Miskolc Mathematical Notes HU e-ISSN 1787-2413
Vol. 12 (2011), No 2, pp. 209-223 DOI: 10.18514/MMN.2011.403

On the parametrization of nonlinear boundary
value problems with nonlinear boundary
conditions

K. Marynets



Miskolc Mathematical Notes HU e-ISSN 1787-2413
Vol. 12 (2011), No. 2, pp. 209-223

ON THE PARAMETRIZATION OF NONLINEAR BOUNDARY
VALUE PROBLEMS WITH NONLINEAR BOUNDARY
CONDITIONS

K. MARYNETS

Received September 15, 2011

Abstract. We consider a boundary value problem with nonlinear boundary conditions. By using
a suitable parametrization, we reduce the original problem to the parametrized one containing
linear boundary restrictions. We construct a numerical-analytic scheme that is suitable for the
study of the solutions of the transformed boundary value problem.

2000 Mathematics Subject Classification: 34B15, 34B08

Keywords: parametrized boundary—value problem, successive approximations, numerical-analytic
method, determining system

1. INTRODUCTION

Our aim is to show that, for some types of nonlinear boundary value problems
with nonlinear boundary conditions, it is useful to introduce certain parametrization
techniques.

2. PROBLEM SETTING

We consider the following nonlinear two-point boundary value problem subjected
to the nonlinear boundary conditions

dx (1)
dt

f(t,x(@)),te€[0,T], x e R", 2.1

g(x(0),x(T))=0, (2.2)

where f :[0,T]x D — R" and g: D x D — R" (n > 2) are continuous, D C R" is
a closed and bounded domain.

We have to find a continuously differentiable solution of the system of differential
equations (2.1) satisfying the nonlinear boundary restrictions (2.2).

(© 2011 Miskolc University Press
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3. CONSTRUCTION OF AN EQUIVALENT PROBLEM WITH LINEAR BOUNDARY
CONDITIONS

To pass to the linear boundary conditions in (2.2), we replace the values of the
components of the solution (2.1), (2.2) at the points ¢t = 0, t = T by parameters 71,
Z2, ..., Zpand Ay, Ao, ..., Ayt

x(0) = col (x1(0),x2(0),...,x,(0)) =col (21,22,...,2n),

3.1
X(T) = col (x1(T).x2(T). ... xn(T)) = col Ay, Ags.. Ap).  OD
Let us rewrite the boundary conditions (2.2) in the form:
x(T)+ g (x(0),x(T)) = x(T). 3.2)

Using the parametrization (3.1), the non-linear boundary restrictions (3.2) can be
written as:

A+g(z,A)=x(T). (3.3)
Let us put:

d(z,A):=A+g(z,A), (3.4)
where

z:=x(0)=col (z1,22,-.-,2n),

Ai=x(T)=col (A1,A2,...,An).

Taking into account (3.4), the parametrized boundary conditions (3.3) can be writ-
ten in the form:

3.5)

x(T)=d(z,7), (3.6)
where A =0, C = I, and [, is an initial (n X n) matrix.
So instead of the original boundary value problem of (2.1)and (2.2), we obtain an
equivalent parametrized one (2.1), (3.6).

Remark 1. The set of the solutions of the non—linear boundary value problem (2.1),
(2.2) coincides with the set of the solutions of the problem (2.1), (3.6) satisfying the
additional conditions (3.1).

4. CONSTRUCTION OF SUCCESSIVE APPROXIMATIONS

Let us introduce the vector

Sp(f):= l |: max f(t,x) min f(t,x)] , 4.1

2 | (¢,x)ef0,T1xD  (Lx)€[0.T]xD
satisfying the inequality:

Sp(f)= —max — |f(t.x)|.

