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An abstract framework in the numerical solution
of boundary value problems for neutral functional
differential equations

Stefano Maset!

Abstract We consider the numerical solution of boundary value problems for general
neutral functional differential equations. The problems are restated in an abstract form
and, then, a general discretization of the abstract form is introduced and a convergence
analysis of this discretization is developed.
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1 Introduction

Let V be the space of the continuous functions [a, b] — R4 and let U be a Banach
space of integrable functions [a, b] — R?. We deal with the numerical solution of the
functional differential equation boundary value problem (BVP)
[y’(t) =F(t,y,y,p), t€labl, )

B(y.y.p) =0,

where the functionals F : [a, b]x V xU xR% — R and B: V xU xR% — R4 x R
are given and the pair (y, p) € V x R% is unknown.

The reason to include p € R% as an unknown of the problem (1) is that, in many
real applications, there are parameters to be determined along with the solution y.
For example, the determination of periodic solutions for an autonomous functional
differential equation reduces to a BVP, where the unknown period of the periodic
solution appears as a parameter.
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The general functional differential equation

y(@#)=F(t,y,y,p)., telab], )

in (1) includes the two particular and important cases of differential equations with
deviating arguments

Y@= [, y(@), yOr1(0)), ... yO®)), Y @1 (1)), ... Y @), p), t€la,bl,

(3)
and integro-differential equations
B

Y =f t,y(t),/k(t,s,y(S),y/(S))ds,p , t€la,bl (4)
a(t)

In order to restate (3) and (4) in the form (2), it is necessary to have
0,(t),05() € la,b], t€la,b] and r=1,...,k and s=1,...,1, (5

for (3) and
a(t), B(t) € la,b], te€la,b]. (6)

for (4). However, one often encounters Eq. (3), or Eq. (4), where the condition (5),
or the condition (6), is not fulfilled. For example, this happens when some 6, (¢) or
¥, (¢) in (3), or one of «(¢) and B(¢) in (4), has the form t & 7, where T > 0. For such
equations, we need to specify the solution y and its derivative y’ outside the interval
[a, b] by the side condition

y(®) =¢@) and y'(1)=¢@), t<aort>b, )
where ¢, ¢: (—00, a)U(b, +00) — R are given functions (of course, it makes sense

take ¢ = ¢’). Then, the equation can be still restated in the form (2) by incorporating
the side condition in the functional F: we write the Eq. (3) as

Y()=f(t.y®),0 (. t;¢),0 (y.t:9),p), tela,bl,

where

OW.1:¢) = (O . t:$)1.....0 (y.1; d))

) Y (0,(1)) if 6,() € [a, b] _
O 1) = [¢(9(r))lfe(t)<aor9(z)>b’ r=L....k
O . t9):= (O (Y. t:9),.....0 (Y.1:9),)
_ Y @s(@) if 95(7) € [a, b] _
(055 0), _[(p(z‘/‘s(t)) i£0,() <aor 0ty > b S Lol



and the Eq. (4) as

0a(1)
Vi) = f |t @), / K (t.s.y.y:¢.9)ds.p|. t€la,b]
o1 (1)

where

/. k@ s, y(s), y'(s)) if s € [a, b]
K@ sy, 5509 = [k(z,s,¢(s),<p(s)) ifs <aors > b.

Observe that the side condition (7) is considered as a part of the functional differential
equation (2), not as a boundary condition.

We recall here that a particular and important case of the Eq. (3) is given by delay
differential equations, where

0,(),0,(t) <t, tela,b] and r=1,...,k and s=1,...,1,

and two particular and important cases of the Eq. (4) are given by Fredholm integro-
differential equations, where

a(t)y=a and B(t)=0>b, t€la,b],
and Volterra integro-differential equations, where
a(t)y=a and B@)=t, t¢€la,b].
We also remark that the general form (2) includes integro-differential equations

B()
V) = f r,ym,y(e(r)),/k(t,s,y<s>,y’(0<s>))ds,p . telabl,
a(t)

which cannot be seen as Eq. (4).
The general boundary condition

B(y,y'.p)=0 ®)

in (1) includes the classical boundary condition

gy(a), y(b), p) =0

and the more general multipoint boundary condition

gW(a), y(b), y(11), ..., y(tg), p) =0, ©))



where t; € (a,b), i =1, ..., q, and integral boundary condition

b
g y(a),y(b),/w(t,y(t))dt,p =0. (10)

Note that, in general, boundary conditions for first order differential equation do
not involve the derivative y’. In this paper, we consider boundary conditions involving
¥’ since our theory can deal with this situation without any further complication.

By following the usual terminology, the functional differential equation (2) can be
called neutral since, in general, the values F (¢, y, y’, p) depend on y’.

Of course, the neutral equation (2) also includes the case where the values of F' do
not depend on y’. In this case, we say that the Eq. (2) is non-neutral. Similarly, we say
that the boundary condition (8) is non-neutral if the values of B do not depend on y’
and that the BVP (1) is non-neutral if both (2) and (8) are non-neutral.

1.1 Numerical literature on BVPs for functional differential equations and aim
of the paper

The papers dealing with the numerical solution of functional differential equation
BVPs, apart from [13,30] described below, address special cases of the problem (1).
Table 1 collects such papers according to the special case considered.

Instead, the papers [13,30] deal with BVPs for general non-neutral second order
functional differential equations. The paper [13] deals with BVPs

[ y'(t) =gt y®)+F ) @), tel0,1],
y (0) = y(1) =0,

where F is an operator acting on y, and considers a discretization of the second
derivative by a central difference. As a consequence, a method of order two is obtained.
The paper [30] deals with BVPs

[y”(t) =F(y.y)®, t€la,bl
y(a) =a, yb) =8,

where F is an operator acting on y and y’, and uses special continuous (dense output)
methods for second order differential equations. Such methods can reach an arbitrarily
high order, if F (y, y’) is independent of y’, and have order two at most, otherwise.

Regarding the theoretical (non-numerical) literature on BVPs for functional differ-
ential equations, among many papers, we mention here the monograph [26], which
contains a collection of articles dealing with many aspects of the theory of such prob-
lems, and the book [2], which considers only the non-neutral case.

Aim of the present paper is to study the numerical solution of problems (1). We
restate such problems in an abstract form and, then, we introduce a general type of
discretization of the abstract form and develop a convergence analysis of this dis-
cretization.



