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Abstract

In this paper we investigate analytical properties of systems of linear ordinary
differential equations (ODEs) with unsmooth nonintegrable inhomogeneities and
a time singularity of the first kind. We are especially interested in specifying the
structure of general linear two-point boundary conditions guarantying existence
and uniqueness of solutions which are continuous on the closed interval including
the singular point. Moreover, we study the convergence behaviour of collocation
schemes applied to solve the problem numerically. Our theoretical results are
supported by numerical experiments.

Keywords: linear systems of ODEs; singular boundary value problem; time
singularity of the first kind; unsmooth inhomogeneity; existence and uniqueness;
collocation method; convergence
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1 Introduction

Singular boundary value problems (BVPs) arise in numerous applications in natu-
ral sciences and engineering and therefore, since many years, they are in focus of
extensive investigations. An important class of linear singular problems takes the
form of the following BVP:

Y (6) = ro(®) + 7(0), t€ 0.1], Boy(0) + Buy(1) = 5, (1)

where @ > 1, y is an n-dimensional real function, M is n X n matrix and f is
an n-dimensional function which is at least continuous f € C[0,1]. We are mainly
interested to find out under which circumstances the above problem has a solution
y € C[0,1]. By and B; are constant matrices and it turns out that they are subject
to certain restrictions for a well-posed problem with a unique continuous solution.
If & = 1, then we say that BVP (1) has a time singularity of the first kind, while for
a > 1 it has a time singularity of the second kind, commonly referred to as essential
singularity.

Problems of type (1), where f may depend in addition on the space variable y and
may have space singularity at y = 0, have been studied in [2, 21, 23, 24]. The analyt-
ical properties of (1) have been discussed in [9, 10], where the attention was focused
on the existence and uniqueness of solutions and their smoothness. Especially, the
structure of the boundary conditions which are necessary and sufficient for (1) to be

well-posed was of special interest. Our aim is to generalize these analytical results
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to the problem

y(t) + ==, t € (0,1], Boy(0) + Biy(1) = 3, (2)

where f € C[0,1] but f(t)/t may not be integrable on [0,1]. While for the BVP
(1) and its applications, linear and nonlinear, comprehensive literature is available,
this is not the case for problem (2). Let us add that the equation in (2) can be
obtained from the regular equation u'(x) = Mu(x) + g(z) considered on [0, 00) by
the transformation = —Int, and problems of type (2) arise in the modelling of
the avalanche run up [20]. Further, we refer to papers [3, 4, 12, 16, 22], where the
solvability of close linear singular problems is discussed. Interesting results about
well-posedness for linear boundary value problems with time singularities in weight-
spaces have been proved in [1, 13, 14, 15]. Although this framework is close to what
we are aiming at here, it is not quite complete. So, in a way our results are closing
the existing gaps. Note that analytical results which are focused on the unique solv-
ability of equation in (2) can be found in [25, 26] where, in linear case, the main aim
is to describe smooth particular solution of the equation and boundary conditions
are not investigated there. The collocation scheme proposed to solve the problem
numerically, is based on an approximation of the associated integral equation and

is less accurate than the scheme proposed here.

To compute the numerical solution of (1) polynomial collocation was proposed in
[8]. This was motivated by its advantageous convergence properties for (1), while
in the presence of a singularity other high order methods show order reductions
and become inefficient [11]. Consequently, we have implemented two MATLAB col-
location based codes for singular BVPs [5, 17]. The code sbvp solves explicit first
order ODEs [5], while bvpsuite can be applied to arbitrary order problems also in
implicit formulation and to differential algebraic equations [17]. Over recent years,
both codes were applied to simulate singular BVPs important for applications and
proved to work dependably and efficiently. This was our motivation to also propose
and analyse polynomial collocation for the approximation of the initial value prob-
lems (IVPs) (2).

The paper is organized as follows: In Section 2, we collect the preliminary results
and introduce the necessary notation. In Sections 3, 4, and 5, three case studies are
carried out, the case of only negative real parts of the eigenvalues of M, positive
real parts of the eigenvalues of M, and zero eigenvalues of M, respectively. These
results are summarized and compared with the case of smooth inhomogeneity in
Section 6. Finally, the three case studies are used to formulate the respective results
for the general IVPs and terminal value problems (TVPs) and BVPs in Section 7.
We show convergence orders in context of general IVPs in Section 8 and illustrate
the theoretical findings by experiments carried out using bvpsuite in Section 9. In

Section 10, we recapitulate the most important results of the study.
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2 Preliminaries
We are interested in analyzing the BVP

v =y + M e yeon Bwo) +Bwm =5 ©)

where M € R"*" By, B; € R™*", 8 € R™ and f € C[0,1]. Note that in general
m < n because the requirement y € C[0,1] results in additional n — m conditions
solution y has to satisfy [9].

Throughout the paper, the following notation is used. We denote by R™ and C™ the
n-dimensional vector space of real-valued and complex-valued vectors, respectively,

and denote the maximum vector norm by

ol = (a1, v0) | = max fo].

We denote by C,[0, 1] the space of continuous real vector-valued functions on [0, 1].

In this space, we use the maximum norm,

Iyl += mase ()],

and the norm restricted to the interval [0, 6], 6 > 0, is denoted by

lylls :== [nax ly(t)].

Space C?[0,1] is the space of p times continuously differentiable real vector-valued
functions on [0,1]. If there is no confusion, we omit the subscripts n and write
Clo,1] = C,[0,1], C?[0,1] = C2[0,1]. For a matrix A € C"™*™ we use the maximum

norm,

Al = [hax Z‘aﬂ

Before discussing the BVP (3), we first consider the easier problem consisting of
the ODE system

0=y + 19 e o) (@)

subject to initial/terminal conditions, i.e. we deal with the initial value problem
(IVP),

t
y(t)+$7 te (0,1, yeC[0,1], Byy(0)=23, (5)
where By € R™*", 3 € R™, and m < n, or with the terminal value problem (TVP),

y(t) +—,te (07 1]) Y€ C[Ov 1}7 Biy(1) = 3, (6)
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where B; € R"*"™ 3 € R", respectively.

Particular attention is paid to the structure of initial/terminal and boundary con-
ditions which are necessary and sufficient for the existence of a unique continuous
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. Therefore, we dis-
tinguish between three cases, where all eigenvalues of M have negative real parts,

positive real parts, or are zero.

In the first step, we construct the general solution of (4). Let us denote by J €
C™*" the Jordan canonical form of M and let E € C"*™ be the associated matrix
of the generalized eigenvectors of M. Thus,

M =EJE" (7)

Moreover, let us introduce new variables, v(t) := E~'y(t) and g(t) := E~1f(t),

then we can decouple the system (4) and obtain

By the variation of constant, any general solution of linear equation (8) is a complex-

valued function of the form

v(t) = ®(t)d + ®(t) /t @_1(3)® ds =t7d+t’ /t s~/ 1g(s)ds, t € (0,1], (9)

1 s 1

where d € C™ is an arbitrary vector and
o s .
d(t) =t := exp(JIn(t)) = Z e
is the fundamental solution matrix satisfying

@’(t):%(b(t), ®(1)=1, te(0,1],

see [7, Chapter IV]. In case that J consists of m Jordan boxes, Ji, Ja, ..., Jn, the
fundamental solution matrix has the form of the following block diagonal matrix,
t/ = diag(t”,t’2,...,t/m), where

A 1

Jk .. .. ,

Il
oyl
Il
3

(10)
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and
(Int)? (Int)"k—1
e T
(Int)"k~
0 1 Int R Gy
: . . Int
0o ... . 0 1

Here, A\, = ox+ip; € Cis an eigenvalue of M and dimJ; +dimJs+- - - +dimJ,,, = n.

The general solution of equation (4) is then given by
t
o) =t £ [ s p(s)ds, te (0,1 (12)
1
where ¢ = Ed € C" and t" = Et/E~! € C**™. Also,
(tM) = MM, e (0,1] (13)

and
T ()M = (M) = MM e 0] (14)

From the structure of matrix (11), it is obvious that the solution contribution
related to the k-th Jordan box may become unbounded for ¢ = 0. Apparently,
the asymptotic behavior of the solution depends on the sign of the real part o
of the associated eigenvalue Ag. Therefore, we have to distinguish between three
cases, 0 < 0, Ay = 0, and o > 0. We assume that M has no purely imaginary
eigenvalues to exclude solutions of the form ¢ = cos(pInt) + isin(plnt).

We complete the preliminaries by two technical remarks, which will be frequently

used in the following analysis.

Remark 1 The main focus of our investigations is on correctly posed ini-
tial/terminal conditions which guarantee the existence of continuously differentiable

solutions of (4), y € C1[0, 1]. Since logarithm terms occur in matrix (11), the relation

lim t* (Int)* =0, Ya € RT, Vk € N, (15)

t—0+

is essential when discussing the smoothness of y.
Remark 2 By integrating (14) we obtain

1 M
, =t —1I, te(0,1]. (16)

1
M/ sM-Tds = —S_M’
t
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Moreover, if M has only eigenvalues with negative real parts, then lim,_, o+ s =0

due to Remark 1, and therefore
1
/ sTMTds = (M)~ . (17)
0

3 Eigenvalues of M with negative real parts

In this section, we consider system (4), such that all eigenvalues of M have negative
real parts. 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 continuous solution of the associated IVP (5) is shown to be unique and its
form is provided in Theorem 5. In the proof of this theorem, we require the following

lemmas.

Lemma 3 Let vy > 0 and let the n X n matriz J be of the form
J= o . A=o0+ip, (18)

where 0 < 0. For o0 =0, we assume A =0 and v > 0. Then, fort € (0,1],

n—1 7

_ 77 (—Int)k
/ 57|57~ 1ds-ZZ (7~ o)t (19)

jOkO

and in particular,

1 n—1
1
\3_‘]\8‘*_1 ds = E — - (20)
/0 (= o)it!