(t,%)€[0,T]xD
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The given boundary value problem (2.1), (2.2) is such that the subset

t
Dg:={zeD: Bz, 4+ —=(d(z,A)—z
8 {Z (z ;g[l&);]Z-I_T( (z,A)—2)

CcCD,Vie D)}
is non—empty

Dp # 2. (4.2)

Assume that the function f(¢,x) is continuous in the domain [0, 7] x D and satis-
fies a Lipschitz condition of the form

|f(t.u) = f(t.v)] < K|u—v], (4.3)

n
i,j=1"
Moreover, we suppose that the spectral radius 7 (K) of the matrix K satisfies the

following inequality

forallz €[0,T], {u,v} C D with some non-negative constant matrix K = (k;;)

10
K) < —. 4.4
r(K) < 3 (44
Let us connect with the parametrized boundary—value problem (2.1), (3.6) the se-
quence of functions:

t
xm(t,z,k):=z+/ (s, xm—1(s,2,A))ds—
0

[t s+ = d (2.4 45
7 [ ez ands s LG -2] @)

where m=1,2,3,...,

xo(t,z,k)=z+%(d(z,)t)—z)e D, .6)

A=col(A1,A2,.... A ) € D,
Xm (t,2,A) = col (xm,l (t,2,4) , Xm2(t.2,A),....Xmn (t,z,)t)) and z,A are para-
meters.

It is easy to check that the functions x,, (¢, z,A) satisfy linear boundary conditions
(3.6)forallm > 1,A € D and z € Dg.

The following statement establishes the convergence of the sequence (4.5) and its
relation to the original boundary—value problem (2.1), (2.2).

Theorem 1. Assume that the function f :[0,T]x D — R” in the right side of
the system of differential equations (2.1) and the parametrized boundary restrictions
(3.6) satisfy conditions (4.2)—(4.4).

Then for all fixed A € D, z € Dg:
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(1) The functions of the sequence (4.5) are continuously differentiable and satisfy
the parametrized boundary conditions (3.6):
xm(T,z,A) =d (z,1), 4.7

m=1,2,3,....
(2) The sequence of functions (4.5) fort € [0, T] converges uniformly as m — oo
to the limit function

x*(t,z,)) =mlgnooxm(t,z,k). (4.8)
(3) The limit function x*(t,z,A) satisfies the initial conditions
x*(0,z,1) =z,
and the parametrized linear boundary conditions:
x*(T,z,A)=A+g(z.1).

(4) The limit function (4.8) for all t € [0,T] is a unique continuously differenti-
able solution of the integral equation

t T
x(1) =Z+/0 f(s,x(s))ds—%/o f(s,x(s))ds%—%[d (z,A)—2z], 4.9

i. e. it is the solution of the Cauchy problem for the modified system of
differential equations:

Z—j = f(t,x)+ A(z,7), (4.10)
x(0) =z, 4.11)
where
1 1 (T
A(z,A) = =[d(z,A)—z]— —/ f(s,x(s))ds. 4.12)
T T Jo

(5) The following error estimation holds:

¥ (2.2, 0) = xm (1,2, 4)| < %t (1 - %) O™ (Ii—0) S (f),  (@13)

where the matrix
0= 3T X
10

Proof. We will prove that the sequence of functions (4.5) is a Cauchy sequence in
the Banach space C ([0, T'], R").
First we show that x,,,(¢,z,A) € D, forall (z,z,A) € [0,T] x Dg x D,m € N.

(4.14)
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Indeed, using the estimation of Lemma 2.3 from [3] (see also Lemma 3 [2] and
Lemma 2 [1]):

[ o=t roslar

5%&1(1) Ln[lax f(t)—tg[loi,nT]f(t)], (4.15)

€[0.7]
where
t T

al(r)=2z(1—7), @)l < 2. 0.7]. 4.16)

relation (4.5) for m = 0 implies that:

t 1 T
|x1 (£,2,A) —x0 (1,2, 4)| < / f(t,z)—?/ f(s,z)ds |dt| <
0 0
T

=1 (8p(f) = 38(f). @.17)
Therefore, by virtue of (4.17), we conclude that x;(z,z,4) € D whenever (¢,z,A) €

[0.T]xDgxD.

By induction we can easily establish that all functions (4.5) are also contained in
the domain D for Vm=1,2,3,...,t €[0,T],z € Dg,A € D.