Table 1 Numerical literature on functional differential equations BVPs

Special cases of (1)

Papers

BVPs for non-neutral delay differential equations

BVPs for non-neutral differential equations with
deviating arguments

BVPs for non-neutral differential equations with a
state-dependent deviating argument 0 (¢, y(t))

BVPs for non-neutral singularly perturbed differential
equations with deviating arguments

BVPs for the determination of periodic solutions of
non-neutral delay differential equations

BVPs for the determination of periodic solutions of
non-neutral delay differential equations with a
state-dependent delay

BVPs for the determination of periodic solutions of
non-neutral differential equations with deviating
arguments

BVPs for non-neutral Fredholm integro-differential
equations

BVPs for non-neutral Fredholm integro-differential
equations with weakly singular kernels

BVPs for non-neutral Volterra integro-differential
equations

BVPs for the determination of periodic solutions of
neutral delay differential equations

BVPs for neutral differential equations with
state-dependent deviating arguments arising in
Wheeler—Feynman electrodynamics

BVPs for neutral Fredholm integro-differential
equations

BVPs for neutral Volterra integro-differential equations

[8,12,28,29,37,38,49,52]
[1,3,9-11,19,20,50,51,53]

(4]

[31-35]

[15,16,18,39,54]

[40]

[6,7]

[21,22,45]

[46-48]

(23]

[5,17]

[14]

[25,27,55,56]

[24]

The general discretization studied in this paper includes the two particular dis-
cretizations of the problem (1) given by collocation method and the Fourier series
method. However, in order to avoid having a very long paper, here we do not deal with
these two discretizations. They are the subject of the papers [41,42] and the forthcom-
ing papers [43,44]. The present paper contains the theoretical bases for the numerical

solution of functional differential equations BVPs.

When compared to the current literature, the research started in this paper and

continued in [41-44] contains the following advances.

1. The general form (1) of BVP has not ever been studied in literature, even confining
to the non-neutral case. Also the abstract form and the general type of discretization

considered in this paper are a novelty.

2. By confining to the non-neutral case, we consider a more general situation than
that dealt in the papers [13,30]. Moreover, the methods that we introduce have



arbitrarily high order of convergence, unlike the methods in [13,30] which have
order two only.

3. The study of the numerical solution of BVPs for neutral differential equations
with deviating arguments is at a seminal stage. On this subject, there are only
the three papers [5, 14,17], where [17] introduces and proves the convergence of
a method of order one and [5,14] are experimental works without convergence
proofs. Moreover, regarding BVPs for neutral integro-differential equations, the
literature is confined to Volterra and Fredholm equations. In our research, we
introduce methods for general neutral functional differential equations BVPs of
arbitrarily high order of convergence.

The plan of the paper is the following. In Sect. 2, we introduce the abstract form of
the problem (1). In Sect. 3, we introduce the general type of discretization used for the
abstract form. In Sect. 4, we analyze the convergence of this general discretization. In
Sect. 5, we specialize the results obtained in Sect. 4, in preparation for their application
in [41-44] to the problem (1) discretized by the collocation method and the Fourier
series method.

1.2 Notations

We finish this section giving a list of conventions and notations used throughout the
paper.

e The norm of a space Y is denoted by || - ||y.

e Cartesian product spaces are equipped with the norm given by the sum of the
norms of the factor spaces.

e In the space Y, the closed ball of center y € Y and radius r > 0 is denoted by
B(y,r).

e The identity operator of a space Y is denoted by Iy.

e The norm of a bounded linear operator L from the space Y to the space Z is
denoted by ||L||, without any reference to the domain Y and the codomain Z.

e The Fréchet-derivative of the operator A at the point y is denoted by DA(y).

e For an operator A: Y — Z; x - x Zi, we define the operators Az, : ¥ — Z;,
i=1,...,k by

A(y) = (Az (y), ... Az (y), Yy €Y,

and call them the components of A.

2 The abstract form
We assume that the functional F in (1) is such that F(-,v,u, 8) € U, for any
(v,u,B) € V x U x R%._ This assumption permits to introduce the operator

F:V xU xR% — U given by

F,u,B)=F(C,v,u,B), (upB) eV xUxRH,



and write the functional differential equation (2) as

y =F. Y, p),

which is an equation in the space U.

The BVP (1) is now restated in abstract form, where we use the derivative y’, instead
of y, as the actual unknown of (1).

Consider the very simple linear differential equation

V'(t) = u(t), te€la,bl, an

where u € U is given and v € V is the unknown. Each solution of this equation is
determined by a parameter o € R?. Thus, we introduce a linear operator G: U xR? —
V such that, forany u € U,

{veV:uvisasolution of (11)} = {G(u, ): a € R?}.

By following the usual terminology of the differential equations, the linear operator
G can be called a Green operator for the Eq. (11). Of course, examples of a Green
operator for (11) are

t
Gu, a)(t) :/u(s)ds +a, tela,b]l and (u,a) €U x RY,

c

where ¢ € [a, b].
The abstract form of the BVP (1) is based on the interpretation of the Eq. (11) as

v=G(u,a) forsomea cRY.

In other words, we replace the derivative operator with the Green operator.

Once a Green operator for (11) is given, the abstract form is introduced by defining
what we mean for a solution of (1). Let (y, p) € V x R%. We say that (y, p) is a
solution of (1) if y = G(u, &) for some u € U and « € R? such that

u=FGu,a),u, p)
B(G(u,a),u, p)=0.

Hence, we reach the following abstract form of the problem (1).
PAF (Problem in Abstract Form). Given:

e anormed space V and Banach spaces U, A and B;
e operators §: VXU XxB - UandB: VxUxB - A x B;
e alinear operator &: U x A — V;



find a pair (v, ) € Vx Bsuchthatv = &(u, o) forsomeu € Uand o € A satisfying

u=356wu,a,u,p)
B (Gu,a),u,B) =0.

Clearly, the BVPs (1) are in the form PAF with V = V, U = U, A = R, B = R%,
F=F,B=Band & =G.

