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Abstract: In this paper, we design a new third order Newton-like method and establish its
convergence theory for finding the approximate solutions of nonlinear operator equations in the
setting of Banach spaces. First, we discuss the convergence analysis of our third order Newton-like
method under the w-continuity condition. Then we apply our approach to solve nonlinear fixed point
problems and Fredholm integral equations, where the first derivative of an involved operator does
not necessarily satisfy the Holder and Lipschitz continuity conditions. Several numerical examples
are given, which compare the applicability of our convergence theory with the ones in the literature.
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1. Introduction

Our purpose of this paper is to compute solution of nonlinear operator equation of the form
F (x ) =0, 1)

where F : D C X — Y is a nonlinear operator defined on an open convex subset D of a Banach space
X with values into a Banach space Y.

A lot of challenging problems in physics, numerical analysis, engineering, and applied
mathematics are formulated in terms of finding roots of the equation of the form Equation (1).
In order to solve such problems, we often use iterative methods. There are many iterative methods
available in literature. One of the central method for solving such problems is the Newton method [1,2]
defined by

Xyi1 = Xn — (F} ) " F(xn) @)

for each n > 0, where F; denotes the Fréchet derivative of F at point x € D.

The Newton method and the Newton-like method are attractive because it converges rapidly
from any sufficient initial guess. A number of researchers [3-20] have generalized and established
local as well as semilocal convergence analysis of the Newton method Equation (2) under the
following conditions:

(a) Lipschitz condition: || Fy — Fy|| < K||x — y|| for all x,y € D and for some K > 0;
(b) Holder Lipschitz condition: ||F; — Fj|| < Kl|x —y|[P for all x,y € D and for some p € (0,1]
and K > 0;

Mathematics 2019, 7, 31; doi:10.3390 /math7010031 www.mdpi.com/journal/mathematics


http://www.mdpi.com/journal/mathematics
http://www.mdpi.com
http://www.mdpi.com/2227-7390/7/1/31?type=check_update&version=1
http://dx.doi.org/10.3390/math7010031
http://www.mdpi.com/journal/mathematics

Mathematics 2019, 7, 31 2 of 22

() w-continuity condition: ||Fy — Fy|| < w([lx —yl|) for all x,y € D,where w : [0,00) — [0,00) isa
nondecreasing and continuous function.

One can observe that the condition (c) is more general than the conditions (a) and (b). One can
find numerical examples where the Lipschitz condition (a) and the Holder continuity condition (b) on
the first Fréchet derivative do not hold, but the w-continuity condition (c) on first Fréchet derivative
holds (see Example 1, [21]).

On the other hand, many mathematical problems such as differential equations, integral equations,
economics theory, game theory, variational inequalities, and optimization theory ([22,23]) can be
formulated into the fixed point problem:

Find x € C such that x = G(x), ©)

where G : C — X is an operator defined on a nonempty subset C of a metric space X. The easiest
iterative method for constructing a sequence is Picard iterative method [24] which is given by

Xp1 = G(xn) 4)

for each n > 0. The Banach contraction principle (see [1,22,23,25]) provides sufficient conditions for
the convergence of the iterative method Equation (4) to the fixed point of G. Banach spaces have more
geometrical stricture with respect to metric spaces. For study fixed points of nonlinear smooth operators,
Banach space structure is required. More details of Banach space theory and fixed point theory of
nonlinear operators can be found in [1,22,23,26-28].
The Newton method and its variant [29,30] are also used to solve the fixed point problem of
the form:
(I=G)(x) =0, ®)

where [ is the identity operator defined on X and G : D C X — X is a nonlinear Fréchet differentiable
operator defined on an open convex subset D of a Banach space X. For finding approximate solution
of the Equation (5), Bartle [31] used the Newton-like iterative method of the form

Xus1 = % — (1= Gy,) " (I = Glxn)) (6)

for each n > 0, where G/, is Fréchet derivative of G at point x € D and {y, } is the sequence of arbitrary
points in D which are sufficiently closed to the desired solution of the Equation (5). Bartle [31] has
discussed the convergence analysis of the form Equation (6) under the assumption that G is Fréchet
differentiable at least at desired points and a modulus of continuity is known for G’ as a function of x.
The Newton method Equation (2) and the modified Newton method are the special cases of the form
Equation (6).

Following the idea of Bartle [31], Rall [32] introduced the following Stirling method for finding a
solution of the fixed point problem Equation (5):

{ Yn = G(xn)/

X1 = n — (I = G}, )~ (n — G(xn)) @

for each n > 0. Many researchers [33-35] have studied the Stirling method Equation (7) and established
local as well as semilocal convergence analysis of the Stirling-like method.