Now, consider the difference of functions:

t
Xm+1(2,2,4) =xm (1,2,4) = /0 [f (5. 2m(s5.2,4)) = f (5. Xm—1(5.2.4))] ds—

t T
5 [ U Gz - f Gz lds @)

form=1,2,3, ....
and introduce the notation:

P (t,2,A) := |xm(¢,2,A) —xm—1(t,2,A)| ,m=1,2,3, ... .
By virtue of the estimation (4.15) and of the Lipschitz condition (4.3), we have:

t T
rm+1(t,2,A) < K |:(1 —%)/ rm(s,z,/\)ds—l-%/ rm(s,z,/\)dsj| ., (4.19)
0 t

form=0,1,2, ....
According to (4.17)
ri(t,z,4) = [x1(t,2,4) = xo(t,2,A)| <1 (1)dp (f). (4.20)

By virtue of the statement of Lemma 3 [1] of the form

10 /3 _\"
ami1(0) <5 (15T ) ea@).m=0.1.2.... 4.21)
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we obtain for the sequence of functions

t T
Am+1() = (1 — L)/ am(s)ds + L/ am(s)ds, m=0,1,2,..., (4.22)
T/)Jo TJ:

ao(t) = 1, ay (6) = 2t (1—%),

and the statement (4.22), from (4.19) in the case of m= I follows:

¢ t ¢t [T
rz(l,ZJ)SK&)(f){(l—T)/O Ot1(S)dS+7/t a1(S)dS} < Kaz(t)dp(f)

By induction we can easily obtain

rm+1(6,2,A) < Kmam+1(t)8D(f)v (4.23)

m=0,1,2,...,
where a,+1(f), am(t) are calculated according to (4.22), and dp(f) is given by
4.1).

By virtue of the estimate (4.21), from (4.23) we have
10 _
1 (1,2.0) = S Q"8p(f)+KQ"d (2.2)—2

Vm=1,2,3,..., where the matrix Q is given by (4.14).
Therefore, in view of (4.24)

|Xmaj (. 2.A) = Xm (.2, M) | < |Xmaj (. 2,A) = X j—1 (£, 2. 1) | +

+ [xtmt -1t 2 A) = Xmay j2 (0.2 ) |+ o X1 (1,2, 0) — X (1,2,4)| =

], (4.24)

J 10 J )
=D rmti(t.2.2) < Gen () Y 0" 8p(f) =

i=1 i=1

10 =
= 500" ; Q'8p(f). (4.25)

Since, due to condition (4.4), the maximum eigenvalue of the matrix Q of the form
(4.14) does not exceed the unity, we have

Jj—1
2.0 =Un=0)7". lim Q™ =[0].
i=0

Therefore we can conclude from (4.25) that, according to the Cauchy criterium, the
sequence {x,(¢,z,A)} of the form (4.5) uniformly converges in the domain (¢,z,1) €
[0,T]x Dg x D to the limit function x*(¢,z,1). Since all functions X, (¢,z,A) of the
sequence (4.5) satisfy the boundary conditions (3.6) for all values of the artificially
introduced parameters, the limit function x*(z,z,1) also satisfies these conditions.
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Passing to the limit as m — oo in equality (4.5) we show that the limit function
satisfies both the integral equation (4.9) and the Cauchy problem (4.10), (4.11), where
A(z,A) is given by (4.12).

O
Consider the Cauchy problem
d
d—’; = f(t.x)+ p.t €[0,T] (4.26)
x(0) =z, (4.27)
where = col(j1, ..., y) is control parameter.

Theorem 2. Under the conditions of Theorem 1, the solution x = x (t,z,A, L) of
the initial value problem (4.26), (4.27) satisfies the boundary conditions (3.6) if and
only if x = x(t,z,A, ) coincides with the limit function x*(t,z,A, |t) of the sequence
(4.5). Besides

1 1 (T
W=z = T [d(z,k)—z]—?/ f(s,x*(s,2,1))ds. (4.28)
0

Proof. Sufficiency. Let us suppose that u, » in the right side of the system of dif-
ferential equations (4.26) is given by (4.28). By virtue of Theorem 1, the limit func-
tion (4.8) of the sequence (4.5) is the unique solution of the boundary—value problem
(4.26), (3.6) for fixed values of parameters z and A when &t = pu, ;. Besides the
limit function x*(¢,z, A, 1) satisfies initial conditions (4.27), i.e. it is a solution of
the Cauchy problem (4.26), (4.27) when . = i .