2.1 Other instances of the abstract form

Besides the BVPs (1), PAF includes other types of BVPs.
For example, consider a second order problem (not restated as a first order problem)

y'(t) = F(t,y,p), te€la,bl,
[ B(y,p) =0 (12)

where F: [a,b] x V x R0 — R? and B: V x R — R? x RY x R%, V being, as
above, the space of the continuous function [a, b] — R4,
Let U be a Banach space of integrable function [a, b] — R? and consider the
differential equation
V() =u(t), tela,b], (13)

where u € U is given and v € V is the unknown. A Green operator for (13) is the
linear operator G: U x R? x R — V given by

V(1) = u(t), te€la,b],

G(u, ay, ) = solution of [ 2(@) = a1, v(b) = .

(u,aq,00) € U x R? x Rd,

ie.

t s b s
[ t—a / b—t t—a
G(u, ay, a)(t) ://u(o)dods — —//u(o)dods+ op + o)
b—a b—a b—a
a a a a

t € [a, bl.

Under the assumption that F (-, v, 8) € U forany (v, ) € V x R, the problem (12)
can be restated in the form PAF by introducing the operator F: V x R — U given
by

Fw,B)=F(,v,B), (v,B)eV xRY,
The BVPs (12) are in the form PAF with V=V, U= U, A = R¢ x R, B = R%,

F=F,B =Band & = G (of course, here U, F, B and G are those defined for the
problems (12)).



Clearly, PAF also includes BVPs for general differential equations obtained by
replacing the second derivative y”(¢) in (12) with a general linear differentiation
operator.

PAF even includes BVPs for partial functional differential equations. In fact, con-
sider the problem
Av(x) = F(x,v), x €,

[ B(w) =0 (14

where £ is an open set of R with boundary 82, A is the Laplacian operator, F :  x
V — R, with V the space of the continuous function Q=QUINQ —> R, and
B:V — A, with A the space of the continuous function 92 — R.
Given aBanach space U of integrable functions Q — IR, we consider the differential
equation
Av(x) =u(x), x €, (15)

where u € U is given and v € V is unknown. A Green operator for (15) is the linear
operator G: U x A — V given by

Av(x) =u(x), x € Q,

v(ix) =a(x), xe€0f,’ (u,a) e U x A.

G(u, a) = solution of [

Under the assumption that (-, v) € U forany v € V, the problem (14) can be restated
in the form PAF (without the space B), by introducing the operator 7: V — U given
by

F)=F(,v), velV.
The BVPs (14) are in the form PAF withV =V, U=U, A=A, §=F,8B8 =B
and ® = G.

Note that BVPs (14) have the space A = A of infinite dimension. However, in the
particular and important case of Dirichlet boundary conditions

B(v) =vjho—g, veYV,

where g € A, we can consider V = {v € V: v|jq € span(g)}, instead of V = V, and
A = span(g), instead of A = A, where span(g) = {kg: k € R}, so to have the space
A of finite dimension.

2.2 The abstract form as a fixed point problem

From now on we consider the problem PAF with A and B of finite dimension, rather
than its particular instance (1). By introducing the product Banach space

X =Ux A xB,



PAF can be seen as the search for fixed points of the operator @ : X — X given by

D (x) =SB, ), u, ), (@, ) =B (S, ), u,p)), x=u,ap)ckX.

We have that (v, 8) € V x B is a solution of PAF if and only if v = G(u, «) for some
fixed point (u, a, B) € X of ®.

Regarding the operators § and B and the linear operator &, we do the following
assumptions.

AF*B (Assumption F*B). The operators § and B are Fréchet-differentiable at any
point (vo, ug, fo) € V x U x B.
A®. The linear operator & is bounded.

Since AF*B and A® hold, @ is Fréchet-differentiable at any point xo =
(uo, @g, Po) € X and the Fréchet-derivative D@ (x¢) is given by

D® (x0) x = (DF(vo, uo, Po) (v, u, B), (&, B) — DB(vo, uo, Po) (v, u, B))
x=W,a,p) e X,

where vg = & (ug, ag) and v = &(u, a).

3 Discretization of the abstract form

Our aim is to numerically solve PAF and, in this section, we describe an its quite
general discretization. In the following, the positive integer K denotes the level of the
discretization: the larger K, the higher is the “quality” of the discretization.

There are two types of discretizations involved in the numerical solution of PAF,
that we call secondary discretization and primary discretization.

3.1 The secondary discretization

Consider the BVP (1). In some cases, the values of the functional F' cannot be exactly
computed. For example, in case of integro-differential equation (4), F' involves an
integral which has to be replaced with a quadrature rule. Therefore, for any positive
integer K , we have to replace F with a suitable functional Fx : [a, b]x V x U x R% —
R?, whose values can be exactly computed. If the values of F can be exactly computed,
as in case of differential equations with deviating arguments (3), we consider Fg = F.

As done for F, we require Fx(-,v,u,) € U, for any positive integer K and
(v,u,B) € VxU x R4 Hence, for any positive integer K, we can replace the
operator F with the operator Fx: V x U x R% — U given by

Fx v, u, B) = Fx (Lo, u, B), (v,u,B) €V x U x R%,

Analogously, for any positive integer K, we replace the functional B with a suitable
functional By : V x U x R% — R? x R% whose values can be exactly computed. If

10



the values of B can be exactly computed, as in case of multipoint boundary conditions
(9), we consider By = B.

The secondary discretization of PAF consists in replacing, for any positive integer
K, the operators § and B with operators §x : VXUxB — UandBg: VxUxB —
A x B, respectively, whose values can be exactly computed. As done for § and ‘B, we
assume what follows.

AT kB k. For any positive integer K, the operators §x and B are Fréchet-
differentiable at any point (vg, ug, fo) € V x U x B.

For any positive integer K, the operator @ is then replaced with the operator
@k : X — X given by

Pk (x) = Sk (S, o), u, p), (. B) — Bk (Gu,a),u, p))
x=,a,p) e X.

Since AFg Bk and AS hold, @g is Fréchet-differentiable at any point xo =
(1o, g, Bo) € X and DP (x¢) is given by

D&k (xo) x = (DF g (vo, uo, Po) (v, u, B), (a, B) — DB (vo, uo, Po) (v, u, B))
x=,a B)cX, (16)

where vy = & (ug, ap) and v = B(u, a).

3.2 The primary discretization

The primary discretization consists in the discretization of the space X into a finite
dimensional space and of the operator @, actually replaced with @ by the secondary
discretization, into an operator acting on this finite dimensional space.

