), with a = 0, but we do not know the values of u(0). Therefore, we
solve the differential equation (2.3),

(p(0)u' (1)) +q(t)f(u(r)) =0, € (0,00),
subject to the boundary conditions

W (0)=0, u(e):= tlggu(t) =0. (6.13)
The first condition in (6.13)) is motivated by the results obtained for p = ¢, where this
condition is necessary for any solution to be continuous, cf. Remark [2.2] The second
condition in (6.13) has to be satisfied by any Kneser solution under the assumptions of
Theorem [6.8] It turns out that from the numerical point of view, the problem is very
involved and the numerical treatment is by no means straightforward.

For the first tests, we choose the simplest regularly varying functions p and g,

p(t)=t% a>1, q(t)=1*, B>a, 1€[0,0). (6.14)

I'The required smoothness of higher derivatives is related to the order of the used collocation method.
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In order to recover the solution asymptotics specified in (6.6)), the parameter 8 has to
satisfy B > o — 1. Here, we restrict our attention to the case f§ > OzE]

For p,q from (6.14)), we rewrite equation (2.3]) and obtain
W (1) + %u’(t) S F () =0, 1€ (0,00), W(0)=0, ules)=0. (6.15)

To solve this boundary value problem, the differential equation is reduced to the finite
interval [0, 1]. To this aim, we rewrite the problem as follows:

W0+ S0+ P () =0, 1€ (0,1),

VA + V() + P f(v2(0) =0, 1 € [1,99),

and use the transformation 7 = % in the equation for v,. Then, the problem is solved
on (0,1] subject to boundary conditions

v1(0) =0, v2(0) =0, vi(1) =va(1), vi(1) = —vy(1).

Example 1

The first model is used to illustrate the existence of positive and negative Kneser solu-
tions of equation (6.13). The problem data reads:

—12—2x for x < -2,
flx) = ¥ for xe[-2,1], (6.16)
2—x for x>1,

and Ly = —6,L =2, r = 3. As shown in Figure [6.1| we found two different Kneser
solutions uy, up, lying in the regions indicated in (5.32)) and (5.33)), respectively. The
solutions satisfy lim;_,e /() = 0, i = 1,2 in correspondence to the theory. According
to Theorem [6.9] the asymptotic behaviour of any Kneser solution u of (2.3)), (5.32) or

2.3), (5.33) is specified by (6.6),

B—a+2

. €
—1 —
}lmoo’ r lu(t)| = 0.

Thus, for @ =5, B =7, and r = 3 this formula becomes

lim 2~ 8|u;(1)| =0, i=1,2.
t—yoo0

For B € (o — 1, ) no Kneser solutions were found.
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The first derivative of the Kneser solution behaves asymptotically as specified in (6.10).
Therefore,

w — & 3 e/

tlggt r—1 lu; (1) = tlgl;t lu;(t)] =0, i=1,2.
We illustrate the asymptotic behaviour of the Kneser solutions using graphs with dou-
ble logarithmic scales, where the power k in the relation y = ax* corresponds to the
slope of the line. Figure[6.1]clearly indicates that not only solutions uy,u5, but also the
expressions #2u;(t), i = 1,2 tend to zero for t — 0. Similar observations can be made
for the first derivatives of both solutions u’], u/z, where t3u;(t), i = 1,2 tends to zero for
1 — oo,
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Figure 6.1: Example 1: Solutions u;, i = 1,2, of (6.13)), (6.13)) corresponding to &« =5
and B =7 plotted using linear scales, upper graph (left), and double logarithmic scales,
upper graph (right). First derivatives of the solutions u;, i = 1,2 are shown in lower
graphs.

Numerical simulations for problem (6.15), (6.13)) with parameters
(a,8) € {(4,4),(4,5),(5,6)},

and function f satisfying condition (6.5)) with r = 2,3,4 show similar behaviour and
are not discussed here. For more details see [[51]].

Example 2

Using this example, we illustrate how the difference B — o affects the asymptotic be-
haviour of the Kneser solutions. According to (6.6), if B — o grows, we expect that
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the solution decay towards zero becomes faster. To see this, we consider problem

(6.13), with f specified in (6.16)) and
(o, ) €{(3,3),(4,5),(5,7)}.

Figure 6.2: Example 2: Comparison of Kneser solutions depending on the difference
B — o.. Graph of the Kneser solutions using linear scales (above), double logarithmic
scales (below).

We can observe in Figure that larger difference  — o indeed results in a steeper
decline of the solution towards zero.

Example 3
Here, Kneser solutions of problem (2.3)), (6.13) with a function f given in (6.16]) and
p(t) =1*€RV(a), q(t)=tP(14+exp(—1)) €RV(B), t€[0,00)
are discussed. Then, equation (2.3) takes the form
W (1) + %u'(t) B (1 exp(—1)) f(u(r)) = 0.

Two Kneser solutions and their first derivatives can be found in Figure for the
parameters (@, ) = (4,5) and (o, B) = (5,7).

Example 4

We designed this example to illustrate the influence of parameters o and 3. We choose

p(t)=t%log(1+1)eRV(a), q(t) —P ERV(B), f(x):sgn(x)x4(2 +x)(1—x), xeR.
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Figure 6.3: Example 3: Solutions correspondingto & =4, B =5and o« =5, 3 =7
plotted using linear scales, upper graph (left), and double logarithmic scales, upper
graph (right). First derivatives of the solutions are shown in lower graphs.

This yields

1 p-a
u’(t)+ (%—i— (57 log(H—t)) u/<t>+k)gt(Tt) sgn(u(t))u4(t)(2+u(t))(1—u(t)) =0.
(6.17)
First, we fix oo = 4 and vary 8 € {4,5,6,7}. Numerical results are shown in Figure
[6.4] All solutions seem to have a similar asymptotic behaviour. Moreover, we observe
that the function >/ 3u(t) for u corresponding to a = 4, B = 7 tends to zero for large
values of #. The same holds for all other solutions.

We now fix B = 10 and vary a € {5,6,7,8}. Figure shows the related Kneser
solutions and their first derivatives. A closer look at the solution u with the slowest
decay towards zero shows that the limit of t7/3u is zero for t — 0. Other solutions
show faster convergence towards zero.

The above observations mean that the asymptotic formula (6.6) can be applied to all
numerical Kneser solutions of problem (6.17), (6.13), but it does not optimally recover
the speed of their decay. Asymptotic behaviour of the numerically computed solutions
indicates that the second term in equation (6.15]),

%u/(l), t €[0,),

becomes dominant as ¢t — oo, and therefore, properties of the solutions seem to be
mainly controlled by the parameter .
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Part 11

Linear systems with a singularity of
the first kind

&9






7 Introduction

In Part IT we investigate analytical properties of systems of linear ordinary differential
equations with unsmooth nonintegrable inhomogeneities and a time singularity of the
first kind

(0 =10,y 18,

subject to boundary conditions

Boy(0) +B1y(1) = B,

where y is n-dimensional real function, M is n X n continuous matrix function, f is a n-
dimensional function which is at least continuous on [0, 1] and By, B] € R;;;x, B € R".
We are especially interested in specifying the structure of general linear two-point
boundary conditions guaranteeing the existence and uniqueness of solutions which are
continuous on a closed interval including the singular point. Moreover, we study the
convergence behaviour of collocation schemes applied to solve the problem numer-
ically. Our theoretical results are supported by numerical experiments. The content
of Part II is mostly based on the results published in [4]—[7]. The results concerning
problems with constant coefficient matrix are proved in this thesis under less restrictive
assumptions than those given in [4].

t €(0,1],

7.1 Motivation

Singular boundary value problems arise in numerous applications in natural sciences
and engineering and therefore they are in focus of extensive investigations. An impor-
tant class of singular problems takes the form of the following BVP:

v =200 4 y@), € 1] OO =0, @D

where « is positive, n X n matrix function M and n-dimensional vector functions f,b
are continuous. In particular, problems posed on infinite intervals are frequently trans-
formed to a finite domain taking the form of (7.1)) with a > 1.

The BVP with a singularity of the first kind and unsmooth nonlinearity

B0

/ / S (071]7 b(Y(O)7Y(1)) =0, (7.2)

arises in the modelling of snow avalanche run-up and run-out. Here, we shortly discuss
a leading-edge model [70, 92, 93] for the description of the dynamics of dry-flowing
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avalanches. The aim of the study is to compute the velocity v of the avalanche and
to determine the run-out length which is given by integral of v from ¢t = O until t = g
when the front of the avalanche stops

/Oth(t) dr.

In the model, five forces 7;,i = 1,...5 are combined to give the total force governing
the avalanche’s dynamics; the driving force, momentum flux, dynamic Coulomb resis-
tive force, turbulent resistive force and passive snow pressure force. The formulation
of the resulting differential equation is based on the Newton’s second low which yields

d(phvx)

& =N+h+T+1T4+ 15,

where p is the mean density of material in the core of the avalanche, / is the mean
flow depth along the run-up and x is the distance along the run-up slope. Taking into
account the continuity relation

hx = hovot,

where Ay is the flow depth at # = 0 and vy is the incoming speed, we obtain the singu-
lar IVP

t \%4
V(t) = —Q —Dov* (1) + i Go, t >0
V(O) =0.

The constants Dy, V, G are determinated by physical parameters of the problem.

The BVPs of type also occur when the regular system of ODEs u/(x) = Mou(x) +
g(x,u(x)), posed on the semi-infinite interval x € [0,0), is transformed by x = — In? to
the finite domain 7 € (0, 1].

7.2 Statement of the problem

We are interested in analytical and numerical treatment of a certain subclass of BVPs (7.2)
with a singularity of the first kind. In particular, we analyse the linear BVP

f()

My(l‘)—l—T,tG(O,l], yEC[Oal]a BOy(O)+BIY(1):ﬁ7 (7.3)

t

y(t)=

where, f:[0,1] — R” and M : [0,1] — R™ " have continuous components. Here
f € C[0,1], but f(r)/t may not be integrable on [0, 1]. Moreover, By,B; € R™*" are
constant matrices and 8 € R”. Note that in general m < n. We focus our attention on
the existence and uniqueness of a solution y € C[0, 1]. This smoothness requirement
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results in general in n — m additional initial conditions the solution y has to satisfy. We
also specify conditions for f and M which are sufficient for y € C"[0, 1], r € N.

Before discussing the most general BVP (/.3), we first consider simpler problems
consisting of the ODE system

—y(t) +—, (7.4)

subject to initial/terminal conditions. This means that we deal with the IVP,

f@)

MOy 71 povo)=p. as)

y(t) = ;

where By € R™*", B € R™, and m < n, or with the TVP,

f()

MOy + 40 gy =5, 16)

t

y(t)=

where B € R, B € R".

Particular attention is paid to the structure of the most general two—point boundary
conditions which are necessary and sufficient for the existence of a unique continu-
ous solution on the closed interval [0, 1]. It turns out that the form of such conditions
depends on the spectral properties of the coefficient matrix M(0). Therefore, we dis-
tinguish between three cases, where all eigenvalues of M(0) have negative real parts,
positive real parts, or zero eigenvalues.
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8 The three case studies

The form of fundamental solution matrix yields that the cases Re(A) < 0,A = 0 and
Re(A) > 0 where A is an eigenvalue of M(0) require separate treatment. This is done
in the next sections.

8.1 Preliminary results

In this section, we present results derived in [4] for the case of a constant coefficient
matrix My € R™". These results are necessary prerequisites for the investigation of
problem ([7.3) with a variable coefficient matrix M. More precisely, we analyse the
ODE system

Y1) = A?y(t) + @ (8.1)
subject to initial/terminal conditions. This means that we deal with the IVP,
V() =200+ 1 g0y =, 82)
where By € R™*", B € R™, and m < n, and with the TVP,
v =200+ 7 By = p, 83)

where B € R"", B € R".

In the first step of the analysis, we consider the ODE system and construct its
general solution. We denote by J € C"*" the Jordan canonical form of My and by E €
C™*" the associated matrix of the generalized eigenvectors of My. Thus, My = EJE~!.
Moreover, let us introduce new variables, v(¢) := E~'y(¢) and g(¢) := E~! f(¢), then
we can decouple the system and obtain

J 8(1)

V(1) = v+ (8.4)

By the variation of constant, any general solution of linear equation (8.4)) is a complex-
valued function of the form

v(t) = D(t)d + P(r) /; CIJ*I(S)& ds = tjd—i—tj/t sij*lg(s) ds, t € (0,1],

N 1

where d € C" is an arbitrary vector and

o) = = exp(JIn(1)) = ¥ "j(l,‘“t)j,
=0 J
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is the fundamental solution matrix satisfying

(I)’(t):%cp(t), o(1) =1, 1 (0,1],

see 34, Chapter IV]. In the case that the matrix J consists of / Jordan boxes, Ji, />, ... ,J,
the fundamental solution matrix has the form of the block diagonal matrix,
t/ = diag(t/1,t2,... t/), where

A 1
Jp = o cCw M k=1,...1,
-
Ak
and
(In7)? (Ing)"!
1 Int *= =
(Ing)"k >
0 1 Int 2!
= g | - , te(0,1]. (8.5)
. Int
0 0 1

Here, Ay = o+ ip; € C is an eigenvalue of My and dim J; +dim J, +---+dim J; = n.
The general solution of equation (8.1)) is then given by

t
y(t) = tM0c+tM°/ s Mo~ £(5)ds, t € (0,1],
1
where ¢ € C" and Mo = EF/E~1 € ¢,
Also, /
(t"0)" = Mot™ !t € (0, 1]

and
1\ Mo /

Mo — (;) = (M) = Mot ™1 1 €(0,1]. (8.6)
From the structure of the matrix ¢+ in (8.3)), it is obvious that the solution contribution
related to the k-th Jordan box may become unbounded for + = 0. Apparently, the
asymptotic behaviour of the solution depends on the sign of the real part o; of the
associated eigenvalue A;. Therefore, we have to distinguish between three cases, o <
0, Ax =0, and o} > 0. We assume that My has no purely imaginary eigenvalues to
exclude solutions of the form ¢%? = cos(p Int) +isin(p Int).

We complete the preliminaries by two technical remarks, which are frequently used in
the following analysis. For technical details, we refer the reader to [103]].
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Remark 8.1 The main focus of our investigation is on correctly posed initial/terminal
conditions which guarantee the existence of continuous or even smooth solutions of
(7.4) on [0, 1]. Since logarithm terms occur in the matrix (8.3), the relation

lim t* (In7) =0, Voo € RT, Vk €N, (8.7)

t—0*

is essential when discussing the smoothness of y.

Remark 8.2 By integrating (8.6) we obtain
1
Mo / s Mol g = —g~Mo tl =M _1 1e(0,1]. (8.8)
t

Moreover, if M has only eigenvalues with negative real parts, then lim,_,o+ s~ =0
due to Remark [8.1] and therefore

1
/0 sMo~1 g — (—Mo) . 8.9)

8.2 Eigenvalues of M(0) with negative real parts

In this section, we investigate system (7.4]), where all eigenvalues of M(0) have nega-
tive real parts. Note that system is equivalent to

Sy = MO M0 MO0 +70)

t t
It turns out that in this case, it is necessary to prescribe initial conditions of a certain
structure to guarantee that the solution is continuous on [0, 1]. Moreover, this continu-
ous solution of the associated IVP is shown to be unique. In the case of constant
coefficient matrix, the form of the solution is provided in Theorem8.5] In the proof of
this theorem, we require the following lemmas.