Proof: Due to the form of J, the norm of s~/ for s € (0,1] is

n—1 n—1 ;
ST _ oA IIHS\ o N (Z1ns)
1=l Bt = S 5

By repeated integration by parts, we obtain

/(—lns)j s1—o—1 gg — 5777 (—Ins) +/ Y7o (— lns _ Z 777 (—1Ins)*

J! y—o j! y—o (- —JJ“’“
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Therefore, due to (15),

t t n— ; n—1 7 o k
S (=Ins)? 4 s777(—1Ins)
|s=7|s7 " 1ds = / ——§"77 ds = —
5=0 k=0 Ry — o)t
Clearly, for t =1
1 n—1 1
—J—1 ds =
/0 |S |S S jgo (7 — O_)j+1
which completes the proof. 0

Lemma 4 Assume that all eigenvalues of the matrix M have negative real parts.
Then

t
lim / |s™™= 1] ds = 0. (21)
0

t—0+

Proof: Let \p =0 +ipr, k=1,...,1, be eigenvalues of matrix M and Jy, k =
1,...,1, the associated Jordan boxes of M. Then s*™ = Es~/E~! where s=7/ =
diag (S_JI,S_JQ, ey S_Jl) . Therefore,

t t
lim / |s™™~1 ds < |E||[E7Y| lim / |s77]s7 ! ds.
0 t=0% Jo

t—0t

The result follows from (19) with v =0 and (15). O

Theorem 5 Let us assume that all eigenvalues of M have negative real parts.
Then for every f € C[0,1] system (4) has a unique solution y € C[0,1]. This
solution has the form

1
o) = [ M fes) ds, e 0.
0
and satisfies the initial condition

My(0) = —£(0).

This condition is necessary and sufficient for y to be continuous on [0,1]. Moreover,
if f € CT[0,1],r > 0, then y € C"[0,1], and the following estimates hold for all
te0,1]:

ly®) (1)| < const. | fP|, k=0,...,r
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Proof: The general solution of system (4) can be split into two parts

y(t) = tMc—l—tM/ts_M_If(s)ds
— M (c—/o s_M_If(s)ds) +tM/O s M1 f(s)ds
=y +up(t), te(0,1]. (22)

First, we show that y, € C[0,1]. Change of variable, u = s/t, yields

yp(t) = /0 u M= f(ut) du, t € (0,1].

Let us now introduce the functions,

Zm(t) = /11 s M=1f(st)ds, m €N, (23)
Zoo(t) = /o s~ M=Tf(st)ds. (24)

Then, by (21),

lim |200(t) — 2z ()] = lim

m—00 m—00

1 1
/ s~ M=Tf(st)ds| < || f|| lim / |sTM~T| ds = 0.
0 m=eeJo

Clearly z,(t) € C[0,1], for m € N, and hence z, is continuous as the uniform limit

of continuous functions. Consequently, y,(¢t) € C|0, 1].

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

1
¢:= c—/ s M=Tf(s)ds = 0.
0

Thus the unique continuous solution satisfying (4) has the form

1
y(t) = / sV f(styds, t e [0,1], (25)

and the estimate
ly(t)] < const. || f]], t €[0,1],

holds due to Lemma 4. This solution is uniquely determinated by ¢ = 0 and there

are no additional conditions to be imposed. Note that ¢ = 0 is equivalent to

My(0) = —f(0)

Page 8 of 41



Rachiinkova et al. Page 9 of 41

which follows from
1
y0) = [ 5 MT O ds = (M) (1M < 07M) £(0) = <M £(0),
0

according to Remark 2 and (17).
We now examine the smoothness of 3. Let f € C1[0, 1]. For the first derivative 1/,
we have from (25)

1
() = / M f(ts)ds,  |y/(1)] < const. | f'], ¢ € [0,1],

due to Lemma 3. Similarly, if f € C?[0,1], it follows for the second derivative

1
v = [ SV ) s, (0] < const 7], ¢ € [0.1).
0

Clearly, if f € C"[0,1], then
1
Yy (t) = / sr=DI=M ¢ 15y ds, |y ()| < const. || fT]], t € [0,1]
0

and the result follows. O

Theorem 5 shows that if all eigenvalues of M have negative real parts, then there
exists a unique continuous solution y of IVP (5) if and only if By = M, 8 = —f(0),
and m = n. Clearly, By has to be nonsingular. Note that for this spectrum of M a
terminal problem (6) cannot be set up in a reasonable way.

Remark 6 Interestingly, in the above case, the ODE system in (5) has a limit for
t — 0, which yields a representation for y’(0) consistent with (26). Let us consider
the solution y of (5) specified in (25). For f € C'[0,1], v’ € C[0,1] and the Taylor
expansion at t = 0 yields

V(0 = FM0) +5/(€) + 110 = (FMU0) + 110) + M/ (€),

where £ € (0,t). Letting ¢ — 0, results in

y/(0) = Jim & (My(0) + (1)) + My/(0).

t—0

Since My(0) = —f(0),

and

y'(0) = (I = M)~ f(0)

which coincides with what we obtain by evaluating (26) at ¢ = 0.



Rachiinkova et al. Page 10 of 41

4 Eigenvalues of M with positive real parts

In this section we deal with system (4) whose matrix M has eigenvalues with positive
real parts. It turns out that in this case there exists a unique continuous solution
of problem (6). Its smoothness depends not only on the smoothness of f but also
on the size of real parts of the eigenvalues of M. Before stating the main result of

this section in Theorem 9, we show the following two lemmas.

Lemma 7 Let v > 0 and let the n x n matriz J be of the form (18),
. o A= tip,

where 0 > 0. Then for t € [0,1] the function

AN
u(t) :/ <s> s77 1 ds,
t
satisfies the following inequalities:
(7) u(t) < const.t” for v < o, (26)
n—1 ;
—Int)it+!
(#) u(t) < const.t” Z (I;f) for v =o, (27)
i=0 '
n—1 ;
—nt)
(idi) u(t) < const.t” y (ﬁt) for v >0 (28)
=0 7

Proof: We discuss separately the cases vy < o, v =0, and 7 > 0.
(i) First, let v < 0. Then there exists a constant € > 0 such that o = v+ 2¢. The

term

is bounded on [0, 1] due to (15) and hence

LYoo = [ ()5 Cni s

J

IN

1
const. t“""g/ s~V ds = const. t".
t
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(ii) For v = o function u can be estimated by

/tl (i)J gy _ /t1 (Z)Ugwsv—lds

|
=
1 n—1 t\\J
_ ta/ 570'+"/71 Z (_hl(g)) ds
t =0 J!
n—1 1 n—1 i+1
—Int)? [! —Int)’"
< t"z#/ sfldsgconst.tgz%.
=0 J: t =0 J:

(iii) Finally, for v > o, we have

JUEY oo = [ (1) E S

|
=

n—1 P n—1

IN

§=0 7t 3=0 7t

d

Lemma 8 Let v > 0 and let all eigenvalues of M have positive real parts. Then
' M
S

lim u(t) =0 for v>0. (29)

t—0+

the function

s7tds, t€[0,1],

is bounded on [0,1] and

Proof: Let all eigenvalues of M have positive real parts. Then

A\ M N7
s s
Estimates (26) to (28) and property (15) imply u(t) < const.t%° for ¢ € [0, 1], where

0p = min {fy, %} > 0. This means that u is bounded in [0,1]. If v > 0, then o¢ > 0
and (29) follows. O

1
77 ds < |EHE*1|/ 577 ds.
¢

Theorem 9 Let us assume that all eigenvalues of M have positive real parts. Then
for every f € C*0,1] and every constant vector c, there exists a solution y € C[0, 1]
of (4). This solution has the form

tMetM [T s M=If(s)ds for t € (0,1],
y(t) = . (30)
—~M~Yf(0) for t=0.

If the matriz By € R™*™ in (6) is nonsingular, then for any B € R™ there exists a
unique solution of TVP (6). This solution is given by (30) with ¢ = By *j3.

—Int)d [? —Int)
t‘jzu/ s—otrl dsgconst.t"z(in).
t

Page 11 of 41
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Let f € C"2(0,1]. Then the following statements hold:

(i) y € CT[0,1] N C"+3(0,1] for 0 <r <oy <r+1.

(ii) y € CTT1[0,1] N C"+3(0,1] for o > r+ 1.

Moreover, higher derivatives of y satisfy for t € [0,1]

(i) ly® (8)] < const. (t7+F(1 + [n(t)|"me==1) 4 | f®)) for k=0,1,...,r,

(i) [y® ()| < const. (t7+ k(14 |In(t)[mmes 1) + || f®]) for k=0,1,...,r +1,
where oy is the smallest positive real part of the eigenvalues of M and Nypqy s the
dimension of the largest Jordan box in J.

Proof: The general solution of equation (4) can be written in the following form:

t t M
i) = ert [ (5 as = e 1 (t) T g5 =yt +p ). (31)

1 S
Since all eigenvalues have positive real parts, it follows from (15) that yp(t) = t"c
is continuous on [0, 1].
Now, we show that lim;_.o y,(t) exists and therefore y € C[0, 1]. Using the inte-
gration formula (16) we obtain

/ t (t)M 1O 45— m1 - 1) 4(0),

and hence
—M71f(0) = /j (Z)M @ ds — M~4M £(0).
Therefore
[ (i)M 1) go (o207 4(0) = /lt (E)M T TO) gy =12 0). (32)

Since f € C*[0, 1], there exists My € (0, 00) such that

'M‘<MO7 se0,1]. (33)

Relation (32) together with (33) yield

/ | <t>M 1 45— a1 700) ds + | (=21) M f(0)]
1

S S

<w ['|()

Since all eigenvalues of M have positive real parts, (15) implies

Moreover, by Lemma 8 with v = 1 property (29) holds and therefore,

/j (t)M @ ds — (— M)~ £(0)] = 0.