Let K be a positive integer (level of discretization). Given a finite dimensional
space UK and linear bounded operators 7k : UK — Uand pg: U — IUK, called pro-
longation to U and restriction to U K » respectively, we consider the finite-dimensional
product space

)?KzzﬁK x A x B

and the linear bounded operators Pk : X k —~> Xand Rg: X — X k defined by

Px% = (mkil, o, B), *= @, a,B) € Xk,

and

Rgx = (pgxu,a,B), x=W,a p)eX.

Note that if the spaces A and B were not finite-dimensional, restrictions and pro-
longations also for these spaces had to be introduced.

The finite-dimensional space X x 1s considered as the discretization of level K of
X and the operator



5[( = RKQKPK: 3(\1( — YK
is considered as the discretization of level K of @. We have

Ok (X) = (px Tk (O (k@ @) , 7k, B) , (@, B) — Bk (& (x@, @) , 7K1, B))
T=@ o p) eX. (17)

Given a fixed point X = (i, ok, By) € Xk of @k , which can be found by a
standard numerical method for solving nonlinear systems of algebraic equations, we
consider

PKEC\;F( = (JTKﬁ},Ol?{,ﬂI*() eX (18)

as an approximation of a fixed point of @ and
vk, Bx), where vy = S(nguy, odk), (19)

as an approximation of a solution of PAF.

The papers [41-44], for the particular instance of PAF given by aBVP (1), deal with
two types of primary discretization falling in the previous abstract general description,
namely the collocation method and the Fourier series method.

Remark 1 Note that, unlike the operators § and B, we do not replace the linear operator
® with an approximation & g, whose values can be exactly computed. The reason for
this is that we assume, as it happens for the primary discretizations dealt in [41-44],
the possibility to compute exactly & (u, o) forany u € wg (@ k) and a € A (see (17)).

4 Convergence analysis

Let x* = (u*, o™, B*) be a fixed point of @ and let (v*, f*), where v* = &u*, a*),
be the relevant solution of PAF.
We set D*@ := D& (x*) and we make the following two assumptions regarding

x*.

Ax*1. There exist ro > 0 and L > 0 such that
|D®(x) — D*®|| < Lllx —x*||lx, x € B(x*, ro).

Ax*2. The linear bounded operator Iy — D*@® is invertible, i.e. for any (ug, g, Bo)
€ X the linear problem

u=D*F(&u,a),u,B)+uy
D*B(&(u, o), u, B) = (@0, Po),

where D*F := DF(v*, u*, B*) and D*B := DB(v*, u*, f*), has a unique solu-
tion (u, o, B) € X.

12



Observe that Ax*2 says that x* is a simple zero of Iy — @ and implies that x* is
an isolated fixed point of @.

In this section, we study how x* and (v*, 8*) can be approximated by the approx-
imations (18) and (19), respectively, obtained by some fixed point X% of Dk

Our analysis is based on studying of how x™* is approximated by fixed points of the
operator

PxRxPx: X — X.

Unlike @ k = Rk @k Pk, this operator has the advantage to be defined on the space
X as @.

Clearly, the operator Px Rx @k is Fréchet-differentiable at any point xo € X and
its Fréchet-derivative at xq is Px Rx D@k (xp), where D@ (xq) is given in (16). We
set D*Pg := DDk (x¥).

For notational convenience, we also introduce the operator

Vg = Ix — Pk Rg Py,
whose zeros are the fixed points of Px Rx @k . Note that Uk is Fréchet-differentiable
at any point xo € X and
DYk (xo) = Ix — Pk Rg D@k (x0).
We set
D*lp]{ = D'«IJK()C*) = IX — PKRKD*pr. (20)

Since we consider the operator Px Rx @k as an approximation of the operator @, it
is expected that Wk x* has a small norm. We call Wk x* the consistency error.
Now, we introduce the following two stability conditions.

CS1 (Condition Stability 1) There exist7; > 0 and, for any positive integer K, Lx > 0
such that

| Dk (x) — D*Wk || = | Pk Rk (DPk (x) — D*®g) || < Lgllx —x*|x
x € B(x*,r) 21

(compare with Ax*1).

CS2. There exists a positive integer K» such that, for any positive integer K > K>,
D*Wk is invertible and

lim D) - Wk xFllx =0, (22)

K—o0 1(K)
where
1
2(D*¥g)~ | - Lk

r(K) := min {ry,

with r; and Lg given in CS1.

13



By using the Lemma 1 on the zeros of Fréchet-differentiable operators given in
Appendix, we obtain the next theorem.

Theorem 1 Let CS1 and CS2 hold. Then, there exists a positive integer? such that, for
any positive integer K > K, Px Rx @ has a unique fixed point Xg in B (x*,r(K))
and

|k = x| < 20D*w) | - 1Pk x* | x (23)

holds. Moreover, we have the expansion
Xk —x* = —(D*Wg) Mg x* + 8k, (24)

where
I8k lx < 4Lk - I(D*Wg) 1P - 1wk x* (1% (25)

Here, Lk is defined in CS1 and r»(K) is defined in CS2.

Proof The proofis an application of the Lemma 1 withY = X, A = Wk and y* = x*.
Note that ¥ = X is a Banach space since U, A and B are Banach spaces. For K > K»,
where K> is defined in CS2, it is immediate to verify that

4(ra(K)) < %

Where_the quantity ¢ (r) is defined in Lemma 1. Now, let K > K> be such that, for
K >K,
e ety < (26)
r(K) -2

(recall (22)). For K > K, we have
_ 1
I(D*Wi) g x*|x < 3 12(K) = (1 =g (K))) - ra(K)
and so, since (71) in Lemma 1 is fulfilled for r = r2(K), ¥k has a unique zero x}k( in
B (x*, r2(K)) and (23) holds by (72). B
As for the second part of the theorem, for K > K, take

r=2(D*¥x) 7" - Wk x*lx

in the second part of Lemma 1. Since r < r2(K) holds (recall (26)), we have

N =

q(r) < q(r(K)) <
and

_ 1
[(D*W) "W x*|x < 37 = (—gr



and so the condition (71) is fulfilled. Then, we obtain (24) by (73) and
I8k llx < 2¢() - ND* )~ - Wkl
by (74). Now, since
q(r) < I(D*Wg) M| - Lg -r =2Lg - 1(D*¥g) 1% - Wk x"lIx

holds, we have (25). O

Next result is a consequence of the Theorem 1 and says how x* and (v*, 8*) can
be approximated by (18) and (19), respectively.