Lemma 8.3 Let v > 0 and let the n X n matrix J be of the form
Al
J= T, A=o+ip, (8.10)

_—
A

where 6 < 0. For 6 =0, we assume AL =0 and 'y > 0. Then, fort € (0,1],

/Y0 (—Inr)k

J1y—1
/|s s ds—ZZk'Y o) (8.11)

Jj=0k=0

and in particular,
n—1 1

|
s s" T ds= Y ———.
/o ,§ (y—o)/*!
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Proof: Due to the form of matrix J, the norm of s=/ for s € (0,1] is

n—1¢__ j
—J — | —l ’11’15’ ( lns) (8 12)
=L = s R
By repeated integration by parts, we obtain
/ (—I?S)jsy—o_l g 57 (—I?S)j +/S7“"1 (—}ns}j‘l i
J! y—o ! y—o (—D!
/ s” "(—lns)
Therefore, due to (8.7)),
il lns /YO (—Inr)k
Is™|s7 " ds = / sV lds =
/ jzg) kzg) k!(y—o)itl=k
Clearly, fort =1
] | n—1 1
Y- — - -
/ |s™ " ds = Z  (—o)™]
which completes the proof. 0
Lemma 8.4 Assume that all eigenvalues of the matrix My have negative real parts.
Then .
lim / |s™M0~1] ds =0. (8.13)
=07 J0o

Proof: Let Ay = o) +ipx, k= 1,...,1, be eigenvalues of the matrix My and J;, k =
1,...,1, the associated Jordan boxes of My. Then s M0 = Es/E~! where s~/ =
diag (S_JI,S_J2, e ,s_Jl) . Therefore,

lim /Z‘S_MO_I}ds§|E||E_1| lim /Z‘S_J|s !
1—0%Jo

t—0+Jo
The result follows from (8.7) and (8.11)) with y=0. O

Theorem 8.5 Let us assume that all eigenvalues of My have negative real parts. Then
forany f € C[0,1], IVP (8.2)) with the initial condition Myy(0) = — f(0) has a unique
solution'y € C|0,1]. This solution has the form

y(t) = (glf)(t)v re [07 1]7
where £, : C[0,1] — C|0, 1] is defined by

1
(L)) = /0 sMo~ ¢(st)ds, € [0,1].
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The initial condition Myy(0) = — f(0) is necessary and sufficient for y to be continuous
on [0,1]. Moreover, if f € C"[0,1], r > 1, then y € C"[0,1] and satisfies

(kI — M)y (0) = f0(0), k=0,....r

Proof: The general solution of system (8.1]) can be split into two parts

t
y(t) = tM0c+tM0/ s Mol () ds
1

1 1

= Mo (c—/ s_MO_If(s) ds) +tM°/ s_MU_If(S) ds
0 0
= yu(t) +yp(), 1€ (0,1]. (8.14)
First, we show that y, € C[0, 1]. Change of variable, u = s/, yields
1
yolt) = [ w7l fur) du, 1 € (0,1).
0

‘We introduce the functions,

—_

:/1 s~ f(st)ds, meN, (8.15)

= /0 s~ ds. (8.16)

3|

—_

Then, by (8.13),
1

/msM0 T (st)ds
0

1
m

s*MO*I’ ds=0.

fim [2..(t) 2 (1)] = lim

m—yo0 m—o0

< 1l lim |

Clearly z,,(¢) € C[0, 1], for m € N, and hence z.. is continuous as the uniform limit of
continuous functions. Consequently, y,(¢) € C[0,1].

Since all real parts of eigenvalues are negative, y;, is not continuous at t = 0 and it is
obvious that y € C|0, 1] if and only if

C:

c— /OlsMOIf(s) ds=0.
Thus the unique continuous solution satisfying has the form

y(t) = (LAf)t) = /Ols_MO_If(st) ds, t €[0,1]. (8.17)
Clearly, .Z1 maps C|0, 1] to itself. In addition, the estimate

()] < const.||f]], r € [0,1],
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holds due to Lemma [8.4] This solution is uniquely determined by ¢ = 0 and there are
no additional conditions to be imposed. Note that ¢ = 0 is equivalent to the condition

Myy(0) = — f(0) which follows from and (8.17).

We now examine the smoothness of y. Let f € C! [0,1]. For the first derivative y', we
have from (8.17))

1
YO = [0 ) ds, 1€ 0.1),

due to Lemma([8.3] Clearly, if f € C"[0, 1], then

1
Y0 = [0 5y ds, 1 € 0, 1)
0

and by (8.9) the results follow. O

Theorem [8.5] shows that if all eigenvalues of M, have negative real parts, then there
exists a unique continuous solution y of IVP for By = My, B = —f(0), and m = n.
Clearly, By has to be nonsingular. Note that for this spectrum of My the TVP (8.3)
cannot be set up in a reasonable way.

Once the case with a constant coefficient matrix is covered, we can proceed to the [VP
with a time-dependent matrix M. We prove the existence and uniqueness of a
solution in view of the Banach Fixed Point Theorem. Here, no additional assumptions
on the variable coefficient matrix M need to be made, provided that all eigenvalues of
M(0) have negative real parts. To show the smoothness of the solution y € C"[0, 1],
r € N, condition (8.18) has to hold.

Theorem 8.6 Let us assume that all eigenvalues of M(0) have negative real parts and
M € C|0,1]. Then for any f € C[0,1] system has a unique solution y € C[0,1].
This solution satisfies the initial condition M(0)y(0) = — f(0) which is necessary and
sufficient for y to be continuous on [0, 1]. Moreover, if f € C"[0,1] and

MeC0,1], M (0) =0, r>1, (8.18)
then'y € C"[0,1].

Proof: According to Theorem [8.5] any continuous solution of system (7.4)) satisfies

(1) = (Z18)(t) = /OISM(O)’g(st,y(sf)) ds, 1 € [0, 1],

where g(7,y(¢)) = (M () —M(0)) y(t)+ f(¢). In order to show the existence and unique-
ness of a continuous solution of (7.4), we choose § € (0, 1] and study the fixed point
equation

y=XYy,y€eC0,d],
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with an operator . defined by
1

(@)= [ 57O g(sry(or)) ds

= / L MO f(st)ds+ / M) (M(st) —M(0))y(st) ds, t € [0,8].
0 0

The proof is carried out in two steps.

Step 1. Existence and uniqueness of a solution y.

We prove the existence and uniqueness of a solution y = %"y, y € C[0, §] by means of
the Banach Fixed Point Theorem. It follows immediately from Theorem [3.5] that the
first contribution in %"y,

1
/ s MO (1) ds,
0
is continuous on [0, 8]. For any function y € C[0, 8], the second contribution,
1
57O (b (sr) = M (0)) (1) s,
0

is also continuous on [0, 1], ¢f. Theorem Therefore, the operator 2" maps C|0, 8]
to C[0, 8].

We show that % is a contracting operator. Let y;, y» € C[0, 8], then

| y1 = A ya|s = max /O] MO (M(st) — M(0)) (y1 (st) — ya(st)) ds

1€[0,6]

1

< M) 41 B )

_trelﬁg}{/o ‘s ‘s dssren[gﬁHM(st) M(0)|sr€n[(e)1§}|y1(st) yz(st)|}
1

= “d M(s) —M(0 N

_rrerﬁ)é}{/o s ds max [M(s) —M(0)] max [v1(s) yz(s)l}

<const.||M(-) =M (0)| 5]ly1 — 2[5,

M)

where ||[M(-) —M(0)||s = max,c(o s |M(¢) — M(0)]. Since M is continuous on [0, 1]

limM(t) — M(0) = 0.

t—0

Note that by Lemma 3 [4], [y |s ()]s~ ds = const. Therefore there exists a suffi-
ciently small 6 such that

const.|M(-) —M(0)||s =: Ly < 1, (8.19)

and consequently, the operator %" is a contraction. The Banach Fixed Point Theorem
yields the existence of a unique continuous solution y of (7.4)) on [0, 8]. By virtue of the
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classical theory, this solution can be uniquely extended to = 1. The initial condition
M(0)y(0) = —f(0) follows from the form of .’#" and Theorem 8.5

Step 2.  Smoothness of the solution.

In order to examine the smoothness of y we assume that r € N and f, M € C"[0, 1]. The
property £ : C"[0,8] — C"|[0, 8] follows by arguing as in the proof of Theorem
We show that .#” is a contraction on C”[0, §] for a sufficiently small J.

Let r = 1. Then for any yi, y, € C'[0, 8],
15 y1 = yallcio.5) = 1€y = A y2lls + 1| (1) = (A y2) |5,
where (#y)’ is given by
() (1) = / LMO) () ds + / O)p (st)y(st) ds
+ / st)— M(0)) ' (st) ds, 1 € [0, 5],
and according to (8.18) M’ tends to zero for t — 0. This together with (8:19) yields:

[ y1 = X y2llcrj0,6) < Lnllyr = y2lls

1
4+ max {/
1€[0,6]

s~ MO ds max |M'(st))| m[(a)lx ly1(st) — yz(st)|}

s€[0,1]
+tgg§]{ [ ] s max M (1) ~ M(0)] max (1) - y'2<sr>r}

+Lysllys =3alls <Lyt = y2llcr0.6):

<Ly|lyt —y2lls +Lazlly1 —

where L = max{Ly + Ly2,Ly3} and

O dsl|M'|l5, Lya=

Ly>= | ds|M ()~ M(0)5.

For a sufficiently small &, the value of L is smaller than 1, and therefore, 7 is a
contraction on C'[0, 3].

At this point, let » = 2. Then for any y;, y» € C2[0, 8],
1 1= v2llcopo.5) = 1431 = 2l crpo.5) + I (91)" = (32)" |5,
where, by virtue of (8.18),
()" (1) = /O MO ds 4 / 0) s M (st)y(st) ds
12 / 0)s M (st)y! (st) ds + / O)5 (M(st) — M(0))y" (st) ds, £ € [0,8],
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and the following estimate holds due to (8.18):

[ y1 = yall 200,50 < Lyt = y2llerjo, 59+ Lvallyr — y2lls
+Lys|[Yy = alls + L[] =51l < Lallyt —y2llc2p0.5)-

Here, L, = max{L,Ly4,Lys,Lye} and

1
LN4—/

Lyo= [ [0 sasaa) - @)

5 \sdsnM I Lws = [ [0 saslnrs,

For a sufficiently small &, the value of L, is smaller than 1, and thus, .#” is a contracting
operator in C2[0, §].

Similarly, we can show that %" is a contraction on C"[0, 8] for r > 2. This yields the
existence of a unique solution y € C”[0, 8] such that M(0)y(0) = —f(0). This solution
can be uniquely extended to r = 1, so y € C[0,1]NC"[0,0]. Under the assumption
fyM € C"[0,1] the classical theory yields a unique solution z € C"(0, 1] of equation
(7.4) satisfying z(8) = y(8). Consequently, z=yon [0, 1] and y € C"[0, 1].

0

8.3 [Eigenvalues of M(0) with positive real parts

In this section, we deal with system where eigenvalues of M(0) have only positive
real parts. It turns out that in this case there exists a unique continuous solution of
problem (7.6). Its smoothness depends not only on the smoothness of f but also on
the size of real parts of the eigenvalues of M(0). Before stating the main result of this
section formulated in Theorem [8.12] we prove two lemmas.

Lemma 8.7 Let ¥ > 0 and let the n X n matrix J be of the form (8.10), where 6 > 0.
Then fort € |0, 1] the function

st~ 1ds,

satisfies the inequalities

(i) u(t) < const.t’, y< o, (8.20)
j+1
(ii) u(t) < const. r"jzb %, Y=o0, (8.21)

n—1,¢__
(iii) u(t) < const.1° Yy ( , Y>o0. (8.22)
Jj=0
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Proof: We discuss the cases Y < o, Y= 0, and ¥ > 0, separately. Note that according

to (8.7) and (8.12)
1 I\
[16)

(1) First, let Y < o. Then there exists a constant € > 0 such that ¢ = y+ 2¢€. The
term

— j

sy_]ds:/ < > Z sy_] ds

=0

holds.

e ()
;) L

is bounded on [0, 1] due to and hence
1 I\
[16)
(i) For y = o function u can be estimated by
Al6)
t S
(ii1) Finally, for y > o, we have

16

1
s7 1 ds < const.t7+8/ s €V ds = const.1".
t

Int In¢)/*!
s7lds <t02—n)/ _lds<consttoz&.
J! t =0 J!

n—l ! n—1 j

—Int)/ —Int)/

s71ds <1° Z ( . ) / s~ 914 < const.t° Z ( _ ) )
j=0 J! t j=0 J!

O

Lemma 8.8 Let ¥ > 0 and let all eigenvalues of My have positive real parts. Then the

function
1 £\ Mo
0= [1(5)
is bounded on [0,1] and lim;_,g+ u(t) = 0 for y > 0.

s"1ds, 1 €[0,1],

Proof: Let all eigenvalues of My have positive real parts. Let Ji, k =1,.../, be the
Jordan box of My. Then s~ = Es~/E~!, where s~! = diag(s™/1,s72,...,s7).

Therefore,
1 t My
t) = -
=)

Estimates (8.20) to (8:22)) and property (8.7) imply u(t) < const.t% forr € [0, 1], where
0o =min{y,%} > 0. This means that u is bounded in [0, 1]. If y > 0, then 6, > 0 and
the result follows.

gy

J
—) s71ds.

1
sT1ds < ]E||E_1|/ '(
t

]
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Lemma 8.9 Let the n X n matrix J be of the form (8.10), where 6 > 0. Then fort € [0,1]
the function
N
)

57! ds,

satisfies the inequality

Proof: Note that according to (8.12))

Fley]eae [ Qg Es s

!
s/ 30 J!

holds. The term

is bounded on [0, 1] due to (8.7) and hence

/51 <£>J l(é)c/zs—ldsgconst_;c/zé (5—6/2 —1>§const.(%>c_/2

s~ lds < const./
1)

]

Lemma 8.10 Let all eigenvalues of My have positive real parts. Then the function
1\ Mo
)

li ) =0.
Jim ()

s~ 1ds,

is bounded on |0, 1] and

Proof: Let all eigenvalues of M, have positive real pars. Then
1\ Mo N
) )

Lemma [8.9] yields that u(z) is bounded for ¢ € [0, 1] by

1
s lds < ]EHE_1|/ s~lds.
o

t>6+/2.

u(t) < const.|E||[E7| (3

Moreover, lim;_,o+ u(t) = 0 follows. O
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Theorem 8.11 Let us assume that all eigenvalues of My have positive real parts and
let the matrix By € R"*" in (8.3)) be nonsingular. Then for any f € C|0,1] and any
B € R" there exists a unique solution y € C[0,1] of TVP (8.3). This solution has the
form

y(t) = (fzf)(l‘), re [07 1]7
where £, : C[0,1] — C|0, 1] is defined by

(Lf)(t) i=tMoB 1 B 4 1Mo /1ts_M°_If(s) ds, r€10,1].

Moreover, this solution additionally satisfies the initial condition Myy(0) = —f(0).
Finally, if f € C"[0,1], r > 0 and if 6+ > r, where G is the smallest positive real part
of the eigenvalues of My, then y € C"[0, 1].

Proof: The general solution of equation (8.1]) can be written in the form
Mo My [* —M M MO f
y(t)=t"0c+t 0/ s~H0T ds=t Oc—l—/ ds=:y,(t)+y,(r). (8.23)
1

Since all eigenvalues have positive real parts, it follows from (8.7) that yj(¢) = tMoc is
continuous on [0, 1]. Furhter, we need to prove that lim, o+ y,(¢) exists and therefore
y € C[0,1].

Since f is continuous, there is (&) > 0 such that | f(¢#) — f(0)| < € whenever 0 <t <
d(¢€) < 1. Moreover, for

yole) — (o)1 (0) = | [ (f)M° s*f(s) ds - (—Mo)lf(o)‘

/; <£)MOS (f(s) ) ds+ / Mt as(0)+ (Mo)lf(O)‘

S

the following estimate holds:
Vo) = (=Mo) " £ (0)|

(O s w-son af+| (45 g6 - oy e
() asro+ <Mo>-1f<o>',

<

where 0 <t < d < 1. Furthermore, for 0 <t < 6 < 1
t i\ Mo 4 13} £\ Mo
L) st rw-ronas <e [7](5)

s
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according to Lemma [8.8] Lemma[8.10]yields
6 £\ Mo 4
[ C)" s @ -r) as

S

1
<2[|f| lim sTlds=0 (8.25)

t—0+J§

lim
t—0t

1\ Mo
)
Finally, the integration formula (8.8)) yields
t M,
/ ;) "L 45— by 0 - 1y (0),
1

K S
and hence

/lt (E)MO +57f(0)ds+ (Mo) ' f(0) = My ' (e —1+1) £(0) = My () £(0).

Since all eigenvalues of M have positive real parts, implies

11%1\ (—Mo) Mo £(0)| = 0. (8.26)
t—

By virtue of (8.24)), (8.23)) and (8.26)
lim y,(1) = (—=Mo) ™' £(0),

t—07t

and y € C[0, 1].

It is clear from (8.23) that the solution y of (8.I) becomes unique if we specify the
constant vector ¢ € R". Note that at r = 0, y(0) satisfies n linearly independent condi-
tions Myy(0) = — f(0) for any ¢ € R". Therefore, we have to specify ¢ via the terminal
conditions given in (8.3)). Let B € R" and let B; € R"*" be nonsingular, then it follows
from B1y(1) = Bjc = B that the unique solution of TVP (8.3) is given by

v =mmps [0 as= a0

where % : C[0, 1] — C[0,1].