Recently, Parhi and Gupta [21,36] have discussed the semilocal convergence analysis of the
following Stirling-like iterative method for computing a solution of operator Equation (5):

zn = G(xy),
Yn =2xn — (I — Gé,,)fl(xn —G(xn)), (8)
Xpy1 =Yn — (I — ng)‘l(yn —G(yn))
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for each n > 0. More precisely, Parhi and Gupta [21] have studied the semilocal convergence analysis
of Equation (8) for computing a solution of the operator Equation (5), where G : D C X — Xisa
nonlinear Fréchet differentiable operator defined on an open convex subset D under the condition:

(Q)) ||GL|| <k for all x € D and for some k € (0, 3].

There are some nonlinear Fréchet differentiable operators G : D C X — X defined on an open
convex subset D which fail to satisfy the condition (2) (see Example 1). Therefore, ref. [21] (Theorem 1)
is not applicable for such operators. So, there is the following natural question:

Problem 1. Is it possible to develop the Stirling-like iterative method for computing a solution of the operator
Equation (5), where the condition (Q)) does not hold?

The main purpose of this paper is to design a new Newton-like method for solving the operator
Equation (1) and provide an affirmative answer of the Problem 1. We prove our proposed Newton-like
method has R-order of convergence at least 2p + 1 under the w-continuity condition and it covers a
wide variety of iterative methods. We derive the Stirling-like iterative method for computing a solution
of the fixed point problem Equation (5), where (€2) does not hold and hence it gives an affirmative
answer to Question 1 and generalizes the results of Parhi and Gupta [21,36] in the context of the
condition (Q).

In Section 2, we summarize some known concepts and results. In Section 3, we introduce a new
Newton-like method for solving the operator Equation (1) and establish convergence theory of the
proposed Newton-like method. In Section 4, we derive the Stirling-like iterative method from the
proposed Newton-like method and establish a convergence theorem for computing a solution of the
fixed point problem. Applications to Fredholm integral equations are also presented in Section 5,
together with several numerical examples, which compare the applicability of our iterative technique
with the ones in the literature.

2. Preliminary

In this section, we discuss some technical results. Throughout the paper, we denote B(X,Y)
a collection of bounded linear operators from a Banach space X into a Banach space Y and
B(X) = B(X, X). For some r > 0, B;[x] and B,(x) are the closed and open balls with center x and
radius r, respectively, Ny = NU {0} and ® denote the collection of nonnegative, nondecreasing,
continuous real valued functions defined on [0, ).

Lemma 1. (Rall [37] (p. 50)) Let L be a bounded linear operator on a Banach space X. Then L~ exists if and
only if there is a bounded linear operator M in X such that M~ exists and

1
IM=L|| < -
M|
If £~ exists, then we have
e < M7 [ '
Tl i=MTL T - IM M - L]
Lemma 2. Let 0 < k < % be a real number. Assume that q = # + kP for any p € (0,1] and the
scalar equation
(1—kP(1 4 qt)Pe)P*HT — (qptp + kP>p gPt?P =0
p+1

has a minimum positive root . Then we have the following:
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(1) q>kforallp e (0,1].
(2) a€(0,1).

Proof. (1) This part is obvious. Indeed, we have

1 1 2-p
4 kP = kP >0
p+1+ 3 3(1+p)+
forall p € (0,1]and 0 < k < 1.
(2) Set
P
g(t):(l—kp(l—i—qt)pt)pﬂ—(Zil—i-k”) qr 2P, 9)

It is clear from the definition of g(t) that ¢(0) > 0,¢(1) < 0and ¢’(t) < 0in (0,1). Therefore, ()
is decreasing in (0, 1) and hence the Equation (9) has a minimum positive root a € (0,1). This completes

the proof. O

Lemma 3. Let by € (0,a) be a number such that kP (1 + qbg)Pby < 1, where k, p, « and q are same as in
Lemma 2. Define the real sequences {by }, {6n} and {yn} by

(5 +w0) it

byyq = —F! (10)
T k(1 gl PP
e 2
+kP ) qb
(erl ) n 1 (1)

On = T A ab)Pby’ " T T—KP(1 1 gbn)Pbn

for each n € Ny. Then we have the following:

( p+? +kp> pqpbép
D ™
(2) The sequence {by} is decreasing, that is b, 1 < by, for all n € Ny.
(3) kP(14 gby)Pb, <1 foralln € N.

(4) by < g<2r’+1>”b forall n € Ny.

<1

+1)" -1

)
(5) 0, < § 6 for all n € Ny, where 6y = 6 and & = y6”.

Proof. (1) Since the scalar equation g(t) = 0 defined by Equation (9) has a minimum positive root
a € (0,1) and g(t) is decreasing in (0,1) with ¢(0) > 0 and g(1) < 0. Therefore, g(¢) > 0 in the

interval (0, a) and hence
s P2
<p+({ + kp) q’by

<1
(1— k(1 + qbo)Pbo)"*!