Theorem 2 Let CS1 and CS2 hold. Then, there exists a positive integer K such that,
for any positive integer K > K, the operator ®k has a fixed point X% and

|Pxxx — x*|| < 20D )" - [Wkx™lIx (27)
and
PgXy —x* = —(D*Wg) 'Wgx* + 8k, (28)

v/v\here 8k is defined in (24) and satisfies (25), hold. Moreover; if Xk is a fixed point of
@ different from X, then

| PkXx — x*[lx > r2(K) (29)

and
r2(K)

T E— 30
2max{||7k |, 1} G0

Itk —Tglz, >

Here, r(K) is defined in CS2. Finally, regarding the approximation (v, B%) of
(v*, B*), we have

Ik, Bk) — 0, B9)llvxs < 2max {6, 1} - [(D*¥g) ™" - [|Wkx*(Ix. (31)

Proof By recalling Theorem 1, for K > K, let x% be the unique fixed point of
Px Rx @k in B(x*, r2(K)) . It is immediate to verify that Xi = RxPgx} is a fixed
point of @ . Moreover, we have

PKEC\I*( = PKRK(DKX}} = xl*(.

Therefore, (27) and (28) follow by (23) and (24) in Theorem 1, respectively.

Now, we prove the second part. Let Xx be a fixed point of @ different from Xg. It
is immediate to verify that Px Xk is a fixed point of Px Rg @k . Since x,*( is the unique
fixed point of Px Rx @k in B (x*, r2(K)), we have (29). As for the inequality (30),
observe that

| Pkxkx — PxXxllx = |Pkxx — x*Ix — Ixg —x*lx > r2(K) — [lxx — x*[Ix.
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Since (22) and (23) hold, we have

lim .
K—oory(K)

Ixgx —x*llx = 0.

Hence, there exists K > K such that, for K > K , we have

r2(K)
lxx —x*llx <
2
and then (K)
—~ rn
| PkXx — PxXgllx > > (32)

Now, (30) follows by (32),
| PkXk — PxXgllx < 1Pkl - IIX — Xk lIz,
and
| Pk |l = max{|lzg|l, 1}.

Finally, the estimate (31) is obtained by

| (vk- B%) = " B) v
= | (ki o) = & (. o) |y + |8k — B
<&l (|zxay —u|y+ |ak —o*||,) + Bk = B"]s
< max {|&]|, 1} - | PxFg — x*| -

m}

In the next subsection, we will give an estimate of the error of the approximation
vk, /3[*(), better than (31) in some situations.

Remark 2 Regarding the consistency error ¥k x*, which appears in (27) and (31), we
have

Wk x*|Ix < [(PkRx — Ix)x™|Ix + || Pk Rg (Px — P)x™||x,

where we have separated the contributions of the primary and secondary discretiza-
tions. If only a primary discretization is used, i.e. g = @, then

—WK)C* = (PKRK — Ix)x*.
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Remark 3 Suppose there exists a sequence {Xg} of fixed points of @ such that Tg
is eventually different from X7 . By (29) and (30), we obtain

1 1
:0( ), K — oo, (33)

| PkXkx — x*|lx r2(K)
and : .
———— = O | max{||l7g|, 1} - —) K — oo, (34
IRk — 3 lz, ( r2(K)

respectively. Note that, by (33), (27) and (22), we have
I Pxkxk — x*lx = o (| PkXx — x*|x)., K — oc. (35)

The estimates (33)—(35) gi\ig informations on how much the fixed point X% is isolated
from other fixed points of @ .

4.1 The simple case

Let us introduce the space
Z=VxAxB
and the linear operator A: X — Z given by
Ax =G w,0),0,8), x=W,a p)eX.
Clearly, the linear operator A is bounded and
Al = max {||& (-, 0)[I , 1}

holds.
In this subsection, we consider the situation where, for any x € X, we can factorize

D®(x) as DO (x) = ¥(x)A, (36)
and, for any positive integer K, DPg (x) as

Dok (x) = Yk (x)A, 37

where X' (x), Xk (x): Z — X are linear bounded operators. We call this situation the
simple case.

In the following, we set X* := X' (x*) and X} = Xk (x™).

Note that the simple case holds if §(v, u, ) = (v, B), Sk (v, u, B) = Fx (v, B),
B(v,u, B) =B, B)and Bk (v, u, B) = Bk (v, B). Infact, for xo = (ug, ag, Po) €
X, factorizations (36) and (37) hold with X' (xo), Xk (x0): Z — X given by
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2 (x0)z = (D'F(v + &(0, ), B), (a, B) — D'B(v + (0, a), B))
Tk (x0)z = (D'Fx (v + B(0, @), B), (a, B) — D*Bg (v + &(0, @), B))
z=W,a,pB)e”Z

where D°F := DF(vo, fo), DGk = DFk (vo, Bo), D"B := DB(vy, Bo) and
DO‘BK := DBk (vo, Bo), with vg = & (ug, ap).

Therefore, the simple case holds for the particular instance of PAF given by a non-
neutral BVP (1). As it is shown in [43], the simple case can hold also in case of BVP
for neutral functional differential equations. In particular, it holds in case of BVPs for
neutral integro-differential equation (4) and non-neutral boundary conditions.

Now, we present two theorems for the simple case. The first result is a condition
under which the invertibility of the linear bounded operator D*Wg, and the uniform
boundedness with respect to K of the norm of its inverse, are guaranteed. We recall
that D*Wx is defined in (20) and the norm of its inverse appears in CS2 and in the
error estimates of Theorem 2.

Theorem 3 Assume the simple case. If

lim |[(PkRxX} — X" A| =0, (38)
K—oo

then there exists a positive integer Ko such that, for any positive integer K > K»,
D*Wg is invertible and

I(D*wg) | < 2| (Ix — D*®) 7.

Note that the previous theorem implicitly requires the invertibility of Iy — D*®,
which is assumed in Ax*2.