In order to discuss the smoothness of y, we first study the general solution of the
homogeneous problem y;,. Since o is positive, there always exists a constant [ €
No =NU{0} such that 0 <! < 6 <[+ 1. Then, we have

V(1) = (tM(’c)l = MM~ e,
3 (6) = (06)" = Mo(Mo —1) - (Mo — (k= )Mo He, k=1,

and it is easily seen that y, € C'[0,1]NC>(0, 1]. We now turn to the smoothness of the
particular solution of the inhomogeneous problem y,. We integrate by parts

_tMO/ —My—
= 0 (o) e M o) (o) 17 (1) = (o) s M) )
= (Mo)™! (tMof(l) — f(t) + 1Mo /1ls_M°f’(s) ds) .
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Note that M0 and My I are commutative. We differentiate the above equation and
obtain

y;([) _ (Mo)fl (MotMoIf(D —f/(t) +M0tMol/ltsMof/(S> dS—FlMOtMOf/(Z‘))

1
= 0L p(1) [ () s
1
Let f € C'[0,1] and o, > 1, then we argue as at the beginning of the proof (in context
of y and 64 > 0) and conclude that y, € C'[0,1]. Similarly, if f € C'[0,1] and o > r,
then y, € C"[0,1]. Consequently, we have y € C"[0, 1] provided that f € C"[0,1] and
oL >r. O

We recapitulate the case when all eigenvalues of M\ have positive real parts: For any
f € CJ0,1] and any vector B € R" there exists a unique continuous solution y of TVP
(8.3) if and only if the matrix B; € R"*" is nonsingular. Each continuous solution y
of (8.1)) satisfies the initial condition Myy(0) = —f(0) independently on ¢ € R” from
(8:23). Consequently, in this case there exists no IVP with a unique solution.

Once the case with a constant coefficient matrix is completed, we consider the TVP
with a time-dependent matrix M and use the Banach Fixed Point Theorem to
prove the existence of a solution. Again, equation (/.4) is equivalent to

Sy~ MO) o (M0) M) (o) + £0)

t t

Theorem 8.12 Let us assume that all eigenvalues of M(0) have positive real parts.
Moreover, let f € C[0,1], M € C|0, 1], the matrix By € R"*" be nonsingular, and 3 €
R". Then there exists a unique solution y € C[0,1] of TVP (1.6). Moreover, if f €
C"[0,1], r € N, M satisfies condition (8.18)), and the smallest positive real part of the
eigenvalues of M(0) satisfies o > r, then'y € C"[0, 1].

Proof: The existence and uniqueness of solution z € C(0, 1] of problem follows
from the classical theory because the interval (0, 1] does not contain the singular point
t = 0. Now, we ask the question, if the solution z can be continuously extended to
t = 0. In particular, we choose 6§ € (0, 1] and investigate the terminal value problem

M)
T

V()= y(t)+ @, t€10,6], y(8)=2z(9). (8.27)

By a slight modification of Theorem [8.11] we easily see that any solution y of problem

satisfies

o) = (5)"48) 40 [ MO g(s y(5) s, 1< 0,3,
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where g(7,y(t)) = f(t) + (M(¢) — M(0))y(z). Therefore, the existence and uniqueness
of a continuous solution to problem 1s equivalent to the existence and uniqueness
of a fixed point of the operator .#” defined on the space C|0, 8], where

(H)(1)= (%)M(O) 2(8)+M0 /5 L MO £ ds

+ MO /6 t s MO=I(A1(s) — M(0))y(s) ds, 1 € [0,8].

Again, the proof is divided into two steps.

Step 1.  Existence and uniqueness of a solution y.
In order to use the Banach Fixed Point Theorem to solve

y=Xy, yeC0,6],

we first show that # : C|0, 8] — C|0, 8]. According to Theorem the first contri-
bution to %y,

£\ M(0) o _
(g) Z(5)+IM(O)/5 s MO £(5) ds,

is continuous. Moreover, for any y € C|[0, §] we conclude that
t
M) /6 s MO (41 (5) — M(0))y(s) ds € C[0, 8.

Therefore, .%# : C[0,8] — C[0,8]. To see that the operator %" is a contraction, we
consider yj, y € C[0, 8]. Then,

| y1 — 2 y2|ls = max
t€[0,6]

5
< M(0) / —M(0)] 1 B -
_tg[lag}{t | ‘s ‘s dssren[%]!M(s) M(O)Isfél[2>§1|y1(s) ya(s)|
LI g\ M(0)
;)

< max {/
1€[0,8] | Jt

According to Lemma3.8] the function

MO [0, (01 (5) ~ M(O)) (31 (5) —32(5) s

! ds} M)~ M) 5]ly1 —alls.

is bounded. Moreover
limM(t) —M(0) = 0.

t—0

Therefore, there exists a sufficiently small § such that

max u(r)|M(-) — M(0)||s =: Ls < 1, (8.28)
t€[0,0]
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and hence, the operator %" is a contraction for a sufficiently small 8. By the Banach
Fixed Point Theorem there exists a unique fixed point of ¢ in C[0,§]. Thus, there
exists a unique continuous solution y of problem (8.27). Since y(6) = z(0), we have
y=zon (0,8]. If, we choose z(0) :=y(0), y € C|0, 1] follows and this completes the
proof of Step 1.

Step 2.  Smoothness of the solution.

Let f € C[0,1], r > 1, let M satisfy condition (8.18) with y > r—1,and D € C"~1(0, 1].
Finally, let o1 > r. By arguments similar to those used in Theorem [8.11] andit follows
that .7 : C"[0, 0] — C"[0, 8].

Let us first assume r = 1 and show that % is a contraction on C'[0, §]. Choose y, y» €
C'[0,8]. Then, we can write (.#'y; — . y;)(t) as shown below, after integration by
parts was used. With the shorthand notation N(z) := (M (z) —M(0))(y1(t) —y2(2)), we
have for any ¢ € [0, 8],

(Hy1 — A y2) (1) = =" OM(0) e MOIN(r)
L MO) (M@)—la—M(mN(a) ()" [ s MON () ds)

)

1
— (o) (—N(t) MO 5 MON () 1O [ MO () ds) |

We now differentiate both sides of the above equality and use N(8) = 0 to obtain

((Ay) = (Ji/yz)’)(t) =

=—M(0)"'N' (1) + MO~ g MO N(§) 4 MO /(;s_M(O)N’(s)ds
+M(O) MO MO (1) = MO [ MON () a
0
-[() *IM'< )(1(5) = 32(s)) ds
L) M) - M) 6) (50 ds.

For y=0and o4 > 1, Lemma 8.§]implies that the function

( ' >M(O)—I
S

is bounded. This together with continuity of M’ yields that for any y;, y, € C'[0, §]
and for a sufficiently small 6 > 0 using (8.18) and (8.28),

12 y1 = 2o 5)= 2 y1 = H y2lls + (1) = (y2) |5 < Lsllyr —a2lls

+ {u(o) 1M || 5lly1 — yalls +u(@)|[M(-) — M(0) || 5]ly) — Yalls } -

s Hds
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Therefore .# is a contraction on C' [0, 8] for a sufficiently small §. For r > 1, we can
use similar arguments to show that .#” is a contraction on C"|[0, §]. Finally, the Banach
Fixed Point Theorem yields the existence and uniqueness of a solution y € C"[0, 8]
of problem (8.27). The classical theory implies that for the solution z of TVP (7.6),
derived in Step 1, z € C"(0, 1] holds. Since z(6) =y(8), y=zon [0,1] and y € C"[0, 1]
follows. [

8.4 Zero eigenvalues of M (0)

Finally, we consider the case, when all eigenvalues of M(0) are zero. It turns out that
some additional structure in the function f and in the variable coefficient matrix M is
necessary for the solution y to be continuous. We begin with a scalar equation (8.1)
which for My = A = 0 immediately reduces to

f(t)

V() === (8.29)
and show that additional structure in the function f is necessary to guarantee that the
solution y is continuous on [0, 1]. To see this, assume that f is a constant function,
f(t) = 1. Then, any solution y of equation (8.29) has the form

1
y()=y(1)+ - ds=y(1)+Int, ¢ € (0,1]
and, clearly, y is not continuous at t = 0. Motivated by the scalar case, we require
the inhomogeneity f to satisfy additional conditions providing the continuity of the
associated solution.

Remark 8.13 Let us denote by R the projection matrix onto the space Xée) spanned by
eigenvectors of M associated with zero eigenvalues and by R the matrix consisting of
the linearly independent columns of R.

The proof of the main result of this section relies on the following lemma.

Lemma 8.14 Let us assume that all eigenvalues of the matrix My are zero. Then for
o >0

t
tim [ [50[5% 1 ds =0, (8.30)
t—0T J0
Proof: Let J;, k=1,...,1, be the Jordan boxes of My. Then we can write s~ =
Es7E™!, s/ =diag(s™,...,s7") and thus
t t
lim / |sMo] %1 ds < |E||E_1|/ |s77|s* 1 ds.
t—01Jo 0
After applying (8.11)) and we obtain (8.30). O
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Let us assume that there exist a constant & > 0 and a function & € C[0, 6], § > 0 such
that
f(t) =0(t%h(t)) fort — 0. (8.31)

Let us denote
Q = {f € CJ0,1] such that f satisfies (8.31)}, (8.32)

Theorem 8.15 Let all eigenvalues of matrix My be zero, m := dimX, (e), and let the
set Q be given by (8.32). Then for any By € R™ " such that matrix BoR € R™ ™ is
nonsingular and for any f € Q and B € R™, there exists a unique solution y € C[0,1]
of IVP (8.2)). This solution has the form

y(t) = (L)), 1 €[0,1],
where 23 : Q — C|0, 1] is defined by

(L5f)(t) := R(BoR) 1/3+/ o5~ f(st) ds, 1 € [0, 1].

This solution satisfies also the initial condition Myy(0) = 0, which is necessary and
sufficient for y € C|0,1]. Moreover, if f € C"[0,1], then y € C"[0,1].

Proof: We split the general solution of (8.I) into two parts y(r) = y,(t) +y,(t) as
defined in (8.14). To prove that y, € C[0, 1], we again use the functions z,, with m € N

and z.. specified in (8.15]) and (8.16). Due to (8.11)), (8.30), and (8.31]), we obtain

1
lim |zeo(t) — 2 ()] < ||1]| 5% lim /’" |s™Mo| s*Tds =0. (8.33)
m—e J()

m—oo
Therefore, y, = z. € C[0,1] and y,(0) = 0 since f(0) = 0 due to (8.31).

We now examine the continuity of

yi(t) = Mo (c+/OsM°s1f(s) ds) —:tMoq,
1

¢f. 8.14). The fundamental solution matrix is given by M0 = Et/E~!, where ¢/ has
the form #/ = diag(¢'1,...,t"1) and

E— (vl,hgﬂ,hgz),...,h§"1—1>,vz,hg>,...,hgnz—”,...,v,,hg”,...,hgnl—”),
where for k=1,...,/, v; are the eigenvectors of My, h,(cl)7...,h,((n"_l) are the associated

principal vectors, and ny are the dimensions of the Jordan boxes J;. Clearly, because
of the logarithmic terms occurring in t’, see (8-3), yy, is not continuous at # = 0 in gen-
eral. Only when the contributions including the logarithmic terms vanish, y;, becomes
continuous on [0, 1]. It is clear from (8.3) that the only bounded contributions to yj, are
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linear combinations of the eigenvectors of M. Consequently, any linear combination
of principal vectors has to vanish. This is the case when 1; = 0,Vi # 1,n; + 1,n; +
ny+1,..., Y4 m+1and arbitrary n; forall i = 1,ny + 1,0 +np+1,..., Y m+1.
Thus, yj, is continuous on [0, 1] if and only if it is a constant linear combination of the
eigenvectors of M. In other words, by setting y,(¢) := 1, we have

y(t) € C[0,1] & Mpy(0) = Myn = 0 < n € KerMy.

Consequently, Mpy(0) = 0 is necessary and sufficient for the solution

1
y(t)=n+ /O s Mo~ f(15)ds, t €[0,1] (8.34)

to be continuous on [0, 1]. Note that the regularity requirement Myy(0) = O contains
n— [ linearly independent conditions and can be equivalently expressed by Hy(0) = 0,
y(0) = Ry(0) or y(0) € KerMy. The remaining / free constants have to be uniquely
specified by appropriately prescribed initial conditions. Let us consider the initial
conditions specified in (8.2)), where By € R™*" and B € R”. Since y,(0) =0 and
yr(0) = 1, the initial condition Byy(0) = B is equivalent to Byn = . Due to the fact

that 1 € ImR, there exists a unique /-dimensional vector d, [ = dimX, (e), such that
1 = Rd, where R is the n x [ matrix containing the linearly independent columns of R.

Clearly, the problem is uniquely solvable if and only if m =1 = dimX(ge) and the m x m
matrix BoR is nonsingular. Hence,

Bon = B < BoRd = B = d = (BoR) "B = n = R(BoR)"'B.
and the solution y has the form
1
V(1) = R(BoR) ' B + / s Mog=1 £(st) ds = (Lf) (1), £ € [0,1]
0

where .23 : Q — CJ0, 1].

In order to derive the smoothness results, we differentiate y and obtain
1
V()= / s Mo £ (st)ds, t €]0,1].
0
By Lemma for o = 1,y € C'[0,1] if f € C'[0,1]. Similarly, if f € C"[0, 1]

1
Y0 = [0 s ds, 1 € 0,1,
0

andy € C"[0, 1].
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Remark 8.16 A purely polynomial inhomogeneity of the form

) =@%,... %",
where, o; € N, fori = 1,...,n, yields y € C*[0, 1]. For the proof see [103].

In Theorem [8.15] we described the unique solvability of IVP (8.2) in case when all

eigenvalues of M are zero. The dimension of the corresponding eigenspace Xée) was
m < n and it turned out that the regularity requirement Myy(0) = 0 has to be satisfied.
If m = n, then My = 0 and the regularity condition holds. In this case we can also
investigate the unique solvability of TVP (8.3) where all conditions are posed att = 1.
We address this question in the next lemma.

Lemma 8.17 Consider system (8.1)) with the matrix Mo = 0. Let f € C[0, 1] and assume
that (8.31)) is satisfied. Then, for any vector B € R" and a nonsingular matrix By €
R™*" there exists a unique solution of (8.3),

=8+ [ 14

bounded by
V(0| < By Bl +const. (|| f1| +1%||]l5)-

Moreover, if f € C"[0,1], h € C'[0,8), and a > r+1, then 'y € C"1[0, 1.

Proof: For My =0 the system (8.1)) reduces to y'(¢) = f(¢) /¢, and its solution is y(r) =
y(1)+ [{ f(s)/s ds. To show that y € C[0, 1], we follow the arguments given in the proof
of Theorem The terminal condition B1y(1) = 3 yields y(1) = Bl_1 B. Smoothness
results for higher derivatives of y follow in an analogous manner. 0

Let us proceed with the IVP (7.3), where M is a time-dependent matrix. Matrices R, R

and Xée) from Remark (8.13|are defined for My = M(0). It turns out that a special struc-
ture of M is required in order to successfully apply the Banach Fixed Point Theorem.
Consequently, we assume

M(t)=M(0)+¢"D(t), y>0, DeC0,1],1€][0,1]. (8.35)
Then the equation (/.5) is equivalent to

y(6) = MOy ) PO,

t t

Theorem 8.18 Let all eigenvalues of matrix M(0) be zero. Let M satisfy condition

and m = dimXée). Assume that f € Q, By € R™" is such that matrix BoR €
R™*™ is nonsingular, and B € R™. Then there exists a unique solution y € C[0,1] of
IVP (1.5)). This solution satisfies the initial condition M(0)y(0) = O, which is necessary
and sufficient for y € C|0,1]. Moreover, ifoo. >r+1, y>r+1,r>1, f,D € C"[0,1],
and h € C'[0,8], then y € C"1[0,1].
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Proof: By Theorem 8.15] any continuous solution of IVP (7.5) satisfies

1
§(0) = (£38)(1) = RBoR) ™ B+ [ 5705 g(st,y(or)) s, 1 € 0,1),
0
where g(¢,y(¢)) = f(t) +tYD(t)y(t). Consequently, we have to study the fixed point

equation
y=Xy, y€Cl0,d],

to prove the existence and uniqueness of a solution of IVP (7.5). In particular, we
choose 6 € (0, 1] and define

(VO =RBR) B+ [ 5O p(sryas
+ t}'/] s MO =D (st)y(st) ds, t € [0, 8].
0

Step 1.  Existence and uniqueness of a solution y.
We use the Banach Fixed Point Theorem in order to prove the first part of the statement.
From Theorem[8.15] we see that

RBoR) B+ [ 705 o) s,

is continuous on [0, 8]. For y € CJ0, 8] the function YD(t)y(¢) belongs to Q, cf. (8.32).
By virtue of Theorem [8.15| we see that

1
Y / s MO =1 p(s)y(st) ds € C[0, 1]
0

follows. Thus, ¢ : C[0,8] — C|0,8]. Moreover, %" is a contraction due to the fol-
lowing estimates. Let y;, y € C[0, 6], then

1
| = H s = max |i” /0 s MO 1D (st (yy (s1) — ya(st)) ds

1€[0,9]
1
<lr€rfg.)§} {ﬂ/ sMO) | oy 1dssr€n[(a)1)§] |D(st)|sr€n[(é)1)i] lv1(st) — yz(st)|}
= {ﬂ/ ‘ SY ldsg[gf] ID(s)] max |y (5) - yz(s)y}

<&%const.||D||slly1 —y2ls-

Note that for y > 0, fol |s=M 0) \s”_l ds = const. holds, see Lemma 3 [4]]. Consequently,
there exists a sufficiently small 6 such that

8%const.|D||s =: Lz < 1, (8.36)
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and the operator % is a contraction. The Banach Fixed Point Theorem yields the exis-
tence of a unique continuous solution of on [0, 8]. This solution can be uniquely
extended to the point 7 = 1. The initial condition M(0)y(0) =0 follows from the form
of # and Theorem

Step 2.  Smoothness of the solution.