S

lim

t—0+
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Thus, lim; o+ y,(t) = (M)~ f(0) and y € C[0, 1].

It is clear from (31) that the solution y of (4) becomes unique if we specify the
constant vector ¢ € R™. Note that at ¢t = 0, y(0) satisfies n linearly independent
conditions My(0) = —f(0) for any ¢ € R™. Therefore, we have to specify ¢ via the
terminal conditions given in (6). Let § € R™ and let B; € R™*™ be nonsingular,
then it follows from Byy(1) = Bic = ( that the unique solution of TVP (6) is given
by (31), where ¢ = By '.

We now provide the estimate for y. To this aim, we utilize Lemma 8 with v =0
and the inequality

[tM| = |Et' E7| < const. [t7| < const. t+ (1 + | In(t)[mes 1),

Hence,

ly(®)] < ‘tMchtM/ltsMIf(s)ds
/lt (i)Ms_lf(s) ds
()

mmas=1) | B B| + const. || |-

IA

| M B8] +

IN

t
1M B8]+ (1] / ds

< const. t7t (1 + |1In(t)

In order to discuss the smoothness of y, we first study the general solution of the

homogeneous problem ;. Assume that 0 < r < oy < r + 1. Then, we have

yp(t) = (tMc)l = MtM-1¢,
yh(t) = (tMe)" = M(M — )M,
(

yB () = (M) = M(M =) (M = (k=)D M, k=1,...n,

and it is easily seen that y, € C”[0,1] N C*(0, 1].
We now turn to the smoothness of the particular solution of the inhomogeneous

problem y,,. First, we integrate by parts

yp(t) = tM/l sfolf(s)ds

t

M ((—M)*er(t) - - - [

1

S (s) s

(M) (th(l) ~ s+ [ LM () ds) .

Note that t™ and M~! are commutative if t¥ and M are commutative, since
tMM~1 = (Mt=™)~1, The later property will be shown in Lemma 19. Let us now

assume that f € C?[0,1]. Then, we can differentiate the above equation and obtain

Page 13 of 41
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y(t) = (M)~! <MtMIf(1)—f'(t)+MtMl/ltsMf'(s)ds—l—tMth'(t)>

ML (1) M /t s Mf'(s)ds.

1

If o4 > 1, then we argue as at the beginning of the proof (in context of y and
o4 > 0) and conclude that y, € C1[0, 1]. Moreover, the following estimate holds:

t " M
J(E) e
1 S
| f(1)|const. to 11+ |ln(t)|"r"'”“”_1) + Hf'||t_1const.t
< const. (t7* N1+ [In()[" e + 1 £]), t€[0,1].

(O] < [f(D)]eonst. t7+ 7H(L + [In(e)[" =) + | £/l

IN

This procedure can be iterated: Let f € C*[0,1], then we integrate y;, by parts and
have

t
) = O =17 () O = D) = 4 [ ) ds).
1
Differentiating the above representation of y; yields
t
yp(t)y = M)+ (M =DM ) + tM*”/ sT=M £ (5) ds.
1
If o4 > 2, then y, € C?[0,1] and the following estimate holds:

[ ()

mres 1), tefo,1].

[y (1)] (IFO]+ 1 ()[)eonst. 7+ 72(1 + [In(t)|"me—1) +

IN

< const. (t7+ (1 +|In(t)

Similarly, if f € C™*2[0,1] and o4 > 7, then y, € C"[0,1] and the following estimate
holds:

5 ()] < const. (1747 (14 [In(®) "o —1) + [ O] ), € [0,1).

For oy > r + 1, then y, € C""1[0,1] and

O] < const. (177711 4+ (O] 4 [ £HV]) Lt 0,11

It follows from (4) that if f € C"2[0,1] then y, € C"3(0,1]. Consequently, we
have y, € C"[0,1] N C™3(0,1] for r < 04 <7+ 1 and y, € C""1[0,1] N C"3(0, 1]
for o4 >r+1.

We recall: if » < oy <1+ 1 then the solution y, € C"[0,1] N C*°(0, 1] satisfies

w7 (1)] < const. 7+ (1 + |In(t)|"me="1), ¢ € [0,1].
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For oy > r + 1, we have y, € C"*1[0,1] N C*°(0, 1] and
s ()] < const.t7+ (14 [In(#)| e L), e [0, 1),

The above smoothness results for y, and y;, complete the proof. O
We recapitulate the case when all eigenvalues of M have positive real parts: For
any f € C'[0,1] and any vector 3 € R™ there exists a unique continuous solution
y of TVP (6) if and only if the matrix By € R™*"™ is nonsingular. For each contin-
uous solution y of (4), My(0) = —f(0) holds independently on ¢ € R™ from (31).
Consequently, in this case a well-posed initial problem (5) does not exist.

Remark 10 A continuous solution to (4) exists also in the case when f is not con-
tinuously differentiable in [0, 1]. However, in this case, we need some more structure
in f close to the singularity. Let us assume that

f(®) =0 (t*h(t)) ast — 0, (34)
for some constant « > 0 and a function h € C[0,6;], 61 > 0. Then, the solution

of (4) is still continuous on [0,1]. To see this note, that due to (34) there exists
a d2 > 0 such that |f(¢)| < const.t*|h(t)| for ¢t € (0,d3). Define ¢ := min{dy,do}.

Then

o= (0" B2 () o [ () 220
Moreover by (29),
NOEE

Then, according to (15), we deduce

5 M
lim y,(t) = lim (t> J(s) ds = 0.
1

t—0t t—0t S S

lim s tds =0.

t—0+

()

t
< lim const. ||hH51/
t—0t 1

Therefore, y € C[0, 1]. Note that the function f(t) = (t*1,...,t*) T, where a; > 0,
i1 =1,...,n, also satisfies condition (34).

5 Eigenvalues A =0
Finally, we consider the case when all eigenvalues of the matrix M are zero. We
begin with a scalar equation (4) which for M = A = 0 immediately reduces to

f(t
v =", (35)
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
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function, f(t) = 1. Then, any solution y of equation (35) has the following form:

y() = y(1) +/1t éds —y(1) +Int, t € (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.

Let us denote the eigenspace of M associated with the eigenvalues zero by X,
the orthogonal projection onto Xy by R, and the matrix, which consists of linearly
independent columns of R by R. We also define the projection H as H := I — R.

Before formulating the main result of this section we show the following lemma.

Lemma 11 Let us assume that all eigenvalues of the matriz M are zero. Then
fora >0

t
lim/ |s™M] s>t ds = 0. (36)
0

t—0+

Proof: Let Jg, k = 1,...,1, be the Jordan boxes of M. Then we can write
s M = Es=/E~! s~/ = diag (S_Jl, ceey S_Jl) and thus

¢ ¢
lim / |s*M|so‘*1ds§ |E||E*1|/ |s*‘]}sa*1ds.
t—=0% Jo 0

Applying (19) and (15) we obtain (36). O

Theorem 12 Let all eigenvalues of the matriz M be zero. Moreover, let us assume
that there exist a constant o > 0 and a function h € C[0,4], § > 0 such that

f(t) = O(t*h(t)) fort— 0. (37)
Then for any f € C[0,1], B € R™, and a nonsingular m x m matrizc BoR, there

exists a unique solution y € C[0,1] of IVP (5), where m = dim Xy. This solution
has the form

y(t) = R(BoR) '3 + /01 s M=l f(st)ds, t € (0,1],
and satisfies the initial condition
My(0) =0, (38)
which is necessary and sufficient for y € C[0,1]. Moreover,

ly()] < |R(BoR)~'f| + const. (|| f]| +t*|[Alls), t € [0,1],
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and ifa > r+1, f € C7[0,1], and h € C"[0,6], theny € C™1[0,1] and the following

estimates hold

k—1
ly®| < const. S ()T D5, 1 € [0,6),
7=0
k—1 ) )
[y < const. Y- (27" IRD s+ ()P0 e 51,
j=0

where k =0,...,r+ 1.

Proof:  We split the general solution of (4) into two parts y(t) = yn(t) + yp(t)
as defined in (22). To prove that y, € C[0,1], we again use the functions z,, with
m € N and 2., specified in (23) and (24). Due to (19), (36), and (37), we obtain

1
lm |250(t) — 2 ()] = lim / s Mg=1f(st)ds
m—00 m—00 0
< [R5t lim /m |s™M|s* tds = 0. (39)
m—0o0 0

Therefore, y, = 2o, € C[0,1] and y,(0) = 0 since f(0) =0 due to (37).
We now examine the continuity of

yn(t) =tV (c+ /0 sMsTLf(s) ds) = tMy),
1

cf. (22). The fundamental solution matrix is given by t* = Et/ E~!, where ¢’ has
the form t/ = diag(t’1,...,t"1) and

E= (’Uhhgl)?th)’.”’hgrnfl)’v%hél)’_”’hgnzfl)’.”,Ul7hl(1)7”.,hl(nl71))7

.,h,(cn’“_l) are the as-

where for k = 1,...,1, v, are the eigenvectors of M, hg), ..
sociated principal eigenvectors, and ny are the dimensions of the Jordan boxes Jy.
Clearly, because of the logarithmic terms occurring in ¢/, see (11), y;, is not con-
tinuous at ¢ = 0 in general. Only when the contributions including the logarithmic
terms vanish, y;, becomes continuous on [0,1]. It is clear from (11) that the only
bounded contributions to y;, are linear combinations of the eigenvectors of M. Con-
sequently, any linear combination of principal vectors has to vanish. This is the case
when 7, = 0,Vi # 1,n1 + 1,n; +no + 1,..., 22:1 ni + 1 and arbitrary n; for all
i=1ni+1,ni+ne+1,..., 22:1 ng+ 1. Thus, yp, is continuous on [0, 1] if and only
if it is a constant linear combination of the eigenvectors of M. With other words,
by setting y,(t) := 7, we have

y(t) € C0,1] & My(0) = Mn=0<n € Ker M.