Proof By recalling (20), we have
D*¥g =1Ix — D*® — (PkRx X — Z*)A.
The theorem now follows by an application of the Banach perturbation lemma. O

Note that in (38) we can take advantage of the fact that the error operator
Pk Rg X% — X* is applied to elements that have been regularized by the operator A.

Remark 4 By separating the contributions of the primary and secondary discretiza-
tions, we have that (38) holds if

lim ||(PxkRg — Ix)X*A| =0
K—o0
and

lim || PxRk(Z5 — Z*)A| =0.
K—o0
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The second result for the simple case is an estimate of the error of (v}‘( , :31*<) different
from (31).

Theorem 4 Let CS1 and CS2 hold. Assume the simple case. We have

I (k- Bk) = (" B7) lvxs
<max{|&©O, ), 1} - (I1Ek| - A¥kx*|lz + Al - 8k llx) » (39
where
Ex =17+ AD*Wg) ' Pk Rk X% (40)
and |8k || x satisfies (25).
Proof Of course, all that is stated in Theorem 2 holds. Now, consider the expansion
(28):

PKBC\?( —x* = —wy + 8k,

where we set
WK = (D*(I/K)_ll[/[(x*.
We have

| (vk. Bx) — (0" B") |y
= |6 (mxii. k) = & (. ") |y + | Bk — B |5
= |& (zxiy —u*.0) + & (0. ek — ")y, + [ Bk — B[
< max{[|&0, ). 1} (|& (wxug —u*.0) |y + ok —*|, + | Bk — B*[5)
=max{|&(0, )|, 1} - |A (mxuf —u* ok —*, By — B*)
= max{[|&(0, )|, 1} - [A(—wk + k)2
< max{||&(0, )|, 1} - ([ Awk Iz + [ Al 18k [l x)- (41)

2

From (20), we obtain
AD*W)™ = A(D*Wg) N (D*Wk + Px Rx D*®Pk)
= A+ A(D*Wk) ' Pk Rk D*®k
and then
Awg = A(D*Wg) g x*
= AWgx* + A(D*Wk) ' Pk Rk D* @ Wi x*.

Now, since D*@g = X% A holds, we have
AwK = SKAII/KX*,

with Z'g defined in (40), and the estimate (39) follows by (41). O
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This result is indeed useful since it can happen, as it is illustrated in [41] in case of
the collocation method (version finite element method), that || AWk x*|| z has an order
of convergence to zero, as K — o0, higher than ||Wgx*| x.

Remark 5 Regarding the regularized consistency error AWk x*, we have
AWk x*|lz < |A(Pk Rk — Ix)x™|lz + | APk Rx (Pk — P)x™||z,

where we have separated the contributions of the primary and secondary discretiza-
tions. If only a primary discretization is used, i.e. ®x = &, then

—AlPKx* = A(PKRK — IX)x*.

4.2 Invertibility of D*® g

In the previous subsection, in Theorem 3, it has been presented a condition under
which the invertibility of D*@® is guaranteed in the simple case. In this subsection, we
study the invertibility of D*@® in the general case.
We consider a splitting
D¢ =T*+X*A (42)

of D*®, where I'*: X — X and X¥*: Z — X are linear bounded operators. (Recall
that Z and A have been introduced at the beginning of the previous subsection).
Similarly, for any positive integer K, we consider a splitting

D*®k = I} + T} A, 43)

of D*® g, where I ;(‘ : X = X and 21*( : Z — X are linear bounded operators.

Note that in the simple case, described in the previous subsection, we have splittings
(42) and (43) with I'* = I'¢ = 0.

In this subsection, by using splittings (42) and (43), we give a theorem concerning
the invertibility of D*Wg and the norm of its inverse. This theorem is an extension of
the Theorem 3 (which is valid only for the simple case) and it is based on the Lemma 2
in Appendix.

Theorem 5 Assume that there exist a splitting (42) such that Ix — I'* is invertible
and, for any positive integer K, a splitting (43) such that Ix — Px Rg I'¢ is invertible.

If

Jim [(Ix = PR T ™M - NPk R T = T (Ux = TH7IE7 A =0 (44)

and
lim |(Ix — Pk Rk ) 7'l - (Pk Rk T — ) Al = 0, (45)
K—o0

then there exists a positive integer Ko such that, for any positive integer K > Ko,
D*Wg is invertible and

I(D*®) "l < 2(Ix — D*®)~'(Ux — I'™)|| - |[Ux — PkRx )"l (46)
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Proof The proof is an application of the Lemma 2 with Y = X, A = Ix — D*®
(recall Ax*2), B = Ix — I'*, C = —X* A and, for any positive integer K, Ax =
D*WK = Ix — PKRKD*(DK, BK = IX - PKRKF[? and CK = —PKRKEI*(A. O

The previous theorem reduces the invertibility of D*Wg = Ix — Pgk Rg D*®g to
the invertibility of Iy — Px Rx FE. Note that in (44) and (45), we can take advantage
of the fact that the error operators Pg Rx I'¢ — I'* and Pg Rx X'y — X* are applied
to elements that have been regularized by A.

Remark 6 By separating the contributions of the primary and secondary discretiza-
tions, we have that (44) holds if

Jim (2 — Pk RxkTE) 7' - (PR — Ix)[*(Ix — IT')7'Z*A| =0
— 00
and
lim [|(Ix — Pk Rk Tg) " | - 1Pk Rx (Tf — T*)(Ix — ™)' Z* Al = 0,
K—o0
and (45) holds if
KILIHOO (Ix — Pk Rk )| - I(Pk Rk — Ix) Z* Al =0
and

Jim (I = PeRe T3 - |1 Pk R (5 = 29I = 0.

4.3 The nilpotency case and the splitting case

In view of Theorem 5, it remains to study the invertibility of Iy — Pg Rk FI?. To
this aim, we consider the situation where there exist a positive integer c, a splitting
(42) such that (I"'*)¢ = 0 and, for any positive integer K, a splitting (43) such that
(Pk Rk I'¢)¢ = 0. We call this situation the nilpotency case.

Remark 7 1f the nilpotency case holds, then Iy — I'* is invertible and, for any positive
integer K, Ix — Px R I” I? is invertible and

c—1

I(x — Pk R T3 ' < D 1Pk Ry I TR N
i=0

holds.