(2) From (1) and Equation (10), we have b; < by. This shows that (2) is true for n = 0. Let j > 0 be
a fixed positive integer. Assume that (2) is true forn = 0,1,2, - - -, j. Now, using Equation (10),

we have

qr oY qro! 2p
( i K ) e <p+1 +kP> qPb;

bjt2 bjiy1 < /
J (1—kP(1+qb]~+1)F’bj+1) 1 (1—Id”(l—i—ql?j)lf’bn)erl :

- bj+1.

Thus (2) holds for n = j + 1. Therefore, by induction, (2) holds for all n € N.
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(3) Since b, < b, 4 foreachn =1,2,3,--- and kP (1 + qby)Pby < 1 for all p € (0, 1], it follows that
KP (1 + qby)Pby < kP(1+ qbo)Pbo < 1.

(4) From (3), one can easily prove that the sequences {7, } and {6, } are well defined. Using Equations
(10) and (11), one can easily observe that

bui1 = Yubhbn (12)
for each n € Ny. Put n = 0 and n = 1 in Equation (12), we have
by = 7067bo = £y
and
PbY P2
(’;ﬁ + kP) qvby
b
(1— kP (14 qby)Pby )P
1274 b
(34 +0) e
b
(1= k¥ (1 + qbo)bo) T
q"’bp P 2
(Hg + kP> qPby"
2p 1171
(1—kP(1 +qbo)Pbo)"*
EP P by = &by

IN

Hence (4) holds for n = 0 and n = 1. Let j > 1 be a fixed integer. Assume that (4) holds for each
n=20,1,2---,j. From Equations (11) and (12), we have

g7} P2
(o) it
j+1
(1—k(1+ qu+1)pbj+1)p+l

ﬂpbfﬂ P 2p+1)ip 32
i) gpeery

bj+2

p+1

b.
i1
(1—kP(1+ ‘1bj+1)pbj+1)p+1
P p
(qvf]l + kp> P>
< (gZP(ZPH)f) i ! —
(1—kP(1+ qbj)Pb;)”

2p2p+1) g2p2p+1)71 | a2p(2p+1) g(2p+l)b]. "

bj+1

IN

i+1
g2 .

Thus (4) holds for n = j + 1. Therefore, by induction, (4) holds for all n € N.
(5) From Equation (11) and (4), one can easily observe that

pLP 47
(T e )t (S w)aen?
< P 0.

= <
o 1—kp(1+qb1)pbl - 1—kp(1+qbo)pb0



Mathematics 2019, 7, 31 6 of 22

Hence (5) holds for n = 1. Letj > 1 be a fixed integer. Assume that (5) holds for each
n=20,1,2---,j. From Equation (11), we have

gl
(2o,
0; =
A 1—kP(1+gbji1)Pbjyq

qphp (2p+1)j+1—1 2
(500 (=5

<
- 1 —kP (14 gbo)Pby

@2p+1)it11
P

Thus (5) holds for n = j+ 1. Therefore, by induction, (v) holds for all n € Ny. This completes
the proof. O

3. Computation of a Solution of the Operator Equation (1)

Let X and Y be Banach spaces and D be a nonempty open convex subsetof X. Let F: D C X = Y
be a nonlinear operator such that F is Fréchet differentiable at each point of D and let L € B(Y, X) such
that (I — LF)(D) C D. To solve the operator Equation (1), we introduce the Newton-like algorithm
as follows:

Starting with xo € D and after x,, € D is defined, we define the next iterate x,,11 as follows:

zn = (I — LF)(xy),
yn = (I—E,'F)(xn), (13)
Xpp1 = (I = E,'F)(yn)

for each n € Nj.

If we take X = Y,F = I —Gand L = I € B(X) in Equation (13), then the iteration process
Equation (13) reduces to the Stirling-like iteration process Equation (8).
Before proving the main result of the paper, we establish the following:

Proposition 1. Let D be a nonempty open convex subset of a Banach space X, F : D C X — Y be a Fréchet
differentiable at each point of D with values in a Banach space Y and L € B(Y, X) such that (I — LF)(D) C D.
Let w : [0,00) — [0, ) be a nondecreasing and continuous real-valued function. Assume that F satisfies the
following conditions:

@ |F = Fll < w(lx —yl]) forall x,y € D;
(2) ||I = LF;|| < cforall x € D and for some ¢ € (0, c0).

Define a mapping T : D — D by
T(x) = (I-LF)(x) (14)

forall x € D. Then we have
11— B Py | < 1Bzl (ellx — i)

forall x,y € D.