Consequently, My(0) = 0 is necessary and sufficient for the solution

y(t)=n +/0 s M-I f(ts)ds, t € [0,1] (40)
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to be continuous on [0, 1]. The smoothness results for y follow from the smoothness
of f and from Lemma 11.

Note that the regularity requirement My(0) = 0 contains n — [ linearly indepen-
dent conditions and can be equivalently expressed by Hy(0) = 0, y(0) = Ry(0)
or y(0) € Ker M. The remaining [ free constants have to be uniquely specified by
appropriately prescribed initial conditions. Let us consider the initial conditions
specified in (5), where By € R™*™ and § € R™. Since y,(0) = 0 and y,(0) = n, the
initial condition Boy(0) = f is equivalent to Bon = . Due to the fact that n € Im R,
there exists a unique /-dimensional vector d, [ = dim X, such that n = 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 = [ = dim Xy and the m x m matrix
BoR is nonsingular. Hence,

By =« BoRd == d=(BoR)™'= n=R(BoR)™'5,
and the solution y has the form
~ _ 1
y@):}ﬂBngdﬂ4—/“s*Ms’{ﬂsﬂds,te[Qly
0
This solution is bounded by

ly(t)| < |R(BoR)™' | + const. (¢*|[Alls + | fI), t € [0,1],

due to
1
w0 = | [ 55 ) ds
0
1 B
= / s M1 f(ts)ds| + / s Ms™1f(ts)ds
s 0
)
< const. ||f|| + const. t"‘HhHg/ ‘8_M| s*tds, t€0,1]
0
< const. ([ £l +t*[|hlls), ¢ € [0,1],
and (19).

In order to derive an estimate for the first derivative, we substitute the solution
given by (40) into equation (4) and use the property Mn = 0 and Lemma 11. If
a > 1 then the first derivative is bounded by

M ! t*|h(t
ly'(t)] < const.%to‘ / s Mg~ 1p(st)ds +const.y
0
< const.t*7||h|5, t €0,9),
M| Y IM[ | Y Lf@)]
ly'(t)] < const.Tta / s M52 1h(st)ds + = / s~ MsT f(st)ds| +
0 5
< const. t* 1 ||h||s + const.t7H| |, t €[5, 1].



Rachiinkova et al.

For f € C'0,1], h € C1[0,6], and a > 2, we now derive a bound of the second

derivative,
Mo Mot ty  f(t
vt = - s‘Ms‘lf(st)ds+—/ M p(styds — IO SO
= Jo t Jo t? t
[y (t)] < const. (t*72||h||s +t* A |), t €]0,6),

") < const. (27 2||hlls + RN+ AL+ IS, ¢ € [6,1].

Analogously, for f € C"[0,1], h € C"[0,6], a > r + 1, we have y € C"*1[0,1] and

) < const. S (1271 IWOs, 1€ [0,6),
k=0

I < const. 3 () IO+ () 17O)) L e )
k=0

O

Remark 13 Here, we deal with a purely polynomial inhomogeneity of the form
f) =@, o)

where, a; € N, for ¢ = 1,...,n. In this case, y € C*°[0,1]. To see this, we consider

the components of y,

1
y(t) = 7+ / MU f(st) ds,

given by

1 n n
yk(t) =Y + / Z (S_M)kj saj—ltaj ds = Y + ij(t),
0 =1 j=1

where w;(t) = t* fol (S_M)kj s%~1ds. We now differentiate wj, j=1...,n, and

obtain

1
/ _ a;i—1 —-M _a;—1
wi(t) = at™ /0 sT s ds,

1
wy (t) = aj(a; — l)t“j_Q/ s Mgxi=1qs,
0

1
wﬁaj)(t) = aj!/o s Mgi=lds,

w{ (1) = 0.

Therefore y(t) € C*°[0, 1].

Page 19 of 41
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In Theorem 12, we described the unique solvability of IVP (5) in case when all
eigenvalues of M are zero. The dimension of the corresponding eigenspace X, was
m < n and it turned out that a regularity requirement My(0) = 0 has to be
satisfied. If m = n, then M = 0 and the regularity condition holds. In this case we
can also investigate if a well-posed TVP (6) exists. This question is dealt with in
the next lemma.

Lemma 14 Consider system (4) with the matric M = 0. Let f € C0,1] and
assume that (37) is satisfied. Then, for any vector € R™ and a nonsingular matriz
B € R™™™ there exists a unique solution of (6),

t
y(t) = Bflﬂ+/1 @ds,

bounded by
ly(®)| < By 5] + const. (|| £ + t*[|lls)-

Moreover, if f € C"[0,1], h € C"[0,6], and o > r + 1, then y € C"T10,1] and the
following estimates hold:

>
|
—

M )] < const. S (1RG5, t € [0,0),

> .
[
= o

y® ()] < const. S ()9, ¢ e [5,1],
0

J
where k =0,...,r + 1.

Proof: For M = 0 the system (4) reduces to

v =",

and its solution is
t
f(s
y(t) = y(1) +/ —i ) ds.
1

To show that y € C[0, 1], we follow the arguments given in the proof of Theorem
12. The terminal condition Byy(1) = § yields y(1) = Bflﬂ. Moreover,

_ * f(s) " f(s)

t
BIUB| + 111 In(8)] + const. ||hH5/5 R

ly(®)]

IN

IA

< BB+ const. (1] + [[lls)-

Estimates for the higher derivatives of y follow in an analogous manner. O
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6 Differences between linear systems with smooth and unsmooth
inhomogeneity

Before discussing the case of an arbitrary spectrum of M which enables more general

well-posed IVPs, TVPs, and BVPs, we summarize here the results from the previous

sections and point out the differences when compared to the framework given in

[9, 19], where linear systems with smooth inhomogeneity,

v (#) = TLy(e) + £(0), F € Clo.1) (a)
were studied.

6.1 Eigenvalues with negative real parts
Let us consider the ODE system (41) and assume that all eigenvalues of M have
negative real parts. Then, according to [9, 19], y € C[0,1] if and only if y¥(0) = 0.

Therefore, the following IVP has a unique solution:

V() = 2yt + 70, y(0)=0.

Moreover, y € C"+1[0,1] if f € C"[0,1], r > 0.
According to Theorem 5, ODE system (4) has a solution y € C]0, 1] if and only if
My(0) = —f(0). Consequently, the IVP specified below has a unique solution,

v 0 =Ly + 80 ary0) = o)

Moreover, y € C"[0,1] if f € C"[0,1], » > 0.
The conditions y(0) = 0 and My(0) = —f(0) are necessary and sufficient for the
solution y € C[0,1] in case of the system (41) and (4), respectively.

6.2 Eigenvalues with positive real parts

For this spectrum of M neither for system (41) nor for (4) there exists a well-posed
IVP. In both cases we need to specify the boundary conditions at ¢ = 1 and solve
the TVP. In particular, the TVP

Y () = Syl + F(0), Buy(1) =5,

where By € R™ " is nonsingular and § € R”, has a unique solution y € C[0,1].
This solution satisfies y(0) = 0. If f € C"[0,1] and oy > r + 1 then y € CTT1[0, 1],
cf. [9]. In contrast to system (41), we need extra smoothness of the function f to
obtain a unique continuous solution of the TVP

M f(t
v =y + LY By =5
where B; € R™*™ is nonsingular and § € R™. Theorem 9 states that y € C]0, 1] if

f € C[0,1]. Additionally, if f € C"2[0,1] and o > r+1theny € C"[0,1],7 > 0.
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6.3 Eigenvalues A =0
If all eigenvalues of M are zero, then the well-posed IVP associated with (41) takes
the form

y() = Shy(e) + £0), My(0) =0, Boy(0) =

where the m x m matrix BoR is nonsingular, § € R™, and m = dim Xy. The
initial condition My(0) = 0 is necessary and sufficient for the solution to by con-
tinuous. The remaining m conditions necessary for its uniqueness are specified by
Boy(0) = 3. For f € C"[0,1],7 > 0, y € C"*1[0,1], see [9, 19].

In case of the unsmooth inhomogeneity in (4), f has to satisfy an additional re-

quirement,
f(t) =O(t*h(t)) ast — 0, a >0, h € C[0,0], § > 0,

to enable a continuous solution of the following IVP:

M f@
v =Ly + 10 ) =0, Bwo) =5,
where the m x m matrix BoR is nonsingular, 3 € R™, and m = dim Xo.

Finally, if f € C"[0,1], h € C"[0,6], and a > 7 + 1, then y € C" 1[0, 1].

7 General IVPs, TVPs and BVPs
In this section we study general IVPs, TVPs and BVPs. For the subsequent discus-
sion, we have to introduce the following notation.
X, is the invariant subspace associated with the eigenvalues with positive real parts;
Xée) is the space of eigenvectors associated with eigenvalues A = 0;
X_ is the invariant subspace associated with the eigenvalues with negative real parts;
X(gh) is the space of generalized eigenvectors associated with the eigenvalue \ = 0;

S is the orthogonal projection onto X ;

R is the orthogonal projection onto Xée);

P := R+ S is the projection onto X, & X(()e);

Q@ := I — P is the projection onto X_ @ Xéh);

Z is the orthogonal projection onto Xoe) ® X(gh);

N is the orthogonal projection onto X_;

H is the orthogonal projection onto Xéh).

All projections are constructed using the eigenbasis of M.

Firstly, we discuss general IVPs (5) and TVPs (6), where all conditions which
are necessary and sufficient to specify a unique solutions y € C[0,1] are posed at
only one point, either at ¢ = 0 or at ¢t = 1. According to the results derived above,
restrictions on the spectrum of M need to be made.