Necessity. Let us fix an arbitrary i € R” and assume that the initial value problem
(4.29), (4.27):

dx _

T ft,x)+p,t€l0,T] (4.29)
has a solution X (), that satisfies the two—point boundary conditions (3.6). Then X (¢)
satisfies an integral equation:

t
x(t)=z —i—/ f(s,x(s))ds + jut (4.30)
0
forallt € [0,T].
When ¢t = T from (4.30) we get:
T
T/l:)E(T)—z—/ f(s,x(s))ds. (4.31)
0

Under the assumption X (¢) satisfies boundary restrictions (3.6):

X(T)=d(z,}), (4.32)
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and the initial condition

x(0) =z.
Substituting (4.32) in (4.31) we get:

i Lae Lo L7 i send 4.33
R e AL 433

On the other hand, it is proved that the limit function x*(¢,z, A, ) is a solution of
the initial value problem (4.26), (4.27) for . = u, » and is given by formula (4.28)
and satisfies boundary conditions (3.6).

By analogy

t
x*(t,z,A, 1) =Z+/ F(s.x™(s,z,A, w)ds + puz at, (4.34)
0

T
Tz =X*(T,Z,A,u)—z—/ f(s,x*(s,z, A, w))ds, (4.35)
0
x*(T,z, A, ) =d(z,1), (4.36)

x*(0,z,A, 1) = z.
By virtue of (4.34)—(4.36) it is easy to get that

1 1 1 (7
Mz p = Td(z,)t)—7z—?/0 f(s,x*(s,z,A, w))ds. 4.37)
Substituting (4.33) in (4.30) and (4.37) in (4.34), we get that for all ¢t € [0,T]

t 1 1 T
x(z)=z+/0 f(s,)'c(s))ds—i—T[d(z,k)—z]—7/0 f(s.x(s))ds,  (4.38)
! 1
x*(z,z,k,ll«):z-l—/ f(S,x*(s,z,)&,u))ds-l—?[d(z,k)—z]_
0
—l/Tf(S’x*(S,Z,/\,u))ds. (4.39)
T Jo

Using Theorem 1 x(¢) € D and x*(¢,z,A, ) € D. Obviously that form (4.38),
(4.39) implies that

t
(2 ) — R(E) = /0 (5™ (5.2 Ao 1)) — f (s, 5(s))|ds—

T
_%/0 [f(s,x*(s,2,A, ;) — f(s,X(s))]ds. (4.40)

On the bases of the Lipschitz condition (4.3), from the relation (4.40) we get that
the function
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w(t) = |x*(t,2,A,p) = X()|,1 €[0,T] (4.41)

satisfies integral inequalities:

t T
w(t) <K |:/ w(s)ds + L/ a)(s)dsj| < Kay(t) max w(s),t€[0,T], (4.42)
0 T Jo s€[0,T]

where o (¢) is given by (4.16).
Using (4.42) recursively, we come to an inequality:

w(t) < K™y (t) max w(s),t €[0,7T], (4.43)
s€[0,T]

where m € N and functions oy, (¢) are given by the formula (4.22).
Considering the estimations (4.21), from (4.43) for each m € N we get an estima-
tion:

w(t) < Kozl(t)E (EK)m 1 - max w(s),t €[0,T]. (4.44)
- 9 \ 10 5€[0,T1]
Letting m — oo in the last inequality and by virtue of (4.4), we come to the con-
clusion that

max w(s) < 0™ max w(s) — 0.
s€[0,T] €[0,T]
It means that the function X (¢) coincides with x*(¢,z,A, i). Starting with (4.33)
and (4.37), we come to the conclusion that fi = i, ;.
O

Let’s find out the relation of the limit function x = x*(¢,z,4) of the sequence
of functions (4.5) to the solution of the parametrized boundary value problem (2.1),
(3.6) or the equivalent problem (2.1), (2.2).

Theorem 3. Let the conditions (4.2)—(4.4) are hold for the boundary—value prob-
lem (2.1), (2.2).
Then the pair (x*(-,z*,A*),A*) is the solution of the parametrized boundary

value problem (2.1), (3.6) if and only if z* =(z1,25,....2}), A" = (A].A5,...

satisfy the following determining system of algebraic or transcendental equations
1 1T
AcH) = p e =27 [ St 6zinds =0 @4
0

X*(T,z,0) = A. (4.46)

A*

n

)
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Proof. Tt suffices to apply Theorem 2 and notice that the differential equation in
(4.10) coincides with (2.1) if and only if pair (z*,A*) satisfies an equation

AZ*, A% =0.