Proof. For any x,y € D, we have
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W= < 1B IFh— Byl
< B (1T — Ty)
— B eo(lx -y — LEG) — F)I)
= R (I =y =L [ By (-]
< e () 1= 28yl = vl
< IE wlelx - yi.

This completes the proof. [

Now, we are ready to prove our main results for solving the problem Equation (1) in the framework
of Banach spaces.

Theorem 1. Let D be a nonempty open convex subset of a Banach space X, F : D C X — Y a Fréchet
differentiable at each point of D with values in a Banach space Y and L € B(Y, X) such that (I — LF)(D) C D.
Let xo € D be such that zog = xog — LF(xo) and ;' € B(Y, X) exist. Let w € ® and let a be the solution of
the Equation (9). Assume that the following conditions hold:

(C1) ||Fz = Fll < w(|[x —yl|) forall x,y € D;

(C2) ||I —LF}|| <k forall x € D and for some k € (0, 3];
(C3) ||E,M| < B for some B> 0;

(C4) ||F[;'F(xo)|| < 1 for somen > 0;

(C5) w(ts) < tPw(s), s € [0,00),t € [0,1] and p € (0,1);

0+k’” qbz
P+1
(C6) byp=Ppw(n) <wa,q= ﬁ +kP, 0= T and B, [xg] C D, where r = }LZW-

Then we have the following:

(1) The sequence {x,} generated by Equation (13) is well defined, remains in B,[xo| and satisfies the
following estimates:

H]/nfl - Zn71|| < k||}/n71 - xnle'

fol _yn—ln < qbn—lHyn—l - xn—l”z

lxn = xp—1ll < (1+qbu-1)[lyn-1— xn-1ll,

EL Y exists and | EL 7| <yl E2L I

1yn — xnll < Op-1llyn-1 — xn-1ll < 0"[lyo — xol|,
IE Hlw(llyn — xall) < ba

(15)

forall n € N, where z,,, y, € Br[xo], the sequences {b, }, {6}, and {~, } are defined by Equations (10)
and (11), respectively.

(2) The sequence {x,} converges to the solution x* € B,[xo] of the Equation (1).

(3) The priory error bounds on x* is given by:

. (1+qbo)y 1722 P
||xn - X H < @p+)" (g ’ )

1
g (1 -7 !

foreach n € Ny.
(4) The sequence {x,} has R-order of convergence at least 2p + 1.
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Proof. (1) First, we show that Equation (15) is true for n = 1. Since xo € D, yo = xg — Féo’lF (x0) is
well defined. Note that
lyo = xoll = ||E5 " F(xo) || <77 < 7.

Hence vy € B,[xp]. Using Equation (13), we have

lyo—zoll = |l = Fy "F(xo) + LF(x0) ||
= |lyo — x0 — LE.,(vo — xo) |l
< I =LE [l lyo — xoll
< kllyo — xol-

By Proposition 1 and (C2), we have

lx1 —yoll = [1E; " (F(yo) — F(x0) — E}, (yo — x0))ll

/ VEL (Bl yo—sa) — Foo + Eso = EL) I 1v0 — xolldt
< /|| ) F;0>||dt+||F;0—Fz’o||] lyo — ol

= | [} (=0l ol + (o - z01)| o ~ ol

IN

[ rl
= P /O(1—f)pw(|yo—XO|)df+w(k||]/o—xo|)] llyo — ol

= B '/01(1 — )P w([lyo — xo|)dt + K ew([lyo — x0|)} 190 — xoll

1
< 4 _ _
< B |57+ @l - xoD)lvo -
< qBw(1)llyo — xoll < qbollyo — xol|-
Thus we have
llx1 — xol| 1 —yoll + [lyo — xoll < gbollyo — xoll + [lyo — xol|

(16)

ININA

(1+qgbo)llyo — xoll <1,

which shows that x; € B,[xg]. Note that z; = (I — LF)(x;) € D. Using Proposition 1 and (C3)—-(C5),
we have

IT—FEEL | IEL Hlew(k]|x1 — xol)
Bw(k(1 + gbo)|lyo — xol|)
Bk (1 + qbo)Pw(|[yo — xol|)
kP (1 + qbo)P Bew(17)

(k(l + qbo))pbo <1

(VAN VAN VAN VARSI VAN

Therefore, by Lemma 1, Fél’l exists and

|| 1H

/—1
1B < 5

Subsequently, we have
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[EL T (x) |
IEL M (F(x1) = F(yo) — FLy (x1 = o))l

llyr — x1l

< B Sy NG gy — Ea) I+ 1By = B4l 1 = ol

< B [l = vol) + w(kllyo — xol))] 121 = yol

< B _pilwwbonxo—yo||>+kpw<||yo—xo||>} bollx0 — yo

< B | P ovo - xo||)+kpw(||y0—x0||)] abollyo — xol (18

IN

b
70 [‘;ﬁ 10| petnatalyn ~

W“yo — ol|
0llyo — xol-

IN A

From Equations (16) and (18), we have

ly1 —=xoll < [ly1 — x1ll + [[x1 — xo|
< 0lyo — xoll + (1 + gbo)lyo — xol|
< (1+4gbo)8|lyo — xoll + (14 gbo)|lyo — xol|
< (1+gb)(1+0)y<r
and
|21 — xo| 21 — yall + lyr — x|l + [[x1 — xo]|