Leta>r+1,y>r+1,r>1, f,D € C"[0,1], and h € C"[0,8]. Then, in follows
from Theorem that ¢ : C"[0,8] — C"[0,8]. We again use the Banach Fixed
Point Theorem, and thus we need to show that .#" is a contraction on C"[0, 3] for a
sufficiently small o.

Let r = 1. Then for y;, y, € C'[0, 8] we have
1 y1 = Z yallcrjo.6) = 1€ 31 = A yallcpo,s) + | (2 91) = (£ ¥2) I cpoes

where (#'y)’ is given by

(y)(t) = /l sMO) £ (st) ds+ yr? ! /1 s MO =1 (st)y(st) ds
0 0

1 1
+ ty/ s MOYGTD! (s1)y(st) ds—l—ty/ s MO YD(st)y (st) ds, t € [0, ).
0 0
Moreover, by (8.36), the following estimate holds:

|2 y1 = 2l cipo.5) = | vt = Hy2lls + (1) = (y2) |5
< Lz|ly1 —y2lls

+tgg§{ Y- 1/ ‘ s” ldsslél[(é)l)i] |D(st)|sr€n[(a)1)i] lv1(st) — yz(st)|}
+trerf(z)1>§} {ﬂ/ s~ M(0) s7dssr€n[(a)u§ D (st)|sren[g>h ly1(st) — yz(st)|}
+tr€r[1§l)é {ﬂ/ ’ s7dssr€n[(e)ui] |D(st)| m[(e)ui] ] (st) — y’z(st)]}

< (LZ—f—ySV’lconst. |D||s + 87const. ||D'||5) [ly1 —y2lls
+ 8%const. ||D|| 5]y} — y2lls-

Therefore, for a sufficiently small §, % is a contracting operator on C'[0, §].

Let r > 2. By similar arguments we obtain a contraction on C"[0,5]. This yields
a unique solution y € C"[0, 8] of on [0, 8], which can be uniquely extended to
t=1. For f, D € C"|0, 1], the classical theory implies the existence of a unique solution
z € C"(0,1] of system (7.4) subject to the initial condition z(8) = y(0). Hence, z =y
on [0,1] and y € C"|[0, 1] which completes the proof.

O
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Remark 8.19 In the case when M(0) = 0, (m = n), we can also study the unique
solvability of TVP (7.6). The existence and uniqueness of a solution z € C(0, 1] of
follows from the classical theory. To obtain the respective result for [0, 1], we
investigate equation (7.4)) subject to the terminal condition y(6) = z(J), where & > 0
is sufficiently small. The corresponding operator % : C|0, 8] — C|0, 8] has in this case
the form

(A y)(t) =2z(5) —}—/; s~ (s) ds+/5t s"ID(s)y(s) ds.

We can show that %" is contractive in the way analogous to the case when M(0) # 0.

117






9 General problems

In this chapter, we study general initial (7.5)), terminal and boundary value prob-
lems (7.3).

For the subsequent discussion, we need to introduce the notation to the matrix M (0):
X is the invariant subspace associated with the eigenvalues with positive real parts;

Xée) is the space spanned by the eigenvectors associated with eigenvalues A = 0;

X_ is the invariant subspace associated with the eigenvalues with negative real parts;
Xéh) is the space spanned by the generalized eigenvectors associated with A = 0;

S is the orthogonal projection onto X ;

()

R is the orthogonal projection onto X, ’;

P:= R+ is the projection onto X, & X.;

Q := 1 — P is the projection onto X_ @Xéh);

Z is the orthogonal projection onto Xée) @Xéh);
N is the orthogonal projection onto X_;

H is the orthogonal projection onto Xéh).

All projections are constructed using the generalized eigenbasis of M(0). Later on, we
also use R, P for the matrices consisting of the maximal set of linearly independent
columns of respective projections,

Note that if M(0) is already in the Jordan form, the matrices representing all projec-
tions are diagonal matrices whose only nonzero elements are 1.

9.1 General IVPs, TVPs

We first discuss general IVPs and TVPs (7.6), where all conditions which are
necessary and sufficient to specify a unique solution y € C|0, 1] are posed at only one
point, either at =0 or at = 1. According to the results derived above, restrictions on
the spectrum of M(0) need to be made.

A.1 For IVP (7.3) we assume that the matrix M(0) has only eigenvalues with nonpos-
itive real parts and if 6 = 0 then A = 0.

A.2 For TVP we assume that the matrix M(0) has only eigenvalues with non-
negative real parts and if 6 = 0 then A = 0. Additionally, if zero is an eigen-
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value of M(0), then the associated invariant subspace is assumed to be the
eigenspace of M(0).

Results formulated below without proofs are simple consequences of Theorems [8.5]

[B.11}[8.15] and Lemma

Lemma 9.1 Let us assume that f € C[0,1], M € C[0,1], Zf satisfies condition (8.31)
and ZM, satisfy (8.35).

(i) Assume A.1 to hold. Let y be a continuous solution of IVP ({1.5). Then
M(0)Ny(0) = —=Nf(0), Hy(0)=0.
(ii) Assume A.2 to hold. Let y be a solution of TVP (1.6). Then y € C[0,1] and
M(0)Sy(0) = =Sf(0).

In both cases
M(0)y(0) = —f(0).

The statement of Lemma means that the conditions which are necessary for the
solution of IVP ([7.5) to be continuous are equivalent to

rank M (0) = rank H +rank N = rank Q = n —rankR

initial conditions, which the solution y has to satisfy. In case of TVP (7.6), where A.2
holds, any solution of (7.4)))is continuous on [0, 1] and no regularity conditions have to
be prescribed.

Theorem 9.2 Let us assume that A.1 holds, the m x m matrix BoR is nonsingular, and
B € R™. Then, for any f € C|0, 1] such that Zf satisfies and ZM satisfies (8.35)),
there exists a unique solution y € C[0,1] of IVP (1.5). The solution satisfies initial
condition

M(0)Ny(0) = =Nf(0), Hy(0)=0.

which are necessary and sufficient for solution to be continuous on [0, 1].

Proof: The existence of a unique continuous solution follows from Theorems[8.6/and
by applying the Banach Fixed Point Theorem to the linear operator %" : C[0, 8] —
Cl0, 8], 8 > 0, defined by

1 1
() (1) = R(BoR) ™' B + / sMO =1 £(sr) ds + 17 / sMO =1 (s1)y(st) ds.
0 0
For a sufficiently small §, the operator %" is a contraction and the Banach Fixed Point
Theorem yields the existence of a unique continuous solution of (/.5)) on the interval

[0, 8]. This solution can be uniquely extended to ¢ = 1.
]
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Theorem 9.3 Let us assume that A.2 holds, By € R™" is nonsingular, and 3 € R".
Then, for any f € C[0,1] such that Rf satisfies (8.31)), and RM satisfies condition

(8.39), there exists a unique solution'y € C|0, 1] of TVP (.6)).

Proof: The existence and uniqueness of solution z € C(0, 1] of problem follows
from the classical theory. Therefore, we investigate (7.4) on [0, 6], § € (0, 1], subject
to y(6) = z(8). The result follows from Theorem 8.12)and Remark[8.19} when the Ba-
nach Fixed Point Theorem is applied to the operator .%" : C|0, 8] — C[0, 6], § € (0, 1],
defined by

() (1) :=MO §=MO)7(§) 4 MO i sTMOT () ds

t
+tM(0)/6 s MO =1 (s)y(s) ds.

Since for a sufficiently small é the operator ¢ is a contraction, there exists a unique
continuous solution y of system (7.4) on [0,0]. Since y(6) = z(8), y =2z on [0,1]
follows and this completes the proof.

O
9.2 General BVPs
Finally, we study general BVPs of the form
M
(0 =0y L0 g0y Biy(1) = . ©.0

stated in Section as problem (7.3)). We point out that matrix M(0) may have an
arbitrary spectrum for general BVPs. Before proceeding with the analysis, we show
two auxiliary results.

Lemma 9.4 The projection matrix R fulfils
MOR=R rec[0,1].

Proof: Let E denotes the associated matrix of generalized eigenvectors of M(0) and
J denotes the Jordan canonical form of M(0). Let M(0) and R be represented using
the eigenbasis of M(0), which means M(0) = EJE~! and R = ERE~!, where R is a
diagonal matrix with ones at the positions corresponding to the eigenvalues A = 0 and
zero entries elsewhere. It is sufficient to show /R = R since this implies

MOp _— EE-'ERE~' = ERE"! =R.

The multiplication /R means an operation on columns of #/ and due to the structure of
R, the result of the matrix multiplication /R is a matrix whose columns corresponding
to the eigenvectors associated with A = 0 remain unchanged and all other columns
vanish. Clearly, the nontrivial columns of /R are unit vectors, since th =1forA = 0,
and the result, #/R = R, follows. ]
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Lemma 9.5 The projection matrices S, Z and N commute with the matrices t¥ ©)
and M(0).

Proof: We show the result for the projection S, for the other projections the proof
is analogous. First, we prove that for the Jordan canonical form /S = St/ holds for
t € [0,1], where M(0) = EJE~! and S = ESE~!. The matrix § is a diagonal matrix
with ones at the positions corresponding to the eigenvalues with positive real parts and
zero entries elsewhere. The multiplication St/ means operations on rows of #/, while
the multiplication #’§ represents operations on columns of #/. Being aware of the block
structure of matrix / we see that the result of S/ or /§ is a matrix containing Jordan
boxes corresponding to eigenvalues with positive real parts and t/S = St/ for r € [0,1].
This implies

MO — EEVESE! = ESE'EXE! = §¢M(0)

and the statement follows. By similar arguments we can prove that M(0)S = SM(0).
O

To specify the boundary conditions which guarantee the unique solvability of BVP
(9.1) the following lemma is required.

Lemma 9.6 Consider the BVP

V() = MT@y(t) + @ re(0,1], 9.2)
Hy(0) =0, M(0)Ny(0) = —Nf(0), Sy(1) = Sn, Ry(0) =Rn. (9.3)

Let us assume that f € C|0, 1] is such that Zf satisfies (8.31). Moreover, let M € C|0, 1]
be given in such a way that the projection ZM satisfies condition (8.33), and n € R".
Then, there exists a unique solution 'y € C[0,1] of the BVP (9.2), (9.3).

Proof: According to the three case studies, we search for the solution y of (9.2) in the
form of three contributions which depend on the real parts of eigenvalues of M(0),

y=Ny+Sy+Zy.

First, we consider system (9.2)) posed on an interval [0, 6], § € (0,1], subject to the
boundary conditions

Hy(0) =0, M(0)Ny(0) = =Nf(0), Sy(8) = SC, Ry(0) = R, 94)

where { € R" is specified later. In order to prove the existence of a unique continuous
solution of (9.2)), (9.4)), we apply the Banach Fixed Point Theorem to

y=Xy, ye(Cl0,8].
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The operator % : C[0, 5] — CJ[0, 0] is now defined as
(A y) () = N(AY) (@) +S(Ay)(t) + Z(H y)(1),

where
_N / 051 £(st)ds+N / 05~ (M(st) — M(0)) y(st) ds,
S(HY)(t):= (%)M SC + M) 5/5 sMO~1 £(5) ds
1+ MO)g /5 sMOT (M (5) — M(0)) y(s) ds,
Z(Hy)(1):=MORn +Z / MO f(st)ds
+IYZ/ O 571D (st)y(st) ds.

According to Theorems 8.12] and [8.18] the operator .#" maps C|[0, 8] into itself.
Moreover, we can choose 6 sufficiently small for

L<1L<1L<1
N375 3,23

to hold, ¢f. (8.19), (8.28) and (8.36). Therefore, L := Ly + Lg+ Lz < 1 and

| y1 — X yalls <IN (D y1 — 2 y2) |ls +IS(Hy1 — X y2) |ls +1Z(Hy1— X y2) s
<(Ly+Ls+Lz)|ly1 —y2lls = Llly1 — 2l 5-

Consequently, .#  is a contracting operator on C[0, 8]. According to the Banach Fixed
Point Theorem, there exists a unique continuous solution y of problem (9.2)), (9.4) on
[0, 8]. Since there is no singularity on [0, 1], we can use the classical theory to extend
the solution contributions Ny and Zy to [0, 1]. Moreover, the existence and uniqueness
of the solution contribution Sz € C[8, 1] of regular equation (9.2)) subject to Sz(1) = Sn
follows from the classical theory. Therefore, we choose ¢ such that S¢ = Sz(0) and
we put Sy := Sz on [§,1]. Altogether, Sy(8) = Sz(8) and Sy is the second solution
contribution defined on [0, 1].

0

In order to discuss the solvability of (9.1)), we first provide equivalent form of repre-
sentation of the solution of (9.2), (9.3).

Lemma 9.7 Let us assume that f € C|0, 1] is such that Zf satisfies (8.31)). Moreover, let
M € C[0,1] be given in such a way that the projection ZM satisfies condition (8.33),
and n € R". Then, BVP (9.2)), (9.3) is equivalent to (9.2)) subject to the boundary
conditions

Hy(0) = 0, M(0)Ny(0) = ~Nf(0), Py(1) = P,
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where

1 1
=Nn+R / s MO r(5)ds+R / s MO~ p1(5)y(s) ds.
0 0

Proof: Let u be the unique continuous solution of (9.2), (9.3) given by Lemma
Then y = Ny + Sy + Zy, where

N/ 051 f(st) ds—l—N/ O 5= (M(st) — M(0)) y(st) ds =

NMO) /0 5O £(5) ds + NeM( / MO (A1(5) — M(0)) y(s) ds
Sy(r) = Mg 4 M0)g /1 5O £(5) ds +MO)g / 5) — M(0)) y(s) ds,
Zy(t) = MORn + 7 /0 MO por) ds+ Z / MO (3 (st) — M(0)) y(st) ds.

0

First, we rewrite terms in Zy(t), ¢ € [0,1]. To this aim, we use the shorthand notation

(1) = 1) + (M(1) — M(0))10) then
zwo:Rn+zA¥”mh*mmwn»m:Rn+mW®A%4“%%@ﬂwms
= R+ MOR [ MO Ty (5)) s+ MO [ MO (5, 0(5)) as
= R+ MOR [ 57O T, (3(5)) s+ MO 5 MO (5, 5(5)) .

Finally, we obtain
Zy(t) = Rij 4 tM( / MO £ (5) ds + M H/ MO £(s) ds
RAs44—<M@wwﬂmwume O [ MO (4 (5) — M()y(5) .

where

1 1
=1 —|—R/ s MO g(g) ds+R/ s MO=Tp1(5)y(s) ds.
0 0

Recall that P = S+R, Q = N+ H, Z = R+ H and note that Sfj = S, t"OR = R.
Consequently, the solution y € C[0, 1] of (9.2)), (9.3)) has the integral representation:

t t
y@:m@memm/sM@Iﬂgm+m@g/sM@1ﬂgm
1 0

(O)Q/Ot —M(0)—1 (M(s) —M(0)) y(s)ds,



and satisfies the boundary conditions
Hy(0) = 0, M(0)Ny(0) = =N f(0), Py(1) = P7.