Taking into account (3.1) and the equivalence (2.1), (2.2) and (2.1), (3.6), it is
clear that (x*(-,z*,A*),A*) coincides with the solution of the parametrized bound-
ary value problem (2.1), (3.1), (3.6) if and only if (x*(-,z*,A1*),A*) satisfies an
equation

x* (T,z,/\*) = \*.
It means that the pair (x*(-,z*,A1*),1*) is the solution of the parametrized bound-

ary value problem (2.1), (3.6) if and only if (4.45), (4.46) is hold.
O

The next statement proves that the system of determining equations (4.45), (4.46)
defines all possible solutions of the original boundary value problem (2.1), (2.2).

Lemma 1. Let all conditions of Theorem 1 be satisfied. Besides there exist some
vectors z € Dg and A € D that satisfy the system of determining equations (4.45),
(4.46).

Then the non-linear boundary—value problem (2.1), (2.2) has the solution x(-)
such that:

x(0) =z,

X(T)=A. (4.47)
Moreover this solution is given by formula
x(1) =x*(t,z,1),t =[0,T], (4.48)

where x*(t,z,M) is the limit function of the sequence (4.5). And if the boundary—
value problem (2.1), (2.2) has a solution x(-), then this solution is given by (4.48),
and the system of determining equations (4.45), (4.46) is satisfied when

z = x(0),
A =x(T).

Proof. We will apply Theorems 2 and 3. If there exist such z € Dg and A € D that
satisfy determining system (4.45), (4.46), then, according to Theorem 3,the function
(4.48) is a solution of the original boundary—value problem (2.1), (2.2). On the other
hand, if x(-) is the solution of the original boundary—value problem (2.1), (2.2), then
this function is the solution of the Cauchy problem (4.26), (4.27) for

pn=0,
z = x(0).
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As x(-) satisfies boundary restrictions (2.2) and equivalent conditions (3.6), by
virtue of Theorem 2, the equality (4.48) holds. Besides,

M= pz =0,
’ 4.49
2 =x(0), (449
where vector A is defined by (3.5). But, 1, » is given by formula (4.28), that’s why
the first equation (4.45) of the determining system is satisfied, if

z2=x(0),A =col(x1(T),...,xx(T)):

A(x(0),1) =0. (4.50)

From (3.6) follows that the second equation (4.46) of the determining system
holds, too. So we specified such pairs (z,4) = (x(0),x(T)) that satisfy the system
of determining equations (4.45), (4.46), this proves the Lemma.

O

Remark 2. The main difficulty of the realization of this method is to find the limit
function x* (-, z,A) . But in most cases this problem can be solved using the properties
of the approximate solution x,, (-,z,A) that was built in an analytic form.

For m > 1 let us define the function A, : Dg x D — R" by formula

1 1 (T
Am(z,k)::T[d(z,A)—z]—T/O f(s,xm(s,2,A))ds, 4.51)

where z and A are given by the relation (3.5). To investigate the solubility of the
parametrized boundary value problem (2.1), (3.6) we observe an approximate de-
termining system of algebraic or transcendental equations of the form

1 1 (T
Am(z,A) = T [d(z,/\)—z]—Tfo f(s,xm(s,2,1))ds =0, (4.52)

Xm (T, z,A) = A, (4.53)

where X, (-,z,A) is a vector—function, that is defined by the recursive relation (4.5).
By increasing m in the systems (4.45), (4.46) and (4.52), (4.53), one can achieve the
needed precision of the approximate solution of the original boundary value problem
(2.1), (2.2).

5. EXAMPLE
Consider the system
d
ﬁ=x2=f1(f,x1,xz), 5.1)
9 . 1,21 1.2 1 :
% = 35 + 1¢l° + glX2—53x5 —53x1 = fa(l,x1,X2),

where ¢ € [0, 1],
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with non-linear two—point boundary conditions
{ g1(x(0),x(1)) 1= x1(0) +x1 (1) —x2(1)> — & =0,
£2(x(0),x(1)) := x2(0) + x1(1) —x2(1) + 1 = 0.
It is easy to check that an exact solution of the problem (5.1), (5.2) are the functions
X; = Zt.