<
< (T+k)|lyr — 2l + (1 +gbo)|lyo — xol|
< (I+q9)0n+1+q)n
= (1+q9)1A+06)<r.

This shows that z1,y1 € B;[x]. From Equations (17) and (18), we get

IE w(llyr —xall) < ol E Hlw(®llyo — xoll)
< 7007 Bw (1)
<

’)/()epb() = bl.

Thus we see that Equation (15) holds for n = 1.
Let j > 1be a fixed integer. Assume that Equation (15) is true forn = 1,2, - - -, . Since Xj € B, [xo],
it follows z; = (I — LF)(x;j) € D. Using (C3), (C4), Equations (13) and (15), we have

ly; =zl = ILF(x;) = B VF(xp)ll = (L — B F(x;)]|
(L = 7Y E (x —y))l

11— LE [[lly; — x

klly; — x;ll-

< (19)
<

Using Equations (13) and (19), we have
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i) —Fz',-(yj —x)l
—F;j||dt] ly; —

— By llat + 1By, = FL ] lly; — x
)—yj>dt+w<||yj—zj||>} ly; —
5] lly; -

xj|l)dt + w(k|ly; —
1B L4V+WMMM_WmﬂMW_%H

x|

I =yl = IE ()l
< HFz’leHF(%) F(x
—1
< B fo || F, Xty
-1
< B fo | F; Xty
= |E fo x]+ty]
< HF751|| fo ”]/]
<
< IE ﬁ +kp} w(lly; — xjl) [ly; — x;l
= 17||F£j ew(lly; — xjl)ly; —
= qbjlly; — xjl-

From Equation (20), we have

%11 —

Using Equations (20) and (21) and the triangular inequality, we have

x; |l

141 — xoll

<
<
<

IN

IN

IN

IN

1501 = y4ll + [y = ]

qbjlly; —
(1+4qbj)

j
2 %541
5=0

x| + Iy — xll
lyj — x|

— x|

j
2(1 + qbs) lys — xs||

s=0

j
Y (14 qbo)6°[lyo — x|

s=0

(1+ gbo)

(I+q)n _

1-6

1—gitl
1-¢ "

x]|

10 of 22

(21)

which implies that x;,1 € B,[xg]. Again, by using Proposition 1, (C2), (C5), and Equation (21),

we have

||17F/ 1F/

Zj+1

IN A

Therefore, by Lemma 1, F/~ ! exists and

Zj+1

IEL e (Kllxj41 — ;1))
IR+ gty — 1)
kp(l —l—qb])pb] <1.

F

1
IE S T gy, = I

Using Equations (13), (C2), and (21), we have
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lyjis1 —xjall = HF,H ()l
= HFz/ﬁ( (xj1) = F(yj) — EL(xj1 — )

1
LA | o = o+ 1 = B g = il

IN

M rl
< N [ otehsien =yt + s = 5] I =350

rorl

< | z]+1|| /0 w(fqu|ijj||)df+w(k||yjxj||)] qbjlly; — x;ll
-1 pbp

< ylIE p+1 w(lly; — xj|)+k’gw(||ijj||)] qbilly; — x|
9'b] 1

= |, T 1E e (lly; — xj1Dabjlly; — xjll
b .

< p+1+kp qb; lly; — x|

< lly; — xill <O lyo — xoll,

i1 —xoll < llyje1 — xjall + [Ixj01 — xol|

‘ j
< 0 o — xoll + Y llxss1 — x|
s=0
1 J
< 0 M lyo — xoll + Y (1+qbo)6° [lyo — xo|
s=0
j+1
< (1+4by) ) 6%y
s=0
<o Aty _
- 1-6
and
1zjir1 —xo0ll < lzjr1 = yjeall + llyjs1 — xj5all + llxj41 — xoll
j
< (4K lyj — xjall + Y (14 gbo)6°y
s=0
) j
< (1+90 T+ Y (1+49)6°y
s=0
j+1
< Y(+qey<r
s=0

which implies that z;, 1, ;41 € Br(xo). Also, we have

I oy = xjall) - < willE e @lly; — xl)
< Yol |IE w(ly; - xil)
< ’)/Jejpb]:b]+1

Hence we conclude that Equation (15) is true for n = j 4 1. Therefore, by induction, Equation (15)
is true for all n € Ny.
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(2) First, we show that the sequence {x, } is a Cauchy sequence. For this, letting m,n € Ny and