The reverse statement can be proved analogously.

Remark 9.8 The function

tM(O)H/t s MO 5y ds = MO M) /1 s MO (1) ds,
0 0

is continuous on [0, 1]. In order to see this, we again use functions z,, and z.. given by

(8:13) and (8.16). Due to (8.7), (8.30), (8.31), and (8.33)), we have

1
lm [(In)"2s(1) — (1n1) 20 (1) < [l ()] Yim [ [s] 5% ds =0
m—»oo m—oo ()

for k € Ny. Since each entry of the matrix M Ht=" is a sum of terms const. (Int),
k € Ny, the continuity result follows. Moreover,

MO) gy [ —M(O)—1
Y H | s M(s)y(s)ds
0

is continuous for y € C[0, 1]. This can be proved by similar arguments as in the proof

of Theorem [8.1§| by virtue of Remark [8.T]and (8.35)).

By means of results stated in Lemma[9.6|and Lemma[9.7, we can proceed to the general
boundary conditions

Boy(0)+B1y(1) = B. 9.5)
Let y be a solution of (9.2). Clearly, the conditions

Hy(0) =0, M(0)Ny(0) = —Nf(0)
are necessary for y € C|0, 1]. Furthermore, the m = rank P conditions

Py(1) =P7)

need to be specified to ensure the uniqueness of the solution. The question whether
this solution satisfies boundary conditions (9.5) is answered in the next theorem.

Theorem 9.9 Consider BVP (9.1)), where the inhomogeneity f is given in such a way
such that f € C[0,1] and Zf satisfies (8.31). Let the coefficient matrix M € C[0, 1]
be such that its projections ZM satisfy condition (8.35). Moreover, let By, B € R™*",
B € R™, m =rank P, and the m x m matrix BoR + B P be nonsingular. Then, BVP (9.1)
has a unique continuous solution y € C|0,1]. This solution satisfies two sets of initial
conditions,

Hy(0) =0, M(0)Ny(0) = —=Nf(0)
which are necessary and sufficient for y € C[0, 1].
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Proof: For the further investigations we provide an alternative representation of a gen-
eral continuous solution of system by means of the superposition principle. Let
¥ be the unique particular solution of (9.2)) subject to boundary conditions

H5(0) =0, M(O)N§(0) = ~Nf(0), P5(1)=0.

According to Lemma[9.7] the particular solutions y exists, is unique and continuous on
[0, 1]. Moreover, let Y be the unique continuous n x m fundamental solution matrix of
the homogeneous system

Y'(r) = A@Y(z), re(0,1],

with Y (1) = P, where P is the n x m matrix consisting of the linearly independent
columns of P. The existence of continuous solution matrix follows from Theorem [9.3]
Then a general continuous solution of system (8.1) had the form

y(t)=3(t)+Y(t)a, t €[0,1],
where o € R™.

We turn to the general boundary conditions specified in (9.1)), where By, B € R™*",
B € R™, and m = rank P. Since Hy(0) = 0 and lim,_,o™S = 0, we conclude from the
above solution representation y(0):

y(0) = (H+P+N)y(0)=(P+N)[H(0)+Y(0)ox) = (P+N)y(0)+PY(0)cx
= (P+N)5(0)+ (R+S)Y (0)ax = (P+N)3(0) + Rox.
Moreover, from Py(1) = 0 and 1S = §, we deduce
y(1) = (Q+P)y(1) = (Q+P)(F(1) +Y (1)) = Q5(1) + (Q¥ (1) + P)a = Q5(1) + Par.
After substituting y(0) and y(1) into the boundary conditions (9.1)), we obtain
Boy(0) +B1y(1) = By ((P+N)5(0) + Ro) + By (Q5(1) + Pa) = B.

Thus,
(BoR + B\ P) oe = B — By(P5(0) +N3(0)) — B1Q5(1),

and the unknown vector & can be uniquely determined if the m X m matrix
B()ié + B p
is nonsingular. This completes the proof. 0

Remark 9.10 The smoothness results y € C"[0, 1] follow by applying the smoothness
results derived separately in Sections and for components of the solu-
tions associated with eigenvalues with negative real parts, positive real parts and zero
eigenvalues, respectively.
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10 Numerical analysis

We are interested in analysing the convergence properties of the polynomial colloca-
tion as a numerical approach to solve singular problems

V(1) = A@y(z) + @ e (01], (10.1)
Boy(0)+Byy(1) = B, (10.2)

stated as problem in Section[7.2]and problem (9.1)) in Section9.2] The decision to
use collocation is motivated by its advantageous convergence properties for (7.4)). The
collocation does not suffer from order reduction in the presence of singularities. For
problems with smooth solutions, the convergence order is at least equal to the so-called
stage order of the method. For the collocation schemes, this convergence results mean
that the global error of a collocation scheme with k inner collocation points is O(4¥)
uniformly in ¢.

10.1 Collocation method

We introduce a class of collocation methods applied to approximate solution y of prob-
lem (T0.1), which we assume to be uniquely solvable in C[0, 1]. We first choose
I, k € N and discretize problem (10.1)), (10.2)). To this aim, the interval of integration
[0, 1] is partitioned by an equidistant mesh A,

A={0=r<n<..<ti1<ty=1, tj=jh, j=0,....,I=1/h},
and in each subinterval [t;,7;,1] we introduce k equidistantly spaced collocation nodes

tip:=tj+uwh, j=0,....1—-1,1=1,....k,where 0 <u; <... <u < 1. The computa-
tional grid including the mesh points and the collocation points is shown in Figure[10.1]

I I
o tj Tit1 1

N————
h

Figure 10.1: The computational grid

By Z% 5, we denote the class of piecewise polynomial functions which are globally
continuous on [0, 1] and reduce in each subinterval [¢;,7;4] to a polynomial of degree
less or equal to k. We approximate the analytical solution y by a piecewise polynomial
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function p € & 5, such that p satisfies system (10.1) at the collocation points,

t:
p(tjl):f§ﬂ>7 I=1,...;k, j=0,....,]—1,

Jl Jl

M(tj)

Pt —
the boundary conditions

Bop(0)+Bip(1) =B,
and the continuity relations,
pj—1tj) = pj(t;), j=1,....1—1,
where p(t) := p;(t), t € [tj,tj+1].
For the subsequent analysis, we assume M € C'[0, 1] which yields
M(t) =M(0)+tD(t), t €[0,1], D € C[0,1]. (10.3)

Moreover, if M(0) has eigenvalues with positive real parts, we assume that the smallest
positive real part o > 1. This does not mean a restriction of generality since using the
transformation t = T, u > 1, we can enlarge the smallest positive real part according
to 64 = uoy, where 65 is the smallest positive real part of the eigenvalues of the
transformed system, see Section TVP with small positive eigenvalues.

10.2 Convergence results

In this sections, we first discuss the convergence of collocation schemes of IVPs and
TVPs. Then, we generalize these results to general BVPs.

Convergence of the collocation scheme for IVPs

Here, we restrict our attention to the class of singular BVPs which can be equivalently
expressed as a well-posed IVP, where all boundary conditions are posed at t = 0. In
this case, we have to assume that the matrix M(0) has only eigenvalues A := ¢ + ip,
with nonpositive real parts, and if ¢ = 0 then A = 0. These restrictions are necessary to
ensure the existence of a well-posed IVP, see assumption A.1 in Section9.1] Let H and
N denote projections onto the subspace spanned by the principal eigenvectors associ-
ated with zero eigenvalues and the subspace spanned by the eigenvectors associated
with eigenvalues with negative real parts, respectively.

The underlying IVP has the form

M@)oy, SO
t

t

y(t)= y(t)+=—=, Boy(0) =, Hy(0)=0, M(0)Ny(0)=—Nf(0), (10.4)
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where By € R"™*", B € R™, and rank R = m < n. Note that conditions Hy(0) = 0 and
M(0)Ny(0) = —Nf(0) are necessary and sufficient for the analytical solution of (7.5)
to be continuous, see Theorem[9.2]

Collocation methods for linear problems with a smooth inhomogeneity are studied
in [46], where in particular, the unique solvability of the collocation scheme and its
convergence properties are shown. For the reader’s convenience we recapitulate in
the next theorem an important auxiliary result from [46] required in the subsequent
investigations.

Lemma 10.1 (Theorem 4.1 in [46]]) Let us consider the collocation scheme,
C jl

M(t;
(mp@ﬂzMﬂmﬁyl:Luwhj:Q“J—L p(0) = §, (10.5)
J jl

p'(tj) —

where u,v € {0,1}, M € C'[0,1], § € R" and cj are arbitrary constants. Then prob-
lem (10.5) has a unique solution p € Py, provided that h is sufficiently small. This
solution satisfies

p(0)] < const. (3] + ()| M(0)8] + 1n(h) "4=)+¢;) 1 € [0,1],

where d is the dimension of the largest Jordan box of M(0) associated with the eigen-
value A =0,

(1), = x, x>0,
Y+7V0, x<o,

and
C;= max max |cj|.
0<j<I-11<I<k
By using Lemma [10.1] we can formulate the convergence result for the collocation
method applied to IVP (10.4). For the convergence analysis, we rewrite (10.4) to
obtain a more convenient form,

—y(t) = T IS (07 1]7 y(O) = 57 (106)
where

ByS=f, HS8=0, M(O)NS=—Nf(0). (10.7)

In Theorems [8.6] and [8.18] conditions on data functions for the existence of a unique
solution y € C¥*1[0, 1] of problem (T0.6)), are given. To avoid repetition of all
these conditions, we simply assume that the analytical solution y € C¥¥1]0, 1] in the
theorem below.
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Theorem 10.2 Let us assume that y € C*T1[0,1] is the unique solution of problem
(10.6), (10.7) and M € C'[0,1], f € C[0,1]. Let the function p € Py, be the unique

solution of the collocation scheme,

MI(t: :
<tf)p(zj,):f§tj), I=1,...k, j=0,....1—1, p(0)=34.
J

Pt i) —
jl

Then
|p—y| < const.h*.

Proof: To prove the convergence of the collocation scheme applied to solve IVP

(10.6), (10.7)), we first define an error function e € Py,
y)=y@y)—p'@y), [=1,....k, j=0,....1—1, €(0):=0, (10.8)

and show that the error function e differs from the global error p —y by O(h¥) terms.
Clearly, since the function ¢'(r) belongs to Z%_ 5, it is uniquely determined by its
values at k distinct points in each subinterval [¢;,7;11], j=0,...1—1,

(1) = izi (t;’f) Y (6) = P'(0), 1 € (tt01)
i=
where
Li(t)=w)/ ((t —ui)W (w)),i=1,....k, w(t)=(t—wu1)(t—uz)--(t —ug). (10.9)
For y € C¥1[0, 1], the interpolation error is O(k*) and hence,
&) = ()~ /(1) + O ()

which by integration on [0,¢] yields

e(r) = ¥(t) — plt) + O(H¥r), 1 € [0,1],

which means that e differs from y — p by O(/*) terms. Moreover, we see that e satisfies
the collocation scheme:

=y (tj) — Mt(;ﬂ)Y(tj )— (P/(ljl) - Mt(;jl)l?(tjl)> — Mt(;j ! O(t;1h*)

fi)  fQp) M)

tj tj tj
=O0M(0)K"), e(0)=0.
According to Lemma 10.1] with g =0, v =0, and c;; = O(h*), we conclude that the

error function e = O(h*) which together with e(t) = y(t) — p(t) + O(h¥) yields the
estimate for the global error ||p — y||. O

O(tjih*) = O(M(0)K* + ;D (1))
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The especially attractive property of the collocation is the so-called superconvergence.
For regular ODEs and suitably chosen collocation points (Gaussian, Lobatto, Radau),
the superconvergence order in the mesh points can be considerably higher than k, pro-
vided that the solution y is sufficiently smooth. For Gaussian points the superconver-
gence order is O(h?¥). For singular problems considered here, the superconvergence
order cannot be expected to hold, in general. Counterexamples in [46] show that the
superconvergence order does not hold even for singular problems with a smooth inho-
mogeneity. However, the so-called small superconvergence uniform in ¢ can be shown,
see the next theorem. The main prerequisite for the proof is the property

1
/0 w(s)ds =0 (10.10)

which holds for an appropriate choice of the collocation points and w from (10.9).

Theorem 10.3 Let us assume that the solutiony of (10.6), satisfies y € CK2[0,1].
If (10.10) holds, then the estimate for the global error given in Theorem [[0.2] can be
replaced by

1p—y| < const. | In(h)| @D+

Proof: Let us consider again the error function e defined in (10.8)). Due to the smooth-
ness assumptions made for the solution y, we have for j =0,...7—1 and /; from (10.9)),

We integrate ¢’ on [0,¢], 7 € (¢},¢;11], and use (10.10) to obtain

Ty liv1 s—1;
e(t) =3(0) = p() + T, 1) [ (1) o
i=0 " 1

+ h—ky(kﬂ)(tj) /ttw (S _tj) ds+O(tht ) = y(1) — p(t) + O(K*H1).

k! h
This implies
¢ (1)~ ety
=y(tj1) — Mt(;jl)y(ljl) - (Pl<ljl> - Mt(jtlﬂ)P(tjl)) - %O(hk“)
M(tj) M(0)

_ _To(hk+1) -0 (Tthrl) _|_0<D(tjl)hk+1)

=0 (th“) , e(0)=0.

l‘jl
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According to Lemma(10.1} with g = 1, v =1, and c;; = O(h*"!), we conclude
le(1)| < const. (|1n(h)|<d—1>+h’<+1) ,

and thus,
lp— |l < const. <|1n(h)|(d—1)+hk+l> ‘

Convergence of the collocation scheme for TVPs

In order to study convergence for TVPs we assume that all eigenvalues of matrix M (0)
have nonnegative real parts and if zero is an eigenvalue of M(0), then the associated
invariant subspace is assumed to be the eigenspace of M(0), c¢f. assumption A.2 in
Section@ Under these assumptions, we study the TVP

f()

My(t)—f—T, t€(0,1], Byy(1) =08, (10.11)

t

Y(t) =
with By € R, B € R", stated as problem in Section

The existence and uniqueness of the respective collocation solution was already stud-
ied in [68]]. The next lemma covers the case of TVPs with constant matrix M (0) which
has only eigenvalues with positive real parts.

Lemma 10.4 (Lemma 3.2 [68]) Assume that all eigenvalues of M(0) have positive
real parts and M € C'(0,1]. For a € {0,1} and arbitrary constants cj;, there exists a
unique polynomial function p € &y, which, for any 0 < b < 1, satisfies

M(0 Ci] .
p'(tj): _l)p(tﬂ)+t+x, pb)y=7v,j=0,...1—-1,1=1,...k. (10.12)
J ji
Furthermore,
T < ) 1o i=0,...1—1.
1Pl 03X |p(s)| < const. (|| +1;,{Cr), j=0,...1—1

Remark 10.5 In the case when the matrix M(0) has zero eigenvalues and the as-
sociated invariant subspace coincides with the eigenspace of M(0), for a € {0,1},
0 < b <1, and arbitrary constants c;;, there exists a unique collocation polynomial
pE f@kﬁ such that

Cjl .
p’(tj):tia, pb)=y, j=0,...01—-1,1=1,...k
jl

and

Iplls;,, < const.(|Y|+1Cr), j=0,...1—1.
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Consequently, for the matrix M (0) whose spectrum consists of eigenvalues with posi-
tive real parts and zero eigenvalues with the same algebraic and geometric multiplicity,
there exists a unique polynomial function p € &, satistying (10.12). Furthermore,

1— .
10y, < const. (17| +158C)), j=0,...11.

Lemma 10.6 Assume that M € C'[0,1]. Then for a sufficiently small h, for o € {0, 1},

and arbitrary constants cj;, there exists a unique collocation polynomial p € Py,

which satisfies

Mty Ci .
<_lf)p(tﬂ)+tia, p()=y, j=0,...01-1,1=1,...k
J jl

pty) =

Moreover,
|pll < const. (|| +Ci).