A.1 For IVP (5) we assume that the matrix M has only eigenvalues with nonpos-
itive real parts and if 0 = 0 then A = 0.
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A.2 For TVP (6) we assume that the matrix M has only eigenvalues with nonneg-
ative real parts and if ¢ = 0 then A = 0. Additionally, if zero is an eigenvalue
of M, then the associated invariant subspace is assumed to be the eigenspace
of M.

Results formulated below without proofs are simple consequences of Theorems 5,

9, 12, and Lemma 14.

Lemma 15 Let us assume that f € C[0,1], Sf € C'[0,1] and Zf satisfies condi-

tion (37).
(i) Assume A.1 to hold. Let y be a continuous solution of IVP (5). Then

MNy(0) = =N f(0), Hy(0)=0.
(ii) Assume A.2 to hold. Let y be a continuous solution of TVP (6). Then
MSy(0) = —S(0).

In both cases

My(0) = M(S + N)y(0) = —£(0).

The statement of Lemma 15 means that the conditions which are necessary for
the solution of IVP (5) to be continuous are equivalent to

rank M = rank H 4+ rank N = rank @ = n — rank R

initial conditions, which the solution y has to satisfy. In case of TVP (6), where A.2
holds, any solution of (4) is continuous on [0, 1] and no regularity conditions have
to be prescribed.

From Theorems 5 and 12 we obtain the following result for a general IVP (5).

Theorem 16 Let us assume that A.1 holds, the m x m matrix BoR is nonsingular,
where the matriz R consists of the linear independent columns of the projection

matriz R, and € R™. Then, for every f € C[0,1] such that Zf satisfies (37),
there exists a unique solution y € C[0,1] of IVP (5),

1
y(t) = R(BoR) '3 + / s Mg f(st) ds.
0
This solution is bounded by
()] < const.(t*||h]ls + | fI)) + |[R(BoR) ' 5.

Let Nf € C™10,1] and Zf € C"(0,1] satisfy condition (87) with o > r+ 1. Then
y € C™10,1].

The analogous result for a general TVP (6) follows from Theorems 9 and 12.
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Theorem 17 Let us assume that A.2 holds, By € R"™ ™ is nonsingular, and
B € R™. Then, for every f € C[0,1] such that Rf satisfies (37) and Sf € C[0,1],
there exists a unique solution y € C[0,1] of TVP (6),

t
yit) = tMBflﬁthM/ s Mgl f(s)ds, t e (0,1].
1
This solution satisfies My(0) = —f(0) and is bounded by

ly(8)] < const. (1+t7 (1 + [In(t)|" = ~1)| By ' 6] + const. (| f]| +*[[Alls).

Letr <oy <r+1,Sf € C*20,1], and Zf € C™1[0,1] satisfy condition (37)
with o > 1, theny € C"[0,1]. For oy >r+1, Sf € C"2[0,1], and Zf € C"[0,1]
satisfying condition (37) with o > 1 + 1, we have y € C"*1[0,1]. Here, o, denotes
the smallest positive real part of the eigenvalues of M and Ny,.. s the dimension
of the largest Jordan box of M.

Further, we study the linear BVPs of the form

y/(t) = %y(t) + %t)v te (07 1]a Y€ 0[07 1}7 Boy(o) + Bly(l) =B, (42)

where the matrix M may have an arbitrary spectrum, By, By € R™*™ m < n,
B eR™ and f € C[0,1]. It is clear from the previous considerations that the form
of the boundary conditions which guarantee the existence of a unique continuous
solution of (42) will depend on the spectral properties of the coefficient matrix M.

Before proceeding with the analysis, we show the following auxiliary results.

Lemma 18 Let R be a projection onto the eigenspace associated with eigenvalues
A=0. Then

tMR=R, t€0,1].

Proof: Let M and R be represented using the eigenbasis of M, this means
M = 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

tMR = Et/E-'ERE' = ERE~* = R.

The multiplication ¢/ R means an operation on columns of ¢/ and due to the struc-
ture 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
t* =1 for A = 0, and the result, t”R = R, follows. O

Lemma 19 The projection matrices S, Z, and N and the matriz t™ commutate.
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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 = St7 holds for
t €1[0,1], where M = EJE~! and § = ESE~!. The matrix S 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 7,
while the multiplication /S represents operations on columns of ¢’. Being aware
of the block structure of matrix ¢/ we see that the result of St7 or t7$ is a matrix
containing Jordan boxes corresponding to eigenvalues with positive real parts and
t78 = St for t € [0,1]. This implies

tMS = Bt/ E'ESE' = ESE'E'E! = §¢M

and the statement follows. O
Note that the above projections S, Z, and N commutate with M.

To specify the boundary conditions which guarantee the well-posedness of BVP
(42) the following lemma is required.

Lemma 20 Consider the following BVP:

v =Ly + 1 o),

Hy(0) =0, MNy(0) = =Nf(0), Sy(1) = 57, Ry(0) = Ry.

Then, for every f € C[0,1], such that Zf satisfies (37) and Sf € C1[0,1], and for

any constant vector -y, there exist a unique continuous solution of the form

t 1
y(t) =tM Py + tMS/ s M= f(s)ds+ (Q + R) / s~ M1 f(st)ds.
1 0

Proof:  According to the previous results, the contributions to the solution y
depend on the signs of the eigenvalues of M. For the eigenvalues with negative real

parts the contribution has the form
1
y—(t) = N/ s~ M= f(st)ds, t €0,1].
0
For the eigenvalues with positive real parts the contribution is given by
t
y+(t) = tMS'ertMS/ s M=1f(s)ds, t € (0,1],
1

and can be continuously extended to t = 0. Finally, for the eigenvalues A = 0, we

have

yo(t) = Ry + Z/1 s M= f(st)ds, t €0,1].
0
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The solution y is the sum of all contributions, y(t) = (N + S + Z)y(t). Therefore,
we obtain

1 t
y(t) = R’y+tMS’y+(N+R+H)/ s*M*If(st)dertMS/ s M= f(s)ds
0 1

t 1
= tMpy+ tMS/ sM=Tf(s)ds+ (Q + R)/ s M=If(st)ds.
1 0

We now evaluate y at the boundaries to show that the above boundary conditions
are satisfied. According to (37), Zf(0) = 0 holds. This yields

1 1
(R+ H)y(0) = Zy(0) = Ry + Z/ sTM1f(0)ds = Ry + / s M1 dsZ f(0) = Ry.
0 0
Therefore Hy(0) = 0 and Ry(0) = Ry. Moreover,
t
Sy(t) = tM Sy + tMS/ s M= f(s)ds = Sy(1) = 9.
1

Finally, we show that M Ny(0) = —N f(0). First note that

1
MNy(0)=NM [ s~M=Tdsf(0).
0

According to (16),
1
M/ sTMTds=¢tM -1
t

for ¢ € (0, 1]. Taking into account (17) and letting ¢ — 0T, we obtain

1
NM/ s M-Tds = lim Nt ™ — N = —N,
0

t—0+

since the matrix Nt~™ consist only of Jordan boxes corresponding to eigenvalues
with negative real parts. Therefore M Ny(0) = —N f(0). O

We now turn to the general boundary conditions specified in (42). For the inves-
tigation of these condition, we have to rewrite the representation of the solution y,
especially the term yq,

1 t
yo(t) = Ry+ Z/ s M-I f(styds = Ry + ZtM/ s M=Tf(s)ds
0 0

t t
Ry+tMR | s7M~1f(s) dS—|—tMH/ s M=If(s)ds
0 0

¢ ¢
R’y—i—tMR/ sTM=1f(s) ds+tMH/ s M= f(s)ds,
1 0

where

1
5= fy—&-/o s~ M=1f(s)ds.
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Remark 21 Note that the function

¢ 1
tMH/ sTM=1f(s)ds = tMHt*M/ sTM=1f(st)ds,
0 0

is continuous on [0, 1]. In order to see this, we again use functions z,, and 2z, given
by (23) and (24). Due to (15), (36), (37), and (39), we have

lm |[(Int)F 2a0 () — (In) 20 (8)] < |[]|s][¢® (In)*|| lim / 5™ | s ds =0
m—00 0

m—00

for k € N U{0}. Since each entry of the matrix t¥ Ht= is a sum of terms
const. (Int)k, k € NU{0}, the function

1
tMHt_M/ sM=Tf(styds = tMHt=M 5
0

is continuous on [0, 1].

Consequently, the general continuous solution of the ODE system given in (42)
can be represented as

y(t) =t Py + tMP/t s M= f(s)ds + tMQ/t s M=Tf(s)ds, (43)
1 0

and satisfies the following boundary conditions:
Hy(0)=0, MNy(0)=-Nf(0), Py(1)=Py.

In the following lemma, we use the superposition principle to rewrite the solution
(43) of (42) in a way convenient to discus the boundary conditions specified in (42).

Lemma 22 Let us assume that the inhomogeneity f € C[0,1] is given in such a
way that Zf satisfies (37) and Sf € C[0,1]. Let the n x m matriz P be a matriz
consisting of the linearly independent columns of P. Then the general continuous
solution of (42) has the form

y(t) =y({t)+Y(t)a, t €]0,1], (44)

where « is a constant m-dimensional vector and i is the unique solution of

7w =L+ 0 v e o, Hy0) =0, MNG0) = N0, Pi1) =0,

and Y (t) is the unique continuous fundamental solution matriz satisfying

Y/(t) = gY(t), tel0,1], Y(1) = P.
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The case of the general boundary conditions (42) is covered by the following

lemma.

Lemma 23 Let f € C[0,1] be given in such a way that Zf satisfies (37) and
Sf € C0,1]. Then, there exists a unique solution y € C[0,1] of BVP (42) if and
only if the m X m matriz

BoR + B, P

is nonsingular. Here, By, By € R™*" 3 € R™, and m = rank P.