using Lemma 3, we have

(R

m+n—1
<
j=n
m+n—1
< )y a
j=n
< 1 + qb()
< (1+4gbo)
< 1 + qbo
= (1+gbo)
< (1+ qbo

Z ||xj+1 - xjH

+qb;)[ly; — x|

m+n—1j-1

Y H9 [0 — xo|

] n

m+n—1j-1

G

j=n i=0

(2p+

9||y0—x0|\
m+n—1j—1

Y. [Ie 7

j=n i=0

j=1 (2
m+n—1 Z
Z ¢=0

m+n—1 (2p+1)] 1
Z ¢

2p+1 ’ 7%
llyo — xol|

_1
P o — xoll

i
Yo p) lyo — xoll-

By Bernoulli’s inequality, for each j > 0 and y > —1, we have (1 +y)/ > 1+ jy. Hence we have

meJrn — Xn ”
_ 1 n @p+1)" @p+1)"(2p+1) 1 Cpt)tEp+y™1 (m-1)
< (+gbo)s " |8 ¥ 48 ¥ ekl Py T
1 _n (2p+1)" @p+D)"(1+2p) 1 2p+D)"(14+2(m=1)p) _ (m=1)
< (1+4bo)g sz')/op g ¥ 4z ¥ 70p+"'+C »? Yo ’
n (2n+1) (2P+1)” (L{,»l) 1 (2p+1)n <L+ m—l)
— (tqb)E Fap’ (& ¥ 4E R R RS w
(2p+1)"—1 n 1 m—1
= (L+q)E ¥ 7 (1 + (8@ G T) T e (@) ) 1
(2F+1;”*1 _n (g<2p+l )
= (I+gb))d » 7" 7.
1— ( 2p+1 )

Ul

)

Since the sequence {x,} is a Cauchy sequence and hence it converges to some point x* € B[x].

From Equations (13), (C

2), and (15), we have

ILE(xn)|| <
<
<

= Ynll + [lyn — xnl|
kllyn = xall + lyn — x|
(1+k)0"y.

[|zn



Mathematics 2019, 7, 31 13 of 22
Taking the limit as n — co and using the continuity of F and the linearity of L, we have
F(x*) =0.
(3) Taking the limit as m — oo in Equation (22), we have
1+ gbg 2\ (2p+1)"
o =l £ ——— IR (21 @)
(:1/2]0 <1_‘: Py )')’0 P
for each n € Nj.
(4) Here we prove
|21 — x*|
o 1<K
[xp — x| 2741 =
for all n € Ny and for some K > 0. One can easily observe that there exists 1y > 0 such that
[lan — x|l < 1 (24)
whenever n > ng. Using Equations (13) and (24), we have
lzn —x*|| = |lxn —x" — LF(xa) ||
= lxn —x* = L(F(xn) — F(x"))]|
1
S it A S R T
< [N LBl — 2
< kflxn — xF|
and
lyn = x*[ = flxn =" — EVF(20) |
= |EE, (0 = x*) = F(xn)]|
< B Gen) — x* = B, (o — x7) |
= F/ 1” || fO x*"rt (2 —x*) len)(xn - x*)“dt
< B fo 1Bty — Bl — 27|t -
< LM fo (I sy, -y = Fio I = EL I 10 — x|t
< B fo (@(tllan = x[1) + w(llza — x*[1) 20 — x|t
< B fo (87 lln = x*[[Peo(1) + w(klxn — 1)) | — x*|d
<

B (b ) (e — 24!

12, lge (1) ][acn — x|+

Using Equations (13), (24) and (25), we have
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[xp41 — 7
lyn — B VF(yn) — 27|

< B IIFGm) = FG) = B (v — )]
I [ By — B — )
< B[ B sy~ Bl =

= U Oy — el 1B = B )y —
< B[ Cottlyn =21 + okl — 2 )l —
— I (7 (1R @) = 2177 ol = 2°1) )

<[ ES g (1) — x)|P+

< IR ) (= 1Y (1 () + 0 = x o) )i
xge(1) [ x|
* (| p2 /—1
(e P (B ) |, -
— R . R ) gDl — x|
= Kallxn — x|,

where

xn — x|V w (|EL g (1
Kn — ||FZ{H1|2<| n X || W(H Zn ||qw( ))

P+ +k7’>qw(l).