On the other hand, we call the splitting case the more general situation (including the
nilpotency case) described in the premise in Theorem 5, namely there exist a splittings
(42) such that Ix — I'* is invertible and, for any positive integer K, a splitting (43)
such that Ix — Pk R I'g is invertible.
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4.4 The operators Px Rx and Pk Rx — I'x

Regarding the primary discretization, the previous subsections have shown that the
role played by the linear operators Px Rg: X — X and Pgk Rx — Ix: X — X given
by

PxRgx = (mxpxu,a,B), x=W,ua p)eX,

and (Pk Rk — Ix)x = (mx px — Ip)u, 0,0), x = (u, o, B) € X, (47)

is crucial. In this subsection, we list some simple facts about them to be used in the
next section.
We have

I(Pk Rx — Ix)xllx = (mx px — IWully, x = (u,a, B) € X,
and, for a linear bounded operator A: X — X,
|(Pk Rk — Ix)A|l = (mk px — Iv)Aull, (48)

where Ay is the U-component of A defined in Sect. 1.2.
Moreover, note that

Ak = [Pk Rk || = max{||wk ok I, 1} (49)

and
I(Px Rk — Ix)x"|lx = llek llu, (50)

where x* = (u*, a™*, %) is the fixed point of @ and
* o, *
ex = (mxpx — ly)u (51)

can be called the consistency error of the primary discretization (see Remark 2).

5 Specialization of the convergence results

In the convergence analysis presented above, we have considered the general situation
where, beside a primary discretization, also a secondary discretization is introduced.
This means that approximations § g of § and B g of B are used and then the operator
@ is actually replaced by @ . However, in the papers [41,44], where the results of this
paper are specialized to the problem (1) for two particular primary discretizations, we
do not consider a secondary discretization, in order to avoid giving results with too
many assumptions and details.

As previously remarked, in case of the problem (1), approximations §x = Fg
of § = F and Bx = Bk of B = B are used for integro-differential equation (4)
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and integral boundary conditions (10), respectively, where the involved integrals are
approximated by quadrature rules. Convergence results, when quadrature rules are
used in integro-differential equations BVPs, can be deduced from the general theory
given above and they are addressed in [43]. We also remark that the choice of con-
sidering the exact computation of integrals in integro-differential equations BVPs is
adopted in the papers [21,22,25,27].

The case of BVPs (1) for differential equations with deviating arguments (3) and
multipoint boundary conditions (9), where a secondary discretization is not necessary,
is dealt in [42].

In this section, for the situation where only a primary discretization is used (i.e.,
for any positive integer K, we have §x = § and ‘Bx = ‘B and then @ = D), we
give two convergence theorems for the problem PAF, less abstract than Theorem 2.
The first is for the simple case and the second is for the splitting case, which includes
the nilpotency case. Such theorems are used in [41,44], in case of the problem (1),
for the two particular primary discretizations given by the collocation method and the
Fourier series method.

As already remarked, the simple case holds for non-neutral BVPs (1) and for BVPs
given by neutral integro-differential equation (4) and non-neutral boundary conditions.
Moreover, for the collocation method and the Fourier series method, the nilpotency
case holds for BVPs given by neutral differential equations with deviating arguments
(3) and non-neutral boundary conditions, whenever the neutral deviating arguments
V5,5 =1, ...,1, are such that

V() <t—1, s=1,...,1 and t €la,b],

or

Os(t)>t+1, s=1,...,1 and t €la,b],

for some t > 0. This is shown in [42,44].
Below, since we are considering only a primary discretization, we have that:

e the simple case reduces to the sole factorization (36);

e the splitting case uses the sole splitting (42) and requires the invertibility of Ix —I"*
and, for any positive integer K, of Iy — Px Rx '™,

e the nilpotency case uses the sole splitting (42) and requires (I"*)¢ = 0 and, for
any positive integer K, (Px Rx I'*)¢ = 0, for some positive integer c.

Moreover, we use diffusely the notation Ay of the U-component of an operator A
introduced in Sect. 1.2. Finally, we remark that the quantities Ax and |le} [y (see
(49)—(51)) play a crucial role. In particular, we have

[Wkx*llx = (Pk Rk — Ix)x"Ilx = llek llu (52)

(see Remark 2).
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5.1 The simple case

Here is the theorem for the simple case. Before to present it, we introduce the following
condition, which is formulated only for the simple case.

CSC (Condition Simple Case) There exist r» > 0 and, for any positive integer K,
ok > 0 such that

Ik px — T)(DP (x) — D*P)yll = | (mk px — ) (X (x) — Z) Ayl

SGK||X_X*||X7 X EE(X*,I’Q),
and
ox = 0(1), K — oo.

Theorem 6 Assume that only a primary discretization is used. Moreover, assume the
simple case,

lim |[(mx px — Iy)(D*@)yll = lim |(mgxpx — (X A)pyll =0 (53)
K—oo K—o0

and .
. Ak - leklu _
A ek o if CSC holds = ° (34
(One has to read the lower row after {, instead of the upper one, if CSC holds). Then,
there exists a positive integer K such that, for any positive integer K > K, @k has a
fixed point X3 such that

| Pxxi — x| = Ollek lv), K — oo. (55)
Moreover, for the approximation (v, Bx) of (v*, B*), we have the two estimates

Ik, Bx) — @, B)llvxe = O(leklv), K — oo, (56)

and

Ik, Bx) — ", B)llvxs

. * 12
— 0 (hk - 18(ef, 0)llv) + ’ 0k - Il I13)

odlex112) i CSCholds’ K =0 ©D
Finally, suppose there exists a sequence {Xg} of fixed points of D such that Tk is
eventually different from X7. Then

K — oo, (58)

ot
| Pk Xk — x*Ilx O(1)  if CSC holds’
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and

1 _ | Omax{||zkll, 1} - Ax)

e . , K . 59
Ik 7z, | Omax(lmgl 1) ifCSChotds® X 7 ©P

Note that, in CSC and (53), the error operator wg px — Iy is applied to elements
regularized by means of A.

Proof Since Ax*1 holds, CS1 is fulfilled with a constant

_ ] O0Gk)
LK_[O(I) if CSCholds® &

Now, we show that CS2 holds. By (53), (48), Remark 4 and Theorem 3, we obtain
that there exists a positive integer K, such that, for any positive integer K > K»,
D*Wg is invertible and

I(D*¥)~ I =0(1), K— . (60)
Now, we have
I _[oGk)
rn(K) [ O(1)  ifCSC holds’ K — oo. (61)

By (61), (60), (52) and (54), we conclude that CS2 is fulfilled.