Proof: We use (43) and (44) to calculate y(0) and y(1). Since Hy(0) = 0 and
limy_,o tMS = 0, we first deduce

y(0) (H+ P+ N)y(0) = (P+ N)(H(0)+Y(0)a) = (P+ N)§(0) + PY(0)«

(P4 N)§(0) + (R+ S)Y (0)ar = (P 4+ N)§(0) 4+ Ra.

Moreover, from Py(1) = 0 and 1M S = S, we have

(Q+ P)y(1) = (Q+ P)(H(1) + Y (1)) = Qj(1) + (QY (1) + P)a
Qu(1) + Pov.

y(1)

Finally, we substitute y(0) and y(1) into the boundary condition and obtain
Boy(0) + Biy(1) = By ((P + N)§(0) + ﬁa) + By (Qg(l) + ﬁa) = .
Thus,
(BoR+ BiP) = 3= Bo(Pi(0) + N(0) ~ B1Qii(1),
and the unknown vector « can be uniquely determined if the m x m matrix
BoR+ BiP

is nonsingular. This completes the proof. O

The following theorem stated without proof is a consequence of the above results.

Theorem 24 Consider BVP (42), where the inhomogeneity f is given in such
a way such that f € C[0,1], Zf satisfies (37), and Sf € C*[0,1]. Moreover, let
By, By € R™*" 3 € R™, and m = rank P. Let us assume that the m X m matriz
BOE + Blf’ is nonsingular. Then, BVP (42) has a unique continuous solution y €
C10,1]. This solution satisfies two initial conditions,

Hy(0) =0, MNy(0) = —N(0)

which are necessary and sufficient for y € C|0, 1].
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8 Collocation method
In this section we propose and analyze the polynomial collocation, cf. [8], for the
numerical treatment of IVP (5) which we assume to be well-posed,

v =Ly + 1 mye) =

where the matrix M has only eigenvalues with nonpositive real parts, and if ¢ = 0
then A\ = 0. Moreover, By € R™*"™ 3 € R™, where rank R = m < n. For the
numerical treatment, we have to augment the m initial conditions specified by
Byy(0) = 8 by the n — m linearly independent initial conditions singled out from
the set

Hy(0) =0, MNy(0)=—-Nf(0).

Consequently, we have to solve the initial value problem,

v =Ly + L0 By =5, Hy©) =0, MNY(©O) = V(). (45)

We first discretize the analytical problem (45). The interval of integration [0, 1] is
partitioned by an equidistant mesh A,

A= {Ozt() <t <...<tr1<tr=1, tj = jh, jZO,...,Izl/h},
and in each subinterval [¢;, ¢;11], we introduce k collocation nodes t;; := t;+uh, j =

0,...,7 =1, 1 =1,...,k, where 0 < u; < ug < ... < ug < 1. The computational

grid including the mesh points and the collocation points is shown in Figure 1.

Figure 1 The computational grid

By Pi,n we denote the class of piecewise polynomial function of degree less or
equal to k on each subinterval [¢;,¢;41]. We approximate the analytical solution y
by a piecewise polynomial function p € Py, N C[0,1], p(t) := p;(t), t € [t;,t;41],
j=0,...,I—1 such that p satisfies ODE system (4) at the collocation points,

M t; .
p/(tjl)—fp(tjl)zM, l=1,...,k j=0,...,1—1, (46)
L L

together with the continuity relations,
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and pg satisfies the initial conditions
Bop(0) =, Hp(0) =0, MNp(0)=—Nf(0). (48)

Note, that rank By + rank H + rank N = n. Since in each subinterval [t;,t;1]
p(t) = p;j(t) is a polynomial of degree smaller or equal to k, the total number of
unknowns, the coefficients in the ansatz function p, is (k + 1)In. On the other
hand, the system (46) consists of kIn equations, (47) provides (I — 1)n, and (48)
n conditions, which together add up to (k + 1)In. This means that the collocation
scheme (46), (47), and (48) is closed.

The collocation applied to solve (41) was studied in [8], where in particular,
unique solvability of the collocation scheme and the convergence properties have
been shown. For reader’s convenience, we recapitulate in the next theorem an im-
portant auxiliary result from [8] required in the subsequent investigations. Note that
since analytical problem (45) has a unique solution, its value y(0) is known. There-
fore, in Theorem 4.1 [8], a slightly simpler problem is considered, where instead of
the initial conditions the correct value of y(0) := ¢ is prescribed.

Theorem 25 (Theorem 4.1 in [8]) Let us consider the collocation scheme,

M Ci )
p’(tﬂ)——p(tﬂ):Mﬂt—g, I=1,...,k, j=0,...1—1, p0)=0 (49

where p, 5 = 0,1, and p € Py, N C|0,1]. Then problem (49) has a unique solution
provided that h is sufficiently small. This solution satisfies

[p(t)] < const. (|5\ + |In(h)|* | Md| + |1n(h)\<5<d—#>>+c) , teo,1],

where C' = maxo<j<r—1 Maxi<;<k |¢ji|, d is the dimension of the largest Jordan box
of M associated to the eigenvalue X =0 and

<m+={x e

0 z<0.

We are now in the position to formulate the convergence result for the collocation
method.

Theorem 26 Let us consider the initial value problem

v -y =19 yo)=s

where HS = 0 and MN§ = —N f(0). Let us assume that the function f satisfies
Nf e CHY0,1), Zf = O(t“2(t)), with o > k+ 1, Zf € C*[0,1] and 2z € C*[0,1].
Let the function p € Py, N CI0, 1] satisfy the collocation scheme

M f(t1)

Zoptpy) =AY 1=1,. .k j=0,...,]—1, p0)=>4.

/
D t.l —
(t2) -
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Then
Ip(t) — y(t)| < const. h*, t € [0,1].
Proof: The idea of the proof is to introduce an error function e € Py, 5, N C|0,1]

and investigate how it is related to the global error p — y of the scheme. Let e be
defined as follows:

etu) =y ty)—p'typ), 1=1,....k, 7=0,....0—1, €(0):=0.

Since on each subinterval [¢;,¢;41] the function €'(¢) is a polynomial of degree less
or equal to k — 1 it is uniquely determined by its values at k distinct points in this

interval,

aw=§th;ﬁ)ymn—ﬂ@,MmeﬂL
i=1
where
L) =w(t)/ ((t —u)w'(u;)), i=1,....k w(t)=(t—u1){t —ug)---(t — ug).
Since y € C**1[0, 1] the interpolation error is O(h*) and hence,
¢(t) =y (t) = p'(t) + O(h").
By integration in [0, ¢], we obtain
e(t) = y(t) — p(t) + O(h*t)

which means that e differs from y — p by O(h*) terms. Moreover, we see that e
satisfies the following collocation scheme:

?je(tﬂ) = ¥t - %,ly(tjl) - (P'(tjz) - lP(Ul)) - %O(tﬂh’“)

Jl
= LW ) My = oty e =0,

e (tj) —

According to Theorem 25, we obtain e(t) = O(h¥). This together with e(t) =
y(t) — p(t) + O(h*) yields

Ip(t) — y(t)| < const. h*

and the result follows. O

The especially attractive property of the collocation is the so called superconver-
gence. For regular ODEs and certain choices of the collocation points (Gaussian,
Lobatto, Radau), the convergence order in the mesh points can be considerably
higher than k, provided that the solution y is sufficiently smooth. For the Gaus-
sian points the superconvergence order is O(h?¥). Since already for the problem
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(41) counterexamples show that the superconvergence does not hold [8], we do not
expect it for the problem at hand either. However, the so-called small superconver-
gence uniform in ¢ can be shown, see next theorem. The main prerequisite for the
proof is the property

1
/ w(s)ds = 0 (50)
0
which holds for an appropriate choice of the collocation points.

Theorem 27 Let Nf € C*+2[0,1], Zf € C*t1[0,1] and Zf = O(t%z(t)), where
a>k+2 and z € C*L0,1]. If (50) holds, then the estimate for the global error
given in Theorem 26 can be replaced by

Ip(t) — y(t)| < const. ¥+ In(h)| @1+,
Proof: Consider again the error function e defined in Theorem 26. Due to the

smoothness assumptions made for the problem data y € C**2[0,1] follows. There-
fore,

e'(t)

k
S (S5 ) v -0
k —t.
= VO -1 0+ g <tht> yED () + O, te [t 8],

We integrate €’ on [0, 1] and use (50) to obtain

- hF tita s—1
{0 = v -0+ 3 ) [ () as
i=0 ti
hE e ! s—tj k41 k41
+ ﬁy( * )(tj)/ w( A ) ds + O(th* 1) = y(t) — p(t) + O(th*1).
! ¢
This implies
M M M M
e (ti) — —elty) = y'(ty) — —ylta) - <p'(tjl) - .P(tjl)> — —O(h*)
tji tji tji tji
M
= —OMMY), (o) =0,
gl

According to Theorem 25 we have
le(t)| < const. (| 1n(h)|(d*1)+h"”1) ,

and finally
Ip(t) — y(£)| < const. (| 1n(h)|<d—1>+hk+1) .

This completes the proof. O

Page 32 of 41
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9 Numerical experiments

In order to illustrate the theoretical results derived in the previous section, we
have constructed model problems and run the collocation code bvpsuite on coher-
ently refined meshes to compare the empirically estimated convergence orders of

the scheme with the theoretically predicted ones.