(5.2)

(5.3)

Suppose that the boundary—value problem (5.1), (5.2) is considered in the domain
3

D={(x1,Xz):|xllfl,|x2|§Z . (5.4)

Boundary conditions (5.2) can be rewritten in the form
x (1) +g(x(0),x(1) =x(1), (5.5)

where g (x (0),x (1)) = col (g1 (x (0),x (1)), g2 (x (0), x (1))).
Let us replace the values of the components of the solution of the boundary—value
problem (5.1), (5.2) at the points = 0 and # = 1 by parameters z1, 22 and A1, A5 :

x(0) = col (x1(0),x2(0)) = col (z1.22),

x(1) = col (x1(1),x2(1)) = col (A1, A2). 60
Using (5.6), the boundary restrictions (5.5) can be rewritten as
A+g(z,d)=x(), (5.7)
where ” )
g =cC0l\21,22),
A= col (A ). (5-8)
Let us put
d(z,\):=Az+A+g(z, M), (5.9)

where z and A are given by (5.8).
Using (5.9), the parametrized boundary conditions (5.7) can be written in the form:

Ax(0)+x(1)=d (z,1). (5.10)
It is easy to check that the matrix K from the Lipschitz condition (4.3) is

0 1
K=(1 z)’
2 8

and
10
r(K)<127<—,
T
when 7" = 1.
Vector §p (f) can be chosen as
3
(1= ( s ).
512
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One can verify that, for the parametrized boundary value problem in this ex-
ample, all needed conditions are fulfilled. So, we can proceed with application of

the numerical-analytic scheme described above, and thus construct the sequence of
approximate solutions.

The result of the first iteration is:

x11 = 21 +0.5t245 +0.3125¢2 + 1.5t A1 +0.21875t —t A2,
x12 = 2 +0.022786458331° —0.16666666661 > 12 +
40.020833333337341 —0.5¢%25A1 +0.03125¢%25 —0.5:%A1 +0.2512A3+
+0.046875t2 —0.0071614583331 + 0.1666666667¢ A3 + 1.4791666671 A1+
+0.5tz2A1 —0.03125z5¢ — 0.251 A3,
forall t € [0,1].
The computation shows that the approximate solutions of the approximate determ-
ining equation are
Z1:=2z11 = 0.06249675051,
Z2 =212 = 0.00001071252252,
A1 :=A11 =0.1875172131,
Az = A12 = 0.2500279256.
The first and second components of the first approximation are

x11 = 0.06249675051 + 0.125008606612 + 0.0000118560¢,
x12 = 0.00001071252252 4 0.02083261607¢3—
—0.03125578527t2 +0.26044038241.

The first approximation and the exact solution of the original boundary—value
problem is shown on Figure 1.

FIGURE 1. The first components of the exact solution (solid line)
and its first approximation (drawn with dots)

The error of the first approximation is

max ‘xi"(t) —xll(t)’ <0.33-107°,
t€f0,1]
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max ‘x;(t)—xlz(t)‘ <0.98-1073.
t€[0,1]

The approximate solutions of the third approximate determining equation are:

z1 :=z31 = 0.06250000284,
Z2 = 232 = 0.0000001048559559,
A1 :=A31 =0.1875000988,

Ay = A3 = 0.2500002034.

So the first and second components of the third approximation have the form:

x31 = 0.00001089110198¢ + 0.1249893435¢2 —0.00000387524648418—
—0.0001130313603¢* +0.00001550100414¢7 —0.00011031549961°+
+0.0002115888487¢> + 0.06250000284,

x32 = 0.2500862247t —0.0008671786995¢3 — 0.00000163534394818 +
+0.001302085198¢% + 0.000011802902397 — 0.00002203673649¢°—
—0.0005095320438¢°.

The third approximation and the exact solution of the original boundary value
problem is shown on Figure 2.

FIGURE 2. The first components of the exact solution (solid line)
and its first approximation (drawn with dots)
The error of the third approximation is

max_|x{(t)—x31(t)| <0.14-107°,
t€f0,1]

max_|x3 (1) —x32()] <0.13-107*.
t€fo0,1]
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