Proof: First, let us note that the classical theory yields the existence and uniqueness
of a collocation solution r on the interval [f}, 1], #; = h. In order to show the exis-
tence of the solution on [0,#;] for & small enough, we rewrite the collocation problem
as an operator equation p = J#'q, & : P p[0,t1] = Pk 4[0,11], where p is defined
for g € P 4[0,11] as the solution of the related collocation scheme with the constant
coefficient matrix M(0),

M0 C
P ) = 2 plar) + Dltn)glio) + %, plon) = ) 1= 1k
0!

where D is specified in (10.3). We now show that for a sufficiently small /4, the oper-
ator % is a contraction on & ;(0,#] and therefore, the Banach Fixed Point Theorem
can be used. Let g1, g2 € P ;4[0,11]. Then J# g1 and % ¢ are solutions of the collo-
cation schemes with ¢ = ¢ and ¢ = ¢q», respectively. Therefore, v := # q; — # q is
implicitly defined as the solution of the collocation scheme,

V/(l()l> = Zwt(()f)) V(t()l) —I—D(l()l) ((]1 (l‘()l) — Q2(t01)) , V(l‘]) = O, [ = 1, .. .k,

According to Lemma[10.4]and Remark [10.5]
| a1 — X q2|ly, < const.h||D|,|lq1 — q2l|s, -
For a sufficiently small & = 1, the estimate

const.t; |D||;, =1L <1
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holds and thus, %" is a contraction on 2 ,[0,t;]. Consequently, the Banach Fixed
Point Theorem ensures the existence of a unique fixed point

pP= %p in gzkvh[ovtl]‘
Moreover, the estimate
1Pl < const. (|r(e)|+11 [ pll 1Pl +17C1),

holds, and thus
1 _
Pl < 7= const. (|r(en)| +1{~C),
where Cj := max<;<¢ |co;|. By using the classical theory, we extend the estimate to

the whole interval,
[Pl < const.(|y|+Ci).

]

We recapitulate the results of this section: Providing that 4 is sufficiently small, there
exists a unique collocation polynomial p € &7 j, satisfying

M(t) (1—t'1)C'l
pty) = —Lopty) +—L—L
jl Iji
M(tj) cji .
= —Lpty)+-L—cy, p(1)=7v, j=0,...0I-1,1=1,.. .k
lj[ tjl

and
Ipll < const.(|yl+Ci).
We are now able to formulate the convergence result for the TVPs. We consider the

TVP in the form
v =20+ 70 e 1y = 5, (10,13

where B16 = 3.

Theorems [8.12] [8.18] and Remark [8.19] yield conditions for the existence of a unique
solution y € C**1[0, 1] of problem (T0.13). We avoid repetition and assume that y €
san [0, 1] holds in the subsequent convergence analysis.

Theorem 10.7 Let us assume that M € C'[0,1], f € C[0,1] and y € C*1[0,1] is the
unique solution of (10.13)). Let the function p € Py, satisfy the collocation scheme

Ml(t: .
Ojl)p(tjl)-i-fitﬂ), p(l)=9, j=0,...1—-1,1=1,...k.

Jl Jl

ptp) =

Then, provided that h is sufficiently small,
|p— || < const. hk.
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Proof: Let us define an error function e € &, as follows:

ety) =y ty)—p(ty), j=0,....1—1,1=1,... .k, e(1)=0.

Since the function e belongs to &_ , it is uniquely determined by
/ k I—1\ /
¢ (t) - le T y (tji) -Pp (t)7 re (tj7tj+1]a
i=1

where [; are specified in (T0.9). For y € Ck*1]0, 1] the interpolation error is O(h¥) and
hence, ¢/(t) = y'(t) — p'(t) + O(h*). By integration over [¢, 1] we obtain

e(t) = y(t) = p(t) + (1 —1)O(H").

Moreover, we see that e satisfies the collocation scheme

el(tjl) - 0 e(tjr)
= y(tj) — Mt(;ﬂ)Y(tﬂ) - (P/(tjl) - M:]Zjl)P(tjl)) - Mt(;ﬂ) (1—1t;)0(H")
M(tj)

- t.ﬂ (1—1;)0(K*),  e(1)=0,
J

and Lemma [10.6|finally yields,
lle|| < const. || M||O(K¥).

Consequently, ||y — p|| < const. h*. O

Convergence of the collocation scheme for BVPs
In this section, we generalize the convergence results derived for IVPs and TVPs to
the general BVPs (10.1)), (10.2):
M(t f(t
(0 ="y 4 10 e o),
Boy(0) +B1y(1) = B,

We allow the spectrum of the matrix M(0) to contains both, eigenvalues with nonpos-
itive and nonnegative real parts. By Lemma [9.6| and Theorem [9.9] the above BVP is
well-posed if and only if the boundary conditions (10.2)) can be equivalently written in
a separated fashion,

Hy(0) =0, M(0)Ny(0) = =Nf(0), Ry(0) = Rn, Sy(1) =S (10.14)
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and therefore, we can restrict our attention to the problem (10.T)), (I0.14). First, we ex-
amine the existence and uniqueness of a solution of the associated collocation scheme

M(t; t;
(ﬂ)p(tﬂ)Jrfg”), j=0,...0—1,1=1,...k

jl jl
Hp(0) =0, M(0)Np(0) = —Nf(0), Rp(0) = Rn, Sp(1) =Sn

pl(tj) =
(10.15)

and then we prove that this scheme converges with the classical stage order.

Theorem 10.8 There exists a unique solution p € P, of the collocation scheme
(T0.15) provided that h is sufficiently small and M € C'[0,1], f € [0, 1]. This solution
satisfies

Il < const. (71+ (M) 171+ (k) [+ DI

where d is the dimension of the largest Jordan box of M(0) associated with the eigen-
value A = 0.

Proof: In order to show the existence and uniqueness result for p, we study the fixed
point equation p = % (q), # : P — Pr.n, Where p is defined as a solution of the
related collocation scheme with the constant matrix M(0):

M(0 fij) .

S )p(tij) —|-D(tij)q(l‘ij) + E"l.j), j=0,...1—1,1=1,...k,

ij tj

P(t)) =

subject to boundary conditions (10.14). In order to decouple the above scheme, we
introduce new variables,

v(ty) =E 'p(ty), Q(ty) =E~'D(ty), g(ty) =E " f(t),

where J is the Jordan canonical form of M(0) and E is the associated matrix of the
generalized eigenvectors of M(0). Then, the decoupled system reads:
J t
V/(tj ) = Ev(tﬂ> +Q(tjl>q(t]l) + ggjll) ,J= 0,...1—1, I = L.. 'k7
J J
JVN(0) = —VNg(0), VZ(0) = E~ 'Ry, VSv(1) = E~ sy,

where
JN 0 0
J=1 0J%20
0 0JS
and
™Moo 000 000
vN=1l o000 |, vZ=|0F0|,vS=|000
000 000 007"
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Here, JY is the Jordan block of dimension rank N associated with the eigenvalues with
negative real parts, JZ is the Jordan block of dimension rank H + rank R associated with
zero eigenvalues and J¥ is the Jordan block of dimension rank S associated with the
eigenvalues with positive real parts. The matrices I, IZ, and I’ are identity matrices
of corresponding dimensions.

We can split the discrete system into an IVP, governed by the blocs JV and JZ, associ-
ated with the negative real parts of eigenvalues of M(0) and zero eigenvalues of M(0),
respectively, and into a TVP, governed by the block J3, associated with the positive real
parts of eigenvalues of M(0). After applying Lemma[10.1]to the IVP and Lemma([10.6]
to the TVP, we conclude the existence of a unique collocation solution p of (10.15)
which satisfies

Il < const. (Iyi=+n(h) 1M (0) Iy + ([ In(r) [+ D111

]

In the next theorem, we formulate the convergence properties of the collocation solu-
tion p to the general BVP (10.13). The proof relies on the techniques developed in
Theorem 3.1 [68] for nonlinear problems with smooth inhomogeneities. Therefore,
we only discuss the main ideas of this technique and give an outline of the proof. We
refer to [68]] for further technical details. Note that here, the situation is easier than in
[68]] since we deal with a linear problem.

Theorem 10.9 Let us assume that y € C¥*2(0,1] is the unique solution of the BVP
(T0.1), (T0.14), f € C*T1[0,1], M € C**2(0,1], and o4 > k+2. Let p € Py, be the
unique solution of the collocation scheme (10.15). Then,

|p— || < const. hk.

Proof: The main idea of the proof is to derive a representation for the global error
p —y of the collocation solution p at all pointtﬂ, j=0,...1-1,1=1,...k+1,

plti) = y(tj) +e(ty)h* +r(ty), (10.16)

where y is the exact solution of (I0.1I), (10.14), e € C[0,1] and r € F . After some
tedious calculation cf. Section 3.2 [68]], we arrive at the following relation for ¢;;, j =
0,...1—1,1=1,...k+1,

Pti) =y (tp)+e (tp)h* +7(ty)

1
_ o’ k+1) (. VHE 4 (1 "YO(KREH!
T PO (1 )00 ),
! For technical reasons the mesh is restricted to u; < 1 and u; := 1.

137



where Q(¢) :=IT-1 | (t — p;). We substitute (T0.16) into the collocation scheme (T0-13),

M(tjz)p(tﬂ)Jr fgfjl)’

Jl Jl

pty) =
and obtain

1
Y (i) + € () +r (1) — WQ/(PI)Y(HI)(UI)MJF (1+le" o)
M(t; f(t;
= M (y(tﬂ) +€(tjl)hk+l’(ljl)> + M,
Lt Ll
or equivalently,

1
e (tj)h* +7 (t;) — WQ/(PZ)y(HI)(Zﬂ)hk +(L+ "o )
M(tj)

= =2 (el +r(t))

Jjl

since y is the exact solution. To determinate a relation defining e, we collect all terms
multiplying /¥ and obtain,

M(t; 1 .
€l(tjl) = %e(l‘jl)—%mgl(pl)y(k+l)(lj), ] = O,I— 1, [ = 1,...]{,
! (10.17)

He(0) =0, M(0)Ne(0) =0, Re(0) =0, Se(1) =0,

on noting that y**1) (¢ ;) ik = y*+1)(¢,)hkF +- O (K1) holds.

The relation for r follows by collecting all remaining terms,

M(tr)

F(ty) =
Jjl

Hr(0) =0, M(0)Nr(0) =0, Rr(0) =0, Sr(1)=0.

r(ti)+ 1+ e hoH*), j=0,...1—1,1=1,...k
(10.18)

We now construct an analytical BVP related to (10.17)) whose solution is e € C[0, 1],

1
t t
Melt)+ i)
He(0) =0, M(0)Ne(0) = —Nf(0), Re(0) =0, Se(1) =0,
where g = g(t), t € [tj,tj+1], j=0,...1—1, is an appropriate, piecewise polynomial
function satisfying g;(j;) = Q' (p)y**V(t)), j=0,...1—1,1=1,...k. Therefore,
the function e is also piecewisely defined. The fact that the above BVP has a unique

solution e € C[0,1]NC*2[t;,t,11], j=0,...1 — 1, follows from Theorem 2.2 [68].
Moreover, note that ||e”||/**! = O(K).
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It follows from Section 3.1 [68]], that there exists a unique solution r € &, j, of problem
(10.18)) such that
||”Htj+1 < Tj+10(hk), j=0,...1—1.

We combine the results for e and r to show the final result. Let E be a piecewise
polynomial function of degree less or equal k such that

E(ty):=p(ty)—y(ty), j=0,..1—=1,1=1,...k+1.
Then,
A .
E(t)=p(t)— Z li <T> y(tji)7 IS [tj,l‘j_H], j=0,...1—1.
For y € C¥2[0, 1] the interpolation error is O(h**!) and hence,
E(t) = p(t) —y(t) + O(HY, t € [t;,1j11], j=0,...1—1.

On the other hand, from the error representation (10.16), E(t;;) = e(tji)h* +r(t;),
te€(tj,tiy1], j=0,...1—1, and therefore,

kill (t—tj) () kfl (t—t,)< tji)hk+r(tjj)>

—hkkill< )z,,)+r() (10.19)

Since e € CK™2(t;,t;11), the interpolation error is O(h*™1) and thus,
E(r)=H <e(t) n o<hk+1)) () = i (0(1) n 0(hk+1)) +O(H) = O(hb),

for t € (tj,tj+1), j =0,...,I — 1, For the subinterval endpoints, t = t;,|, we have
from ((10.19))
k+1
E(tjy1) = h* Zl e(ti)+r(ti) =0, j=0,...1—1,

and finally, fort =0, j =0,

k+1
E(0) :=HmE(t) = h* Y 1:0)e(to;) + r(to;) = O(H*).
(0) tg% Z (to:) + r(to;) = O(h")
Altogether, E = O(h*) in [0, 1] and the result || p — y|| = O(K*) follows. O

Note that the condition 6 > k-+2 does not impose a restriction of generality, see Sec-
tion [I0.3] TVP with small positive eigenvalues. Furthermore, we see from Theorem
that the eigenvalues of M(0) with positive real parts may influence the smooth-
ness properties of a solution and consequently, they may also cause a decrease in the
convergence order. Therefore the restriction 64 > k -+ 2 is natural in this context.
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10.3 Numerical experiments

In order to illustrate the theoretical results derived in the previous sections, we con-
struct model problems in the IVP, TVP and BVP setting. To calculate the numerical
results, we use the MATLAB code bvpsuite and run the code on coherently refined
meshes to compare the empirically estimated convergence orders with those predicted
by the theory.

Initial value problem

We first deal with the IVP
3 -2 1
M (t t
V6 ="y TD e (2 241 o= o
t t
2 1 0
Here
3t —2sint —4 —2t+sint +2 r—1
M(t)=| 3t>2+6t—4sint—8 —2t> —4t+2sint +4 1> +2t -2

612+ 6t —4sint — 12 —4t2 —4¢ +2sint +8 262 + 2t — 4
and

—12sin(t) +2exp(t) +sin(t) cos(t) + 2t cos?(t) — ¢t
f(t) = | —2¢*sin(t) — t?exp(t) +4exp(t) +2sin(t) cos(t) + 4t cos?(t) +2t> — 2t
—2t%sin(t) — 21> exp(t) +dexp(t) + 2t cos?(t) + 41> —1.

The matrix M(0),
—4 2 —1 110 -2 1 3-2 1
MO)=[ —84-—2]|=[221 —2 2 2-1
—128 —4 212 0 -2 1 0
has double eigenvalue A = A, = —2, and simple eigenvalue A3 = 0. The exact solution

y € C[0, 1] of the problem is given and has the form

exp(t) + sin(z) cos(?)
y(t) = | 2exp(t) +2sin(t)cos(t) +12
2exp(t) +sin(t) cos(t) + 212

Tables [10.1] — [T0.3] illustrate the convergence behaviour for the collocation executed
with equidistant and Gaussian collocation points. The number of the collocation points
k was chosen to vary from 1 to 8. However, in the simulations shown here, we report
only on the values 1 to 4 since the results for 5 to 8 are very similar. The maximal
global error is computed either in the mesh points,

1Y, —Y|a = Orggllp(tj) —y(t;)l,
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or ‘uniformly’ in ¢, ||¥}, — Y|, := maxo<i<1.000 |P(%) — y(%)|, T = ih, h = 1073. The
order of convergence and the error constant ¢ are estimated using two consecutive
meshes with the step sizes h and i/2. From the estimate of the global error, ||Y, — Y| =
O(h?) for h — 0, we have

h\? 1Yo —Ylla | 1
V,=Y|a=ch’, ||Yp—Y A:C(_) =p=In :
I | Y2 =Yl > %2 —Y]la ) In(2)

Having p, we calculate the error constant from ¢ = ||}, , —Y||a/ (%)p :

According to the experiments, the empirical convergence orders very well reflect the
theoretical findings. For Gaussian points, we observe the small superconvergence or-
der £+ 1 in the mesh points. The superconvergence order 2k in the mesh points does
not hold in general. For uniformly spaced equidistant collocation points we observe
the order k uniformly in ¢ as we have proven theoretically.