9.1 General IVP with smooth solution
We first deal with a linear system of ODEs,

) —4 2 -1 .
y'(t) = - -8 4 -2 |y)+ % t € (0,1], (51)
-12 8 —4

subject to initial conditions

B = (3 -2 1 )y0)=1, (j X 01>y<o>—<8>. (52)

Here,
texp(t) + 2exp(t) + sin(t) cos(t) + t cos?(t) — tsin?(t)
f)=| 2texp(t) + 4exp(t) + 2sin(t) cos(t) + 2t cos?(t) — 2tsin®(t) + 2t> |,
2t exp(t) + 4exp(t) + t cos?(t) — tsin®(t) + 4t

where f(0) = (2 4 4)7 and the exact solution y € C*°[0,1] of IVP (51), (52) reads:

exp(t) + sin(t) cos(t)
y(t) = | 2exp(t) + 2sin(t)cos(t) +t2 |, y(0)=
2exp(t) + sin(t) cos(t) + 2t2

First of all, note that y(0) satisfies (52). The matrix M has a double eigenvalue

A1 = Ay = —2, a single eigenvalue A3 = 0, and the Jordan canonical form is
-2 10
J = 0 -2 0
0 0 0

Therefore, the second set of two linearly independent initial conditions in (52) are
regularity conditions, necessary and sufficient for y € C[0,1]. The remaining free
constant has to be calculated from the first initial condition in (52). With the

projection matrices
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it is easily seen that the condition M Ny(0) = —N f(0) is satisfied. Moreover, the
1 x 1 matrix
0
BoR=@B-21)| 1 |=-1
1

is nonsingular, and therefore IVP (51), (52) is well-posed.

In Tables 1 to 4, we illustrate the convergence behaviour for the collocation exe-
cuted with equidistant and Gaussian collocation points. The number of the collo-
cation 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,

= Jax, Ip(t;) —y(t;)l,

or ‘uniformly’ in ¢,

Y, —-Y = ) — . L — g =1 —3.
¥ =Yoo := | max ip(ri) —y(7)l, 7 =ik, h=10
The estimated order of convergence p and the error constant ¢ are estimated using

two consecutive meshes with the step sizes h and h/2.
Since ||Yy, — Y|| & ch? for h — 0, we have

h\” Vi — Yoo 1
Vi — Y oo = ch?, ||yh/2_y||w:c(2> :>p:1n<|”h H )

Yhs2 = Yoo/ In(2)
Having p, we calculate the error constant from ¢ = [|Y}, /2 — Y ||loo/ (%)p .

According to the experiments, the empirical convergence orders very well reflect
the theoretical findings. For Gaussian points, we observe the small superconvergence
order k + 1 uniformly in ¢. The superconvergence order 2k in the mesh points does
not hold in general, see case k = 4. For uniformly spaced equidistant collocation
points we again observe the order k 4 1 which for this model is slightly better than
we can show theoretically.

9.2 General IVP with ‘unsmooth’ solution
Next, we discuss an IVP whose solution is less smooth than in the previous model.
The problem reads:

v ="+ 00 00 = |, (‘1 » ?>y<0>= ( 8) (53)
where
-4 00 exp(t)
M= -2 -2 0|, fit)= exp(t) + ¢

2 -2 0 t+ %t% sin(t) 4 £ cos(t)
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The eigenvalues of M are A\; = —4, Ay = —2, and A3 = 0 and the initial conditions
are designed in such a way that IVP (53) is well-posed with an analytical solution
y € C'0,1] given by

t=1 (6 — 6exp(t) + 6t exp(t) — 3t? exp(t) + t* exp(t)
y(t) = | t=* (6 —6exp(t) + 6texp(t) — 3t2exp(t) + t3exp(t)) + &
L+ Vtsin(t)

The related numerical results are listed for k¥ = 4 in Table 5. As expected, we
observe an order reduction down to 1.5, not only for £ = 4, but also for all other
values of k.

9.3 General TVP with small positive eigenvalues

The case of the matrix M having eigenvalues with positive real parts has not been
investigated yet, since the related theory is particularly tedious and involved, cf.
[18]. However, some interesting numerical simulations are already available and
therefore, the results of these experiments are shortly discussed here to complete
the picture.

First we consider the following model problem

v i) 4 -1 1 —1
V) ="+ Bu=| 0 10 fym=| 7] (59
3 -1 1 2
where
35 -1 1 1 — 442
M = 14 5 —4 |, f&= 4 +t21n(t)
-245 8 -7 1+t21n(t) + 14¢2
The solution y € C[0, 1] of TVP (54) is
3Vt —2t2 —4
y(t) = | 12Vt —8+ 4t +t2In(t) — ¢

3Vt + 4t + 5+ 6t2 + 2 In(t)

In Tables 6 and 7, we again see the order reduction down to 0.5, due to the fact that
the first derivative 3’ is unbounded for ¢ — 0. Moreover, we see that the problem
is hard to solve and the convergence is very slow — for h ~ 2-1073 the level of the
global error is only ||V}, — Y|oo &~ 1071

The remedy for this lack of smoothness due to the small size of the positive
eigenvalues of M is to make a change of the independent variable [6], t = 7# for
some g > 1. Then §(7) := y(7#) satisfies the transformed ODE system

y(r)+ ——=, 7€(0,1], (55)
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where M = pM and f(r) = pf(r#). The eigenvalues of the matrix M become
A= uA and therefore, the solution g of the transformed equation is smoother than
the solution y of the original one. One can also interpret the above smoothing in
terms of the mesh adaptation — solving the ODE system (55) on an equidistant
mesh, means solving the original ODE system on a mesh which is adequately re-

fined close to the singularity, where the solution y and its derivatives rapidly change.

Consequently, we solve the TVP

i ff(\/) 4 -1 1 -1
. T _
y'(r) = 7?/(7)+77 7€(0,1], Biy(h)=1 0 1 0 |y(1)= 71
3 -1 1 2
(56)
where for 4 = 8,
3.5 -1 1 28 —8 8
M=ypu —14.0 5 —4 = —112 40 -32 ,
—24.5 8 -7 —196 64 —56
and
p— At 8 — 32716
f(r)= A+ prH In(TH) = 32 + 8710 1In(78)
pA+ pr?In(TH) + 14urt 8 + 8710 In(7%) + 112716

The eigenvalues of M are \; = 0.5, Ao = 1, and A3 = 0, and the eigenvalues of M
become A; = 4, Ay = 8, and A3 = 0. The solution of (56) reads:

3ré — 272 —4 37t — 2716 —4
y(r) =1 -8+ 1275 + 47t + 720 In7h — 720 | = | —8 4+ 1274 + 478 + 71678 — 716
54 672 + A7k 4 724 InTH + 375 546716 + 478 4 71610 78 4 374

Tables 8 and 9 show the desired effect. For k£ = 2 and equidistant collocation points,
we observe the O(h*) behavior of the global error uniformly in ¢, 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 9. Here, only the expected order O(h**!) uniformly in
t can be observed.

The above experiments in context of the TVPs suggest the following working
hypothesis: The polynomial collocation shows the same convergence behaviour for
the well-posed TVPs and IVPs, provided that their solutions are appropriately

smooth. This hypothesis may become a subject of further studies.
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10 Conclusions
In this paper, we investigated the analytical properties of the singular BVP

v =Ly + 1 e yecn, Bwo) + B =5

It turns out that the structure of the initial/terminal /boundary conditions to guar-
antee that the problem is well-posed and has a unique solution which is at least
continuous on [0, 1] depend on the spectral properties of the matrix M. Also, the
smoothness of higher derivatives of y depends on f and the spectrum of M. In-
terestingly, we can enlarge the positive real parts of the eigenvalues of M by a
properly chosen transformation of the independent variable. In such a way only the
smoothness of f influences the smoothness of .

In context of an IVP with appropriately smooth solution, polynomial collocation
method executed with k arbitrary collocation points retains the classical stage order
O(h*) uniformly in t. For Gaussian points the small superconvergence order O(h*+1)
can be shown to hold uniformly in ¢. In general, the superconvergence order O(h2*)

in the mesh points cannot be expected.
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Tables
equidistant points Gaussian points
uniform mesh uniform
h 1Y = Yoo | c [ »p 1Y = Yoo | c [ 1Yy = Yoo | c 2
1/2 1.4e-01 - - 9.2e-02 - - 1.4e-01 - -
1/4 3.5e-02 2.1e4+00 | 1.96 2.3e-02 3.7e-01 | 2.01 3.5e-02 2.1e4+00 | 1.96
1/8 9.0e-03 2.2e+00 | 1.98 5.8e-03 3.7e-01 | 2.00 9.0e-03 2.2e+00 | 1.98
1/16 2.3e-03 2.2e+00 | 1.99 1.4e-03 3.7e-01 | 2.00 2.3e-03 2.2e+00 | 1.99
1/32 5.7e-04 2.3e+00 | 2.00 3.6e-04 3.7e-01 | 2.00 5.7e-04 2.3e+00 | 2.00
1/64 1.4e-04 2.3e+00 | 2.00 9.0e-05 3.7e-01 | 2.00 1.4e-04 2.3e+00 | 2.00
1/128 3.6e-05 2.3e4+00 | 2.00 2.2e-05 3.7e-01 | 2.00 3.6e-05 2.3e+00 | 2.00
1/256 8.9e-06 2.3e4+00 | 2.00 5.6e-06 3.7e-01 | 2.00 8.9e-06 2.3e+00 | 2.00
1/512 2.2e-06 2.3e+00 | 2.00 1.4e-06 3.7e-01 | 2.00 2.2e-06 2.3e+00 | 2.00
Table 1 IVP (51), (52): Convergence of the collocation scheme, k =1
equidistant points Gaussian points
uniform mesh uniform

h 15 = Yoo | c [ » V5, = Yoo | c [ »p 1V, = Yoo | c D
1/2 3.7e-03 - - 3.7e-03 - - 7.8e-03 - -
1/4 5.1e-04 6.4e-01 | 2.87 1.6e-04 8.4e-02 | 4.50 1.2e-03 3.6e+00 | 2.73
1/8 6.6e-05 8.1e-01 | 2.96 8.1e-06 6.7e-02 | 4.34 1.5e-04 6.4e4+00 | 2.93
1/16 8.3e-06 8.8e-01 | 2.99 4.4e-07 5.1e-02 | 4.21 2.0e-05 7.6e+00 | 2.98
1/32 1.0e-06 9.0e-01 | 3.00 2.5e-08 4.0e-02 | 4.12 2.5e-06 8.1e+00 | 2.99
1/64 1.3e-07 9.1e-01 | 3.00 1.5e-09 3.3e-02 | 4.06 3.1e-07 8.4e+00 | 3.00
1/128 1.6e-08 9.2e-01 | 3.00 9.3e-11 2.9e-02 | 4.03 3.8e-08 8.5e4+00 | 3.00
1/256 2.0e-09 9.2e-01 | 3.00 5.7e-12 2.7e-02 | 4.02 4.8e-09 8.5e+00 | 3.00
1/512 2.6e-10 9.2e-01 | 3.00 3.5e-13 2.8e-02 | 4.03 6.0e-10 8.5e+00 | 3.00