Let ||F;;1H <dand 0 < d < w(c)~!, where ¢ > 0. Then, for all x € B,(x*), we have
11— F L < |EHIIES — Fil < dw(o) <1

and so, by Lemma 1, we have

d
/—1 < o
B S s = A

Since x;, — x* and z, — x* as n — oo, there exists a positive integer Ny such that

d
/—1
I <

for all n > Np. Thus, for all n > Ny, one can easily observe that
2
o w (Aqw(1))
Ky < A2 ——5E 2 kb 1) =K.
n <A ( D1 + kP )qw(1)
This shows that the R-order of convergence at least (2p + 1). This completes the proof. [I

4. Applications

4.1. Fixed Points of Smooth Operators

Let X be a Banach spaces and D be a nonempty open convex subset of X. Let G: D C X — X be
a nonlinear operator such that D is Fréchet differentiable at each point of D and let L € B(X, X) such
that (I — L(I — G))(D) C D. For F = [ — G, the Newton-like algorithm Equation (13) reduces to the
following Stirling-like method for computing fixed point of the operator G:
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Starting with xo € D and after x,, € D is defined, we define the next iterate x,,;1 as follows:

zp = (I —L(I—G))(xy),
Yo =(I—=(I—=G.) HI—-G))(xn), (26)

Xpp1 = (1= (I=GL) " (I=G))(yn)

for each n € N.
For the choice of X = Y and F = I — G, Theorem 1 reduces to the following:

Theorem 2. Let D be a nonempty open convex subset of a Banach space X, G : D — X be a Fréchet
differentiable at each point of D with values into itself. Let L € B(X) be such that (I — L(I — G))(D) C D.
Let xg € D be such that zog = xg — L(xg — G(xq)) and let (I — G};O)’1 € B(X) exist. Let w € ®and a be a
solution of the Equation (9). Assume that the conditions (C5)—(C6) and the following conditions hold:

(C7) ||(I—Gé0)’1|\ < B for some B > 0;

(C8) ||(I— G;O)‘l(xo — G(x0))|| <1 for somen > 0;

(C9) |G} = Gyll < w(l|lx —yl|) forall x,y € D;

(C10) ||I — L(I — GL)|| < k for all x € D and for some k € (0, 3].

Then the sequence {x, } generated by Equation (26) is well defined, remains in B,[xo] and converges to the
fixed point x* € B,[xo] of the operator G and the sequence {x, } has R-order of convergence at least 2p + 1.

We give an example to illustrate Theorem 2.
Example 1. Let X =Y = Rand D = (—1,1) C X. Define a mapping G : D — R by

3 _
Glx) = 2 7)

forall x € D. Define L : R — Rby L(x) = L79xfor all x € R. One can easily observe that
(I-L(I-G))(x)eD

forall x € D. Clearly, G is differentiable on D and its derivative at x € D is G}, = % and G}, is bounded
with |Gy || < 0.3833 for all x € D and G' satisfies the Lipschitz condition

1GY = Gyl < Kllx -yl
forall x,y € D, where K = 1.1. For xy = 0.3, we have
zo=(I—L(I-G))(xg) = —0.0894135714, ||(I — G;0)71|| < 0.860385626 = B,

(I = GL,) " (x0 — G(x0))]| < 0.29687606 = 1.

Forp=1,9= % and w(t) = Kt for all t > 0, we have
by = Pw () = 0.280970684 < 1,
q”bg kP b2
w1 TR )b
g=> 7
1—k(1+ E]bo)bo

and r = 0.563139828. Hence all the conditions of Theorem 2 are satisfied. Therefore, the sequence {x, } generated
by Equation (26) is in By[xq] and it converges to the fixed point x* = 0 € B,[x¢] of G.

= 0.0335033167 < 1
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Remark 1. In Example 1, |G} | < 0.38333 > 3. Thus the condition (Q0) does not hold and so we can not
apply Parhi and Gupta [21] (Theorem 1) for finding fixed points of the operators like G defined by (27). Thus the
Stirling-like method defined by Equation (26) provides an affirmative answer of the Problem 1.

If the condition () holds, then Theorem 2 with L = [ reduces to the main result of Parhi and
Gupta [21] as follows:

Corollary 1. [21] (Theorem 1) Let D be a nonempty open convex subset of a Banach space X and G : D — D
be a Fréchet differentiable operator and let xo € D with zo = G(xp). Let (I — G;O)’1 € B(X) exists and
w € ®. Assume that the conditions (C5)—(C9) and the following condition holds:

(C11) ||GL|| < kfor all x € D and for some k € (0, }].

Then the sequence {x,, } generated by Equation (8) is well defined, remains in B, [xo| and converges to the
fixed point x* € B,[x] of the operator G with R—order of the convergence at least 2p + 1.