Then, Theorem 2 says that there exists a positive integer K such that, for any positive
integer K > K s D x has a fixed point 35}*( such that (55) and (56) hold: see (60) and
(52). Moreover, by Remark 3, we obtain (58) and (59): see (61).

It remains to prove (57). Since

[ AVkx™|z = [|A(Pk Rk — Ix)x" ||z = [B(ek, 0)[lv
(see Remark 5, (47) and (51)) and
IExl = O(hk), K — oo,

(see (40) with X% = X*) and

_ [ 00k - lex ity
1ollx = [ olex 1) if CSCholds” X =%
(see (25)), we obtain (57) by Theorem 4. O
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5.2 The splitting case

Now, we give the theorem for the splitting case. If the splitting case holds, we set, for
any positive integer K,

—1
pk = (Ix — Pk Rk ") ||
If the nilpotency case holds, then, by Remark 7, we have
MK:O(A.CI‘(_I), K — oo.

Theorem 7 Assume that only a primary discretization is used. Moreover, assume the
splitting case,

K@; wk - Ik px — Ip)(T*(Ix — 7' 2* Ayl =0, (62)
lim ug - |(wx px — Ip)(Z* Ayl =0, (63)
K—o0
and
lim p% ik - ek lly =0. (64)
K—o0

Then, there exists a positive integer K such that, for any positive integer K > K, &k
has a fixed point X% such that

| Pk x5 —X*”X = O(uk - lekllv), K — oo. (65)
Moreover, for the approximation (v, By) of (v*, B*), we have the estimate

Ik, Bg) — 0, B)llvxs = O(uk - llegllv), K — oo. (66)

Finally, suppose there exists a sequence {Xg} of fixed points of Dk such that Xk is
eventually different from X5 . Then

1

—————— = O(ugrg), K — oo, (67)
| Pkxx — x*| x

and
1

—
Ik —xxlz,

Proof Since Ax*1 holds, CS1 is fulfilled with

= O (max{||zg|l, 1} - ugrgx), K — oo. (68)

L[( = 0()\.[(), K — oo.

Now, we show that CS2 holds. By (62), (63), (48), Remark 6 and Theorem 5, we
obtain that there exists a positive integer K5 such that, for any positive integer K > K>,
D*Wg is invertible and
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I(D*¥k) ' =0 (nk), K — oo. (69)

Now, we have

rz(K) = O(MK)\-K), K — oo. (70)

By (70), (69), (52) and (64), we conclude that CS2 is fulfilled.

Then, Theorem 2 says that there exists a positive integer K such that, for any positive
integer K > K , D, k has a fixed point X} such that (65) and (66) hold: see (69) and
(52). Moreover, by Remark 3 we obtain (67) and (68): see (70). m]

6 Conclusions

In this paper we have studied the numerical solution of PAF, introduced in Sect. 2,
in case of spaces A and B of finite dimension. PAF has been discretized by a primary
discretization and a secondary discretization, as explained in Sect. 3. A convergence
analysis has been carried out in Sect. 4. In Sect. 4, we have also addressed the two
particular situations of the simple case and the splitting case (which includes the
nilpotency case). In Sect. 5, under the assumption that only a primary discretization is
used, the convergence results have been specialized to these two particular situations.
The functional differential equation BVP (1) is a particular instance of PAF. The
results of Sect. 5 are applied in [41,44] to this particular instance for the two particular
primary discretizations given by the collocation method and the Fourier series method.
The present paper provides the theoretical basis for the analysis of such methods.
We finish observing that PAF also includes BVPs for partial functional differential
equations, as it has been illustrated in Sect. 2.1. Apart from the possible infinite-
dimensionality of the space A, a numerical study of such problems in the context of
PAF has to take into account the use of approximations &g of the linear operator &.

Appendix

Lemma 1 Let Y be a Banach space with norm || - ||y, let A: Q C Y — Y, where
2 is open, be a Fréchet-differentiable operator and let y* € Q such that DA (y*) is
invertible. For any r > O such that B (y*, r) C €, define

g)= swp |DA(Y) (DA - D))
YEB(y*,r)

Now, let r > 0 be such that B (y*,r) € Q. If

qg(r) <1 and HDA (y*)_l Ay*

, S =a)r, (71)
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then A has a unique zero y* in B (y*, r) and

[paGH ™ ay

V=, < L (72)
|| “Y 1 — q (}")
Moreover, we have )
Y -y =-DA(y*)  Ay*+35, (73)
where
g () |DAGH Ay
I8lly < Y (74)

I—q()

The proof of the first part is more or less similar to the proof of [36, Lemma 19.1,
page 293]. The proof of the second part (73) is clear once the proof of first part is
understood.

Lemma 2 Let Y be a Banach space withnorm || - ||y. Let A, B, C: Y — Y be linear
bounded operators such that A = B + C and B is invertible. Let {Ak}, {Bk} and
{Ck} be sequences of linear bounded operators Y — Y such that, for any positive
integer K, Ax = Bx + Ck and By is invertible.

If A is invertible,

lim ||BE1|| 1Bk —B)B~'C| =0 (75)
K—oo
and
li B - — =
Jim 1Bl Ick = ¢l =0, 76)

then there exists a positive integer Ky such that, for any positive integer K > K, Ag
is invertible and

IA I < 21A7 B - 1B .

Proof Assume that A is invertible and (75) and (76) hold. For any positive integer K,
we have

Ax = Bx +Ck = Bk (IY + BEICK)
and then Ak is invertible if Iy + Bgl Ck is invertible. In this case, we have

—1 I
Agt = (v + Bg'cx)  BR
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Now, since

and

Iy +By'Cx = Iy + B™'C+ By'Ck — B™'C
= Iy +B7'C+ B (Cxk — ) + (B,;1 - B—l) c
=Iy+B7'C+ B (Ck —C)— B;' (Bx —B)B™'C

Iy+B'c=B"'(B+C)=B"'A

is invertible with inverse

-1
(Iy + B—lc) — A~ !B,

the thesis follows by the Banach perturbation Lemma. O
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