Table 2 IVP (51), (52): Convergence of the collocation scheme, k = 2
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equidistant points Gaussian points
uniform mesh uniform
h V5 = Yoo | c [ p IV, —Yllo | ¢ | P 15 = Yoo | c [ p
1/2 2.0e-04 - - 3.6e-05 - - 3.5e-04 - -
1/4 7.4e-06 3.8e+00 | 4.75 5.1e-07 2.6e-03 | 6.15 1.3e-05 2.8e+02 | 4.73
1/8 3.0e-07 2.7¢+00 | 4.63 7.6e-09 2.3e-03 | 6.07 5.4e-07 1.8e4+02 | 4.61
1/16 1.4e-08 1.5e+00 | 4.46 1.2e-10 2.1e-03 6.03 2.5e-08 9.1e4+01 | 4.44
1/32 6.9e-10 8.0e-01 | 4.30 1.8e-12 2.1e-03 | 6.02 1.3e-09 4.2e+01 | 4.29
1/64 3.8e-11 4.4e-01 | 4.18 2.0e-14 8.9e-03 | 6.44 7.le-11 2.1e4+01 | 4.17
1/128 2.2e-12 2.8e-01 | 4.10 3.4e-14 1.0e-15 | -0.72 4.2e-12 1.3e4+01 | 4.09
1/256 1.3e-13 2.0e-01 4.04 1.1le-14 1.1e-10 1.66 2.5e-13 8.5e+00 | 4.03
1/512 7.1e-15 8.0e-01 4.24 2.0e-14 5.9e-17 | -0.94 1.6e-14 8.7e4+00 | 4.03
Table 3 IVP (51), (52): Convergence of the collocation scheme, k = 3
equidistant points Gaussian points
uniform mesh uniform
h 1Y = Yoo | c [ p Ve ~Yllo | ¢ | D 1Y = Yoo | c [ »p
1/2 2.7e-05 - - 6.9e-07 - - 2.6e-05 - -
1/4 9.1e-07 2.2e+00 | 4.91 5.8e-09 8.2e-05 | 6.90 8.6e-07 3.7e+02 | 4.90
1/8 2.9e-08 2.7e+00 | 4.98 4.7e-11 8.7¢-05 | 6.95 2.7e-08 5.0e+02 | 4.98
1/16 9.0e-10 2.9e+00 | 5.00 3.7e-13 9.3e-05 | 6.97 8.6e-10 5.4e+02 | 5.00
1/32 2.8e-11 2.9e+00 | 5.00 6.2e-15 4.7¢-06 | 5.90 2.7e-11 5.6e+02 | 5.00
1/64 8.8e-13 3.1e+00 | 5.01 1.5e-14 7.4e-17 | -1.28 8.4e-13 5.8e+02 | 5.01
1/128 3.1e-14 1.2e+00 | 4.84 8.9e-15 3.6e-13 | 0.77 2.4e-14 1.1e4+03 | 5.10
1/256 2.7e-15 2.4e-04 | 3.52 7.1e-15 4.2e-14 | 0.32 3.1e-15 1.3e-04 2.97
1/512 1.3e-15 3.4e-12 | 1.00 1.3e-14 4.7e-17 | -0.91 3.6e-15 6.4e-16 | -0.19
Table 4 IVP (51), (52): Convergence of the collocation scheme, k = 4
equidistant points Gaussian points
uniform mesh uniform
h IYh Yo | ¢ | P e ~Ylls | ¢ | P i ~Yllo | ¢ | P
1/2 3.2e-03 - - 6.2e-04 - - 1.2e-03 - -
1/4 1.1e-03 1.0e-01 1.49 2.2e-04 1.7e-03 | 1.50 4.4e-04 1.9e-01 1.50
1/8 4.1e-04 1.0e-01 | 1.50 7.7e-05 1.7e-03 | 1.50 1.6e-04 1.9e-01 | 1.50
1/16 1.4e-04 1.0e-01 | 1.50 2.7e-05 1.7e-03 | 1.50 5.5e-05 1.9e-01 | 1.50
1/32 5.1e-05 1.0e-01 | 1.50 9.6e-06 1.7e-03 | 1.50 1.9e-05 1.9e-01 | 1.50
1/64 1.8e-05 1.0e-01 | 1.50 3.4e-06 1.7e-03 | 1.50 2.4e-04 3.6e-15 | -3.65
1/128 8.0e-05 7.4e-11 | -2.15 1.2e-06 1.7e-03 | 1.50 4.9e-03 3.4e-17 | -4.34
1/356 7.9e-04 4.0e-14 | -3.31 4.3e-07 1.7e-03 | 1.50 1.0e-01 2.1e-17 | -4.40
1/512 2.5e-02 2.5e-19 | -4.99 1.5e-07 1.7e-03 | 1.50 4.8e-01 1.5e-09 | -2.20

Table 5 IVP (53): Convergence of the collocation scheme, k = 4
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equidistant points Gaussian points
uniform mesh uniform
h V5 = Yoo | c [ p 15, = Yoo | c [ p 15 = Yoo | c P
1/2 2.2e+00 - - 1.7e4-00 - - 1.7e+00 - -
1/4 1.5e+00 5.4e+00 | 0.51 1.2e4-00 2.4e+00 | 0.51 1.2e+00 5.4e+00 | 0.51
1/8 1.1e+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 5.2e4+00 | 0.50 4.2e-01 2.4e4+00 | 0.50 4.2e-01 5.2e4+-00 | 0.50
1/64 3.8e-01 5.2e+00 | 0.50 3.0e-01 2.4e+00 | 0.50 3.0e-01 5.2e4+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
1/256 1.9e-01 | 5.2e+00 | 0.50 15e-01 | 2.4e+00 | 0.50 | 1.5e-01 | 5.2¢4+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
Table 6 TVP (54): Convergence of the collocation scheme, k = 2
equidistant points Gaussian points
uniform mesh uniform
h 1Y = Yoo | c [ p 1Y = Yoo | c [ p 1Y = Yoo | c P
1/2 1.7e+00 - - 1.2e+00 - - 1.2e+00 - -
1/4 1.2e+00 4.7e4+00 | 0.50 8.6e-01 1.7e+00 | 0.50 8.6e-01 5.2e4+-00 | 0.50
1/8 8.3e-01 4.7e4+00 | 0.50 6.1e-01 1.7e+00 | 0.50 6.1e-01 5.1e+00 | 0.50
1/16 5.8e-01 4.7e4+00 | 0.50 4.3e-01 1.7e+00 | 0.50 4.3e-01 5.1e+00 | 0.50
1/32 4.1e-01 4.7e4+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 1.7e400 | 0.50 2.1e-01 5.1e+00 | 0.50
1/128 2.1e-01 4.7e+00 | 0.50 1.5e-01 1.7e4+00 | 0.50 1.5e-01 5.1e+00 | 0.50
1/256 1.5e-01 4.7e4+00 | 0.50 1.1e-01 1.7e+00 | 0.50 1.1e-01 5.1e+00 | 0.50
1/512 1.0e-01 4.7e4+00 | 0.50 7.6e-02 1.7e+00 | 0.50 7.6e-02 5.1e+00 | 0.50
Table 7 TVP (54): Convergence of the collocation scheme, k = 3
equidistant points Gaussian points
uniform mesh uniform
h 1Y = Yoo | c [ »p 1Y = Yoo | c [ »p 1Y = Yoo | c [
1/2 5.4e+00 - - 2.1e+00 - - 1.9e+-00 - -
1/4 2.3e+00 5.2e4+01 | 1.26 2.3e-01 1.8e+01 | 3.17 2.2e-01 2.2e4+03 | 3.14
1/8 6.8e-01 1.7e4+02 | 1.73 1.7e-02 4.2e4+01 | 3.76 1.6e-02 1.3e+04 | 3.74
1/16 1.8e-01 3.1e+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 6.8e-05 3.3e+04 | 3.98
1/64 1.1e-02 4.1e4+02 | 2.00 4.4e-06 7.2e+01 | 4.00 4.3e-06 3.5e+04 | 4.00
1/128 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 7.4e4+01 | 4.00 1.0e-09 3.6e+04 | 4.00

Table 8 TVP (56): Convergence of the collocation scheme, k = 2
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equidistant points Gaussian points
uniform mesh uniform
h 1Y = Yoo | c [ p 1Y = Yoo | c [ p 1Y = Yoo | c P
1/2 2.2e+00 - - 1.5e-01 - - 1.5e-01 - -
1/4 2.8e-01 1.1e+03 | 2.98 3.7e-03 5.7e4+00 | 5.29 4.1e-03 4.5e405 | 5.18
1/8 2.1e-02 8.2e4+03 | 3.71 8.3e-05 7.5e4+00 | 5.49 8.3e-05 2.1e4+06 | 5.62
1/16 1.4e-03 1.7e+04 | 3.93 5.2e-06 3.4e-01 | 4.00 5.2e-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
1/128 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 2.4e4+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 4.6e4+01 | 3.50

Table 9 TVP (56): Convergence of the collocation scheme, k = 3
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