Table 10.1: IVP: Convergence of the collocation scheme, k = 2
Gaussian, mesh points equidistant, mesh points equidistant, uniform
h mvs | e [ p Tmrn | ¢ | p mv | ¢ | p

1/2 1.4e-02 | 6.8e-02 | 2.23 || 4.3e-02 | 1.6e-01 | 1.94 || 4.3e-02 | 1.6e-01 | 1.94

1/4 3.1e-03 | 1.9e-01 | 2.96 || 1.1e-02 | 2.0e-01 | 2.08 || 1.1e-02 | 2.0e-01 | 2.08

1/8 4.0e-04 | 2.1e-01 | 3.02 || 2.6e-03 | 1.7e-01 | 2.01 || 2.6e-03 | 1.7e-01 | 2.01
1/16 || 4.9¢-05 | 2.1e-01 | 3.01 || 6.5e-04 | 1.6e-01 | 2.00 || 6.5¢-04 | 1.6e-01 | 2.00
1/32 || 6.1e-06 | 2.0e-01 | 3.01 || 1.6e-04 | 1.6e-01 | 2.00 || 1.6e-04 | 1.6e-01 | 2.00
1/64 || 7.6e-07 | 2.0e-01 | 3.00 || 4.1e-05 | 1.7e-01 | 2.00 || 4.1e-05 | 1.7e-01 | 2.00
1/128 || 9.4e-08 | 2.0e-01 | 3.00 || 1.0e-05 | 1.7e-01 | 2.00 || 1.0e-05 | 1.7¢-01 | 2.00
1/256 || 1.2e-08 | 2.0e-01 | 3.00 || 2.5e-06 | 1.7e-01 | 2.00 || 2.5¢-06 | 1.7e-01 | 2.00
1/512 || 1.5e-09 - - 6.4e-07 - - 6.4e-07 - -

Table 10.2: IVP: Convergence of the collocation scheme, k = 3
Gaussian, mesh points equidistant, mesh points equidistant, uniform
h m-v | ¢ | p m-vis | ¢ [ p m-ve | ¢ [ p

1/2 2.7e-04 | 2.1e-03 | 2.99 || 2.8e-02 | 5.2e-01 | 4.19 || 2.8e-02 | 5.2e-01 | 4.19
1/4 3.3e-05 | 2.3e-02 | 470 || 1.6e-03 | 4.3e-01 | 4.05 || 1.6e-03 | 4.3e-01 | 4.05
1/8 1.3e-06 | 3.6e-02 | 4.93 || 9.4e-05 | 4.0e-01 | 4.01 || 9.4e-05 | 4.0e-01 | 4.01
1/16 || 4.2e-08 | 4.1e-02 | 4.98 || 5.8¢-06 | 3.8¢-01 | 4.00 || 5.8¢-06 | 3.8e-01 | 4.00
1/32 1.3e-09 | 4.4e-02 | 4.99 || 3.6e-07 | 3.8e-01 | 4.00 || 3.6e-07 | 3.8e-01 | 4.00
1/64 || 4.2e-11 | 4.4e-02 | 4.99 || 2.3e-08 | 3.8e-01 | 4.00 || 2.3e-08 | 3.8¢-01 | 4.00
1/128 || 1.3e-12 | 1.0e-01 | 5.17 || 1.4e-09 | 3.8¢-01 | 4.00 || 1.4e-09 | 3.8e-01 | 4.00
1/256 || 3.7e-14 | 2.3e-14 | -0.08 || 8.8e-11 | 3.8¢-01 | 4.00 || 8.8e-11 | 3.8e-01 | 4.00
1/512 || 3.9e-14 - - 5.5e-12 - - 5.5e-12 - -
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Table 10.3: IVP: Convergence of the collocation scheme, k = 4
Gaussian, mesh points equidistant, mesh points equidistant,uniform
h mevs | e [ p m-vs | ¢ | p m-v | ¢ | p

1/2 2.2e-05 | 5.1e-04 | 4.51 || 2.1e-03 | 3.9e-02 | 4.21 || 2.1e-03 | 3.5¢-02 | 4.05

1/4 9.7e-07 | 1.3e-03 | 5.22 || 1.1e-04 | 4.0e-02 | 4.22 || 1.3e-04 | 4.5¢-02 | 4.23

1/8 2.6e-08 | 1.2e-03 | 5.16 || 6.1e-06 | 3.0e-02 | 4.08 || 6.8e-06 | 3.7e-02 | 4.14
1/16 || 7.3e-10 | 9.8e-04 | 5.09 || 3.6e-07 | 2.5e-02 | 4.02 || 3.8e-07 | 3.0e-02 | 4.06
1/32 || 2.1e-11 | 8.5¢-04 | 5.05 || 2.2e-08 | 2.4e-02 | 4.01 || 2.3e-08 | 2.6e-02 | 4.02
1/64 || 6.5e-13 | 3.2¢-04 | 4.81 1.4e-09 | 2.3e-02 | 4.00 || 1.4e-09 | 2.5e-02 | 4.01
1/128 || 2.3e-14 | 1.3e-11 | 1.31 || 8.7e-11 | 2.3e-02 | 4.00 || 8.8e-11 | 2.4e-02 | 4.00
1/256 || 9.3e-15 | 9.8e-19 | -1.65 || 5.4e-12 | 2.3e-02 | 4.00 || 5.5¢-12 | 2.4e-02 | 4.00
1/512 || 2.9e-14 - - 3.4e-13 - - 3.4e-13 - -

Terminal value problem

‘We consider the TVP
2 1-1 e
M (t t
v ="y 10 e [ o1 o= e |
—1 -1 1 1/15
where

24+2t 12+t —12—t
M(t) = —26t 20— 12t 13¢
24 —24r 32 — 11t —12+12¢

2412 —12 101\ /12 2 1 -1
MO)=| 020 0o]|=[010 20 0 0
2432 —12 112 0/ \-1-1 1

and
—12exp(t) + 11

f@t)= —6texp(?)
—6texp(t) — 12exp(t) +2t1°
The eigenvalues of M(0) are simple, A; = 12, A, = 20, and A3 = 0 and the exact
solution y € C*[0, 1] reads:

exp(t) + %tls
() = texp(t)
exp(t) +rexp(t) + 5t

Tables [[0.4] - [T0.6] show the same convergence behaviour as observed for IVPs. For
equidistant collocation points the convergence order k holds not only in the mesh
points, but also uniformly in #. Also, the small superconvergence k + 1 can be ob-
served in the mesh points, when Gaussian points are used as collocation points.
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Table 10.4: TVP: Convergence of the collocation scheme, k = 2

Gaussian, mesh points equidistant, mesh points equidistant, uniform
h mvs | ¢ T p [ ] ¢ T p [[wmw] < Top
1/2 2.8e-01 | 1.3e+00 | 2.22 || 3.7e-01 | 1.0e+00 | 1.42 || 3.7e-01 | 1.0e+00 | 1.42
1/4 6.1e-02 | 4.8¢+00 | 3.15 || 1.4e-01 | 1.4e+00 | 1.64 || 1.4e-01 | 1.4e+00 | 1.64
1/8 6.8e-03 | 9.1e+00 | 3.46 || 4.5e-02 | 2.3e+00 | 1.89 || 4.5e-02 | 2.3e+00 | 1.89
1/16 || 6.2e-04 | 7.1e+00 | 3.37 || 1.2e-02 | 2.9e+00 | 1.98 || 1.2e-02 | 2.9e+00 | 1.98
1/32 || 6.0e-05 | 4.5e+00 | 3.24 || 3.1e-03 | 3.1e+00 | 2.00 || 3.1e-03 | 3.1e+00 | 2.00
1/64 || 6.3e-06 | 3.0e+00 | 3.14 || 7.7e-04 | 3.1e+00 | 2.00 || 7.7e-04 | 3.1e+00 | 2.00
1/128 || 7.2e-07 | 2.2e+00 | 3.07 || 1.9e-04 | 3.1e+00 | 2.00 || 1.9e-04 | 3.2e+00 | 2.00
1/256 || 8.5¢-08 | 1.8e+00 | 3.04 || 4.8e-05 | 3.1e+00 | 2.00 || 4.8¢-05 | 3.2e+00 | 2.00
1/512 || 1.0e-08 - - 1.2e-05 - - 1.2e-05 - -
Table 10.5: TVP: Convergence of the collocation scheme, k = 3
Gaussian, mesh points equidistant, mesh points equidistant, uniform
h mvs | ¢ T p [ ] e T p [[wmw] < Top
1/2 1.3e-02 | 1.1e-01 | 3.03 || 8.0e-02 | 1.8e-01 | 1.18 || 1.2e-01 | 2.8e-01 | 1.29
1/4 1.6e-03 | 5.8¢+00 | 590 || 3.5e-02 | 2.6e+00 | 3.11 || 4.7e-02 | 1.5e+00 | 2.48
1/8 2.7e-05 | 2.7e-01 | 4.41 || 4.1e-03 | 1.0e+01 | 3.76 || 8.5e-03 | 6.9e+00 | 3.22
1/16 || 1.3e-06 | 6.1e-02 | 3.88 || 3.0e-04 | 1.7e+01 | 3.94 || 9.1e-04 | 2.0e+01 | 3.61
1/32 || 8.8¢-08 | 5.4e-02 | 3.85 || 2.0e-05 | 2.0e+01 | 3.98 || 7.5e-05 | 4.0e+01 | 3.80
1/64 || 6.1e-09 | 8.9e-02 | 3.97 || 1.3e-06 | 2.1e+01 | 4.00 || 5.3e-06 | 6.0e+01 | 3.90
1/128 || 3.9¢-10 | 1.0e-01 | 3.99 || 7.8e-08 | 2.1e+01 | 4.00 || 3.6e-07 | 7.6e+01 | 3.95
1/256 || 2.4e-11 | 9.3e-02 | 3.98 || 4.9¢-09 | 2.1e+01 | 4.00 || 2.3e-08 | 8.7e+01 | 3.98
1/512 || 1.6e-12 - - 3.1e-10 - - 1.5e-09 - -
Table 10.6: TVP: Convergence of the collocation scheme, k = 4
Gaussian, mesh points equidistant, mesh points equidistant, uniform
h m-vs | ¢ [ p m-vs | ¢ [ p m-ve | ¢ [ p
1/2 5.0e-03 | 3.0e-01 | 5.93 || 9.6e-02 | 3.5e-01 | 1.87 || 9.6e-02 | 3.5¢-01 | 1.87
1/4 8.1e-05 | 4.9¢-01 | 6.28 || 2.6e-02 | 2.1e+00 | 3.16 || 2.6e-02 | 2.1e+00 | 3.16
1/8 1.0e-06 | 9.5¢-02 | 5.49 || 2.9¢-03 | 7.4e+00 | 3.77 || 2.9¢-03 | 7.4e+00 | 3.77
1/16 || 2.3e-08 | 3.5e-02 | 5.13 || 2.1e-04 | 1.2e+01 | 3.94 || 2.1e-04 | 1.2e+01 | 3.94
1/32 || 6.7e-10 | 2.6e-02 | 5.04 || 1.4e-05 | 1.4e+01 | 3.99 || 1.4e-05 | l.4e+01 | 3.99
1/64 || 2.0e-11 | 2.2e-02 | 5.00 || 8.8¢-07 | 1.4e+01 | 4.00 || 8.8e-07 | 1.4e+01 | 4.00
1/128 || 6.4e-13 | 6.7¢-04 | 4.28 || 5.5e-08 | 1.5¢+01 | 4.00 || 5.5¢-08 | 1.5e+01 | 4.00
1/256 || 3.3e-14 | 2.9e-13 | 0.39 || 3.4e-09 | 1.5e+01 | 4.00 || 3.4e-09 | 1.5e+01 | 4.00
1/512 || 2.5e-14 - - 2.1e-10 - - 2.1e-10 - -

TVP with small positive eigenvalues

We consider TVPs with a constant coefficient matrix to illustrate the case of eigenval-
ues with small positive real parts which leads to smoothness reduction of a solution.
To overcome this difficulty a suitable transformation is used.
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In particular, we consider the model problem:

4—-11 —1
M, t
Y(t) = —Oy(t)Jr&, te(0,1], Biy(l)=10 10 |y1)=| 7], (1020)
t t
3-11 2
where
35 -1 1 1—4¢2
My=| —-14 5-41|, ft)= 4+121n(r)
—245 8 -7 1+%1n(r) + 142
The eigenvalues of My are A; = 0.5, A, = 1, and A3 = 0 and the solution y € C[0, 1] of
(T020) is
3Vi—212—4
y(t)= | 12yt —8+4t+121n(t) — 1>
3yt +4t+5+6t>+121n(t)

As expected, in Tables and we observe an order reduction down to 0.5, due
to the fact that the first derivative y" is unbounded for t — 0. Moreover, we see that
the problem is hard to solve and the convergence is very slow — for 4 approximately
equal to 2-1073 the level of the global error ||¥}, — Y|« is approximately only 10~!. In
[121] convergence order of the collocation scheme for TVPs of the type (1.7), where
all eigenvalues of M have positive real parts, is specified. Provided that the Jordan
box associated with the eigenvalue whose real part is o is diagonal, the uniform stage
convergence order was shown to be min{ o, ,k}. This result suggests that also in case
of the model (10.20) the convergence order drops down to 0.5, ¢f. Tables and
10.8

Table 10.7: TVP (10.20): Convergence of the collocation scheme, k = 2

equidistant points Gaussian points
uniform mesh uniform
h mvi- | ¢ [ p v | ¢ T p | mr | ¢ | p
172 2.2e+00 - - 1.7e+00 - - 1.7e+00 - -

1/4 1.5e+00 | 5.4e+00 | 0.51 || 1.2e+00 | 2.4e+00 | 0.51 | 1.2e+00 | 5.4e+00 | 0.51
1/8 1.1e4+00 | 5.3e+00 | 0.50 || 8.5e-01 | 2.4e+00 | 0.50 | 8.5e-01 | 5.3e+00 | 0.50
1/16 7.5e-01 | 5.3e+00 | 0.50 || 6.0e-01 | 2.4e+00 | 0.50 | 6.0e-01 | 5.2e+00 | 0.50
1/32 5.3e-01 | 5.2e+00 | 0.50 || 4.2e-01 | 2.4e+00 | 0.50 | 4.2e-01 | 5.2e+00 | 0.50
1/64 3.8e-01 | 5.2e+00 | 0.50 || 3.0e-01 | 2.4e+00 | 0.50 | 3.0e-01 | 5.2e+00 | 0.50
1/128 || 2.7e-01 | 5.2e+00 | 0.50 || 2.1e-01 | 2.4e+00 | 0.50 | 2.1e-01 | 5.2e+00 | 0.50
17256 || 1.9e-01 | 5.2e+00 | 0.50 || 1.5e-01 | 2.4e+00 | 0.50 | 1.5e-01 | 5.2e+00 | 0.50
1/512 || 1.3e-01 | 5.2e+00 | 0.50 || 1.1e-01 | 2.4e+00 | 0.50 | 1.1e-01 | 5.2e+00 | 0.50
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Table 10.8: TVP (10.20): Convergence of the collocation scheme, k = 3

equidistant points Gaussian points
uniform mesh uniform
h mrl- | ¢ | p mv | ¢ T p [wmn | ¢ | p
1/2 1.7e+00 - - 1.2e+00 - - 1.2e+00 - -

1/4 1.2e4+00 | 4.7e+00 | 0.50 || 8.6e-01 | 1.7e+00 | 0.50 | 8.6e-01 | 5.2e+00 | 0.50
1/8 8.3e-01 | 4.7e+00 | 0.50 || 6.1e-01 | 1.7e+00 | 0.50 | 6.1e-01 | 5.1e+00 | 0.50
1/16 5.8e-01 | 4.7e+00 | 0.50 || 4.3e-01 | 1.7e+00 | 0.50 | 4.3e-01 | 5.1e+00 | 0.50
1/32 4.1e-01 | 4.7e+00 | 0.50 || 3.0e-01 | 1.7e+00 | 0.50 | 3.0e-01 | 5.1e+00 | 0.50
1/64 2.9e-01 | 4.7e+00 | 0.50 || 2.1e-01 | 1.7e+00 | 0.50 | 2.1e-01 | 5.1e+00 | 0.50
17128 || 2.1e-01 | 4.7e+00 | 0.50 || 1.5e-01 | 1.7e+00 | 0.50 | 1.5e-01 | 5.1e+00 | 0.50
17256 || 1.5e-01 | 4.7e+00 | 0.50 || 1.1e-01 | 1.7e+00 | 0.50 | 1.1e-01 | 5.1e+00 | 0.50
1/512 || 1.0e-01 | 4.7e+00 | 0.50 || 7.6e-02 | 1.7e+00 | 0.50 | 7.6e-02 | 5.1e+00 | 0.50

The remedy for this lack of smoothness due to the small size of the positive eigenvalues
of My is to make a change of the independent variable [29], = T for some u > 1.
Then y(7) := y(7#) satisfies the transformed ODE system

§(7) = A%i(r)—i—@, ce (1], (1021)

where My = uMy and f(t) = uf(t*). The eigenvalues of the matrix M, become
A= uA and therefore, the solution j of the transformed equation is smoother than
the solution y of the original one. For instance, if f € C"*2[0,1] and o < r+1,
then we can choose u such that uo; > r+ 1. Consequently, by Theorem M(ii),
j(t) = y(t*) € C"*1[0,1]. This allows the use of collocation method with higher or-
der of convergence. One can also interpret the above smoothing in terms of the mesh
adaptation — solving the ODE system on an equidistant mesh, means solving
the original ODE system on a mesh which is adequately refined close to the singular-
ity, where the solution y and its derivatives rapidly change. Consequently, we solve
(T0.21) subject to terminal conditions given in (10.20), where for u = 8,

N 28 -8 8 8 —327'0
My=| —112 40 =32 |, f(7)= 32 +87!61n(7?)
—196 64 —56 84 87!61n(7®) 4 112716

While the eigenvalues of M are A =0.5, A, =1, and A3 = 0, the eigenvalues of M,
become A; =4, A, =8, and A3 = 0. The solution of the transformed problem reads:

3t —2116 4
j(t) = | =8+ 127* + 413 + 7'01In7d® — 716
5+6710+478 +710In78 + 374
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Tables [10.9] and [10.10] show the desired effect. For k = 2 and equidistant collocation

points, we observe the O(hk) behaviour of the global error uniformly in 7, as it was the
case for a smooth IVP. For the Gaussian points we see the superconvergence O(h),
both, in the mesh points and uniformly in # which is better than expected. However,
this very fast convergence for the Gaussian points is put into the right perspective by
the data for k = 3 in Table Here, only the expected order O(A**!) uniformly in
t can be observed.

Table 10.9: Transformed TVP (10.20): Convergence of the collocation scheme, k = 2

equidistant points Gaussian points
uniform mesh uniform
h mr- | ¢ [ p e | ¢ [ p | mve] ¢ | p
1/2 5.4e+00 - - 2.1e+00 - - 1.9e+00 - -
1/4 2.3e+00 | 5.2e+01 | 1.26 || 2.3e-01 | 1.8e+01 | 3.17 | 2.2e-01 | 2.2e+03 | 3.14
1/8 6.8¢-01 | 1.7e+02 | 1.73 || 1.7e-02 | 4.2e+01 | 3.76 | 1.6e-02 | 1.3e+04 | 3.74
1/16 1.8e-01 | 3.1e4+02 | 1.93 || 1.1e-03 | 6.1e+01 | 3.94 | 1.1e-03 | 2.6e+04 | 3.93
1/32 4.5e-02 | 3.8e+02 | 1.98 || 7.0e-05 | 6.9e+01 | 3.98 | 6.8¢-05 | 3.3e+04 | 3.98
1/64 1.1e-02 | 4.1e+02 | 2.00 || 4.4e-06 | 7.2e+01 | 4.00 | 4.3e-06 | 3.5e+04 | 4.00
17128 || 2.8e-03 | 4.2e+02 | 2.00 || 2.7e-07 | 7.3e+01 | 4.00 | 2.7e-07 | 3.6e+04 | 4.00
1/256 || 7.1e-04 | 4.2e+02 | 2.00 || 1.7e-08 | 7.3e+01 | 4.00 | 1.7e-08 | 3.6e+04 | 4.00
1/512 || 1.8e-04 | 4.2e+02 | 2.00 || 1.1e-09 | 7.4e+01 | 4.00 | 1.0e-09 | 3.6e+04 | 4.00

Table 10.10: Transformed TVP (10.20): Convergence of the collocation scheme, k =3

equidistant points Gaussian points
uniform mesh uniform
h mre | ¢ [ p Tmr-[ ¢ [T p [T mre] ¢ P
172 2.2e+00 - - 1.5e-01 - - 1.5e-01 - -
1/4 2.8e-01 | 1.1e+03 | 2.98 || 3.7e-03 | 5.7e+00 | 5.29 | 4.1e-03 | 4.5e+05 | 5.18
1/8 2.1e-02 | 8.2e+03 | 3.71 || 8.3e-05 | 7.5e+00 | 5.49 | 8.3e-05 | 2.1e+06 | 5.62
1/16 1.4e-03 | 1.7e4+04 | 3.93 || 5.2e-06 | 3.4e-01 | 4.00 | 5.2¢-06 | 2.1e+03 | 4.00
1/32 8.8e-05 | 2.2e+04 | 3.98 || 3.3e-07 | 3.4e-01 | 4.00 | 3.3e-07 | 2.1e+03 | 4.00
1/64 5.5e-06 | 2.3e+04 | 4.00 || 2.0e-08 | 3.4e-01 | 4.00 | 2.0e-08 | 2.1e+03 | 4.00
17128 || 3.5e-07 | 2.4e+04 | 4.00 || 1.3e-09 | 3.4e-01 | 4.00 | 1.3e-09 | 2.1e+03 | 4.00
1/256 || 2.2e-08 | 2.4e+04 | 4.00 || 8.0e-11 | 3.3e-01 | 3.99 | 8.0e-11 | 2.0e+03 | 3.99
1/512 || 1.4e-09 | 2.4e+04 | 4.00 || 7.0e-12 | 2.2e-02 | 3.50 | 7.0e-12 | 4.6e+01 | 3.50
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Boundary value problem

Finally, we discuss the BVP

2 30 0 00 1/2
M(t t
y'(t)=¥y(l)+]¥,t€(0,1], 1 =10 |y0)+{0 00 |y1)=| 0
0 00 0-11 4/5
where
1—2t 3t —3exp(t) 3exp(t) —3
M(t)= | 2—2t 3r—2exp(t)—2 2exp(t)—2 |,
2—2t 3t—2exp(t) — 12 2exp(t) +8
I =30 130 -2 -2 30
MO =[2 -4 0]|=[120 -1 1-10 |,
2 —-14 10 121 10 0-11
and

321/2 _ 41 e exp(t) — 3tloexp(t) +3¢10 4 %exp(t) -
)= 232 =17 1 exp(r) — 2t'Oexp(r) +2¢'0+ Zexp(r) —
2t21/2 _ [_l —|—t_1 exp([) — 2tloexp(t) +2t10 + %GXP(I) +

| con| bW

The matrix M(0) has both positive and negative eigenvalues A} = 10, 1, = =2, A3 =
—1, and the exact solution has the form

12+t Texp(t) —t2exp(t) + %t21/2
y(r) = 172+ 1 Yexp(t) — 1t Zexp(t) + 55121/2
172+t Vexp(t) —t2exp(t) + 45t/ 2 +110— 1

Here, y € C'°[0,1]. In Tables [10.11} [10.12 and [10.13| the convergence order k can be
observed uniformly in 7. For this model and for the Gaussian points we observe the
superconvergence order O(h?¥). Such high order of convergence can be sometimes
observed, but does not hold in general.
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Table 10.11: BVP: Convergence of the collocation scheme, k = 2

Gaussian, mesh points

equidistant, mesh points

equidistant, uniform

h m-vs | ¢ [ p m-vs | ¢ [ p )
1/2 8.1e-02 | 3.6e-02 | -1.18 || 5.4e-02 | 1.1e-02 | -2.30 || 6.1e-01 | 1.4e+00 | 1.22
1/4 1.8e-01 | 8.5e+00 | 2.77 2.6e-01 | 2.9e+00 | 1.73 2.6e-01 | 2.9e+00 | 1.73
1/8 2.7e-02 | 6.2e+01 | 3.72 7.9e-02 | 5.5e+00 | 2.04 7.9e-02 | 5.0e+00 | 1.99
1/16 2.0e-03 | 1.7e+02 | 4.09 1.9e-02 | 9.3e+00 | 2.23 2.0e-02 | 6.8e+00 | 2.10
1/32 1.2e-04 | 1.4e+02 | 4.02 4.1e-03 | 4.6e+00 | 2.02 4.6e-03 | 6.4e+00 | 2.09
1/64 7.4e-06 | 1.2e+02 | 4.00 1.0e-03 | 4.4e+00 | 2.01 1.1e-03 | 5.7e+00 | 2.06
1/128 || 4.6e-07 | 1.2e+02 | 4.00 2.5¢-04 | 4.1e+00 | 2.00 2.6e-04 | 5.1e+00 | 2.04
1/256 || 2.9¢-08 | 1.2e+02 | 4.00 6.2e-05 | 4.1e+00 | 2.00 6.4e-05 | 4.7e+00 | 2.02

1/512 || 1.8e-09 - - 1.6e-05 - - 1.6e-05 - -

Table 10.12: BVP: Convergence of the collocation scheme, k = 3
Gaussian, mesh points equidistant, mesh points equidistant, uniform

h m-rs | ¢ [ p m-vs | ¢ [ p mev | e | p
1/2 2.6e-02 | 2.1e-02 | -0.35 || 6.7e-03 | 4.5e-04 | -3.91 || 4.2e-01 | 1.7e+00 | 2.04
1/4 3.4e-02 | 2.4e+01 | 4.75 1.0e-01 | 5.6e+00 | 2.90 1.0e-01 | 5.6e+00 | 2.90
1/8 1.2e-03 | 2.2e+02 | 5.81 1.4e-02 | 3.5e+01 | 3.78 1.4e-02 | 1.8e+01 | 3.45
1/16 2.2e-05 | 4.1e+02 | 6.04 9.9e-04 | 8.3e+01 | 4.09 1.2e-03 | 2.5e+01 | 3.57
1/32 3.4e-07 | 3.8e+02 | 6.01 5.8e-05 | 6.6e+01 | 4.02 1.0e-04 | 5.0e+01 | 3.78
1/64 5.2e-09 | 3.6e+02 | 6.00 3.6e-06 | 6.1e+01 | 4.01 7.6e-06 | 8.0e+01 | 3.89
1/128 || 8.2e-11 | 3.6e+02 | 6.00 2.2e-07 | 6.0e+01 | 4.00 5.2e-07 | 1.0e+02 | 3.94
1/256 1.3e-12 | 4.2e-10 1.04 1.4e-08 | 5.9e+01 | 4.00 3.4e-08 | 1.2e+02 | 3.97

1/512 || 6.2e-13 - - 8.7e-10 - - 2.1e-09 - -

Table 10.13: BVP: Convergence of the collocation scheme, k = 4
Gaussian, mesh points equidistant, mesh points equidistant, uniform

h m-r | ¢ [ p m-vs | ¢ [ p mev | e | p
1/2 2.8e-03 | 2.0e-03 | -0.45 || 4.0e-03 | 5.5e-04 | -2.88 || 2.5e-01 | 2.1e+00 | 3.06
1/4 3.8¢-03 | 5.4e+01 | 6.89 3.0e-02 | 6.3e+00 | 3.87 3.0e-02 | 6.3e+00 | 3.87
1/8 3.2e-05 | 4.7e+02 | 7.94 2.0e-03 | 1.3e+01 | 4.23 2.0e-03 | 8.6e+00 | 4.02
1/16 1.3e-07 | 4.7e+02 | 7.93 1.1e-04 | 1.3e+01 | 4.23 1.2e-04 | 1.6e+01 | 4.23
1/32 5.3e-10 | 5.8e+02 | 8.00 5.7e-06 | 7.5e+00 | 4.06 6.6e-06 | 1.0e+01 | 4.12
1/64 2.1e-12 | 4.1e-06 | 3.49 3.4e-07 | 6.1e+00 | 4.01 3.8e-07 | 9.1e+00 | 4.08
1/128 1.9e-13 | 1.1e-16 | -1.53 || 2.1e-08 | 5.8e+00 | 4.00 2.3e-08 | 7.6e+00 | 4.05
1/256 || 5.4e-13 | 1.5e-13 | -0.23 1.3e-09 | 5.7e+00 | 4.00 1.4e-09 | 6.6e+00 | 4.02

1/512 || 6.3e-13 - - 8.3e-11 - - 8.4e-11 - -
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Conclusion

In this thesis new contributions to the theory of singular ordinary differential equations
were presented.

In Part I, we studied the solution structure to singular nonlinear second order ODE
/
(p(0)u' (1)) +a(0)f((u(t)) =0, 1 €[0,00),
subject to the initial conditions
u(0) = ug € (Lo,L), u'(0)=0.

New existence results for escape and homoclinic solutions were obtained in Theorem
4.14] and Theorem [4.15| under the assumptions which guarantee that each damped so-
lution of the problem is oscillatory. In addition, the existence of damped solutions and
their asymptotic behaviour were derived in a more general settings that have been done
before, see Theorem @ and Lemma [@ Among damped solutions, the Kneser solu-
tions were of special interest. The existence of Kneser solutions to singular equation
(2.3) was proved in Theorems [5.5]and [5.6) provided p = g while for p # ¢ this is still
an open question.

In the general case p # ¢, a regular equation (2.3) on [a,0),a > 0, was studied. More
precisely, two classes of initial value problems were discussed,

(p(0) (1) +q(0) f((u(t)) =0, 1 € [a,),

(10.22)
u(a) =up € (0,L), 0 <u(r) < Lfort € [a,oo),

and
(P (1)) +4(0) f((u(t)) = 0, 1 € [a,e0),
u(a) =up € (Lo,0), Lo < u(t) <0fort € [a,).
It turned out that there exists a nonoscillatory solution of problem (10.22)) (and prob-
lem (10.23))), which is either a Kneser solution or a monotonically increasing solution
whose limit is L for ¢ tending to infinity, Theorem[5.16|(and a monotonically decreas-
ing solution whose limit is L for ¢ tending to infinity, Theorem[5.17).

(10.23)

In both, the regular and the singular case, we provided new asymptotic formulas in
the form of upper bounds for damped Kneser solutions and their first derivatives to the
ODE (L.I)) with regularly varying coefficients, in Theorem [6.9) and in Theorem [6.10]
respectively.

In Part II, we investigated the analytical properties of the singular BVP with a variable
coefficient matrix

=0+ L2, Boy0)+Biv(1) = B



and we achieved to generalize results obtained for problems with a smooth inhomo-
geneity. The structure of the correctly posed boundary conditions which guarantee the
existence of a unique solution y € C[0, 1] turned out to depend on the spectral prop-
erties of the matrix M(0). Therefore, we had to carry out in full details the following
three case studies, the case of only negative real parts of the eigenvalues of M(0) in
Theorem [8.6] positive real parts of the eigenvalues of M(0) in Theorem|[8.12} and zero
eigenvalues of M(0) in Theorem The main technical tool used in the analysis
was the Banach Fixed Point Theorem which turned out to be very useful in mastering
the difficulties caused by the singularity at t = 0. Then these case investigations were
used to generalize the results to the cases of general IVPs in Theorem [9.2] TVPs in
Theorem [9.3] and BVPs in Theorem [9.9]

Moreover, we analysed the collocation method applied to approximate the solution of
the above analytical problem and we derived new convergence properties. The con-
vergence behaviour was investigated separately for general IVPs, TVPs and BVPs, in
Theorem [10.2] Theorem and Theorem [10.9] respectively. We proved that the col-
location retains its classical stage order k uniformly in ¢ for a scheme with k collocation
points, provided that the analytical solutions are appropriately smooth. Moreover, for
Gaussian points the so-called small superconvergence order k+ 1 was shown to hold in
context of an IVP in Theorem[I0.3] whereas, the superconvergence order in the mesh
points, 2k for Gaussian points, cannot be expected to hold, in general. The theoretical
results are supported by the numerical experiments.

The results contained in this thesis were published in seven papers and presented at six
international conferences.

The aim of further investigations is to prove the existence of homoclinic solutions also
in the case when damped nonoscillatory solution of (I.1)), may appear. Next goal
is to prove the existence of Kneser solutions to equation with a time singularity at
a =0 and p # ¢, and to more precisely describe their asymptotic behaviour in the form
of asymptotic equivalence as ¢ tends to infinity. Furthermore, we intend to generalize
problem (I.1)), (T.2) to the problem with ¢-Laplacian

(P9 (' (1)) +q(e) f(u(t)) =0, u(0) = uo, u/(0) =0,
where ¢ is an increasing homeomorphism with ¢ (R) = R.

The aim of further study concerning the system of first order ODE is to investigate the
nonlinear problem

WiC0)

Y . ,t€(0,1], Boy(0)+B1y(l) =p.

and to prove the existence of a solution of the nonlinear BVP which we plan to publish
in an upcoming paper.
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