Example 2. Let X =Y = Rand D = (—6,6) C X. Define a mapping G : D — R by

forall x € D. It is obvious that G is Fréchet differentiable on D and its Fréchet derivative at x € D is

G, = CogxeSigx. Clearly, G} is bounded with |G} | <022 < } = kand

1GY — Gyl < Kllx —yl|
forall x,y € D, where K = 0.245. For xo = 0, we have

20 =G(x) =3, ||(I—GL,)"}| < 0.834725586524139 = B

and
II(I — G;O)fl(xo — G(xp))|l < 2.504176759572418 = 1.

Forp=1,9= % and w(t) = Kt for all t > 0, we have

by = BKyy = 0.512123601526580 < 1,

PpP
(H +k") 453
f=> 7
1 —k(l +b]bo)b0

and r = 5.147038576039456.
Hence all the conditions of Theorem 2 with L = I are satisfied. Therefore, the sequence {x, } generated by
Equation (26) is in By[xo| and it converges to the fixed point x* = 3.023785446275295 € B,[x¢] of G (Table 1).

= 0.073280601270728 < 1

Table 1. A priori error bounds.

llxn —x*|]

3.0237854462752
1.7795738211156 x 102
6.216484249588206 x 10~°
2.335501569916687 x 10~
8.775202786637237 x 10~ 13
4.440892098500626 x 10~16

G WONF-k O (X
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4.2. Fredholm Integral Equations

Let X be a Banach space over the field F (R or C) with the norm || - || and D be an open convex
subset of X. Further, let B(X) be the Banach space of bounded linear operators from X into itself.
Let S € B(X), u € Xand A € F. We investigate a solution x € X of the nonlinear Fredholm-type
operator equation:

x—ASQ(x) =u, (28)

where Q : D — X is continuously Fréchet differentiable on D. The operator Equation (28) has been
discussed in [10,38,39]. Define an operator F : D — X by

F(x) =x—ASQ(x) —u (29)

for all x € D. Then solving the operator Equation (29) is equivalent to solving the operator Equation (1).
From Equation (29), we have
Fy(h) =h—ASQ.(h) (30)

for all h € X. Now, we apply Theorem 1 to solve the operator Equation (28).

Theorem 3. Let X be a Banach space and D an open convex subset of X. Let Q : D — X be a continuously
Fréchet differentiable mapping at each point of D. Let L,S € B(X) and u € X. Assume that, for any xo € D,
zo = x9 — L(xg — ASQ(xg) — u) and (I — ASQQO)’l exist. Assume that the condition (C6) and the following
conditions hold:

(C12) (I-L(I—-ASQ))(x)—u € D forallx € D;

(C13) [[(I—ASQL,) || < B for some p > 0;

(C14) |[(I—ASQL,)*(xo — ASQ(x0) — u)|| < 1 for some 17 > 0;
(C15) [|Q% — Qyll < wo(llx —yl) forall x,y € D, where wp € ®;
(C16) wy(st) < sPwy(t),s € [0,1] and t € [0, 00);

(C17) ||I—L(I—ASQL)| <k k< 1forallx e D.

Then we have the following:
(1) The sequence {x, } generated by

Zp = Xp — L(xy — ASQ(x) — u),
Yn=xn— (I —ASQL ) (xn — ASQ(x4) — u1), (31)
Xnp1 = Yn — (I = ASQL ) (yn — ASQ(yn) — u)

or each n € Ny is well defined, remains in B, |xq] and converges to a solution x* of the Equation (28).
8 q
(2) The R-order convergence of sequence {xy } is at least 2p + 1.

Proof. Let F : D — X be an operator defined by Equation (29). Clearly, F is Fréchet differentiable
at each point of D and its Fréchet derivative at x € D is given by Equation (30). Now, from (C13)
and Equation (30), we have HFéo’l || < B and so it follows that (C3) holds. From (C14), Equations (29)
and (30), we have ||F/; 1 (F(xo))|| < 7. Hence (C4) is satisfied. For all x, € D, using (C15), we have

IFe—=Fyll = sup{ll(Fy —F)zl : z € X, ||zl = 1}
< [AlISIsup{[Qy — Qyllllz]l : z € X, [lz]| =1}
< [MlISllewo(llx = yll)

w(llx=ylh),
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where w(t) = |A]]|S||wo(t). Clearly, w € ® and, from (C16), we have
w(st) < sPw(t)

foralls € [0,1] and t € (0, 00]. Thus (C1) and (C5) hold. (C2) follows from (C17) for c = k € (0, 1].
Hence all the conditions of Theorem 1 are satisfied. Therefore, Theorem 3 follows from Theorem 1.
This completes the proof. [

Let D = X =Y = Cla, b] be the space of all continuous real valued functions defined on [2,b] C R

with the norm ||x|| = sup |x(t)|. Consider, the following nonlinear integral equation:
te(a,b]
b
x(s) = g(s) +7\/ K(s, ) ((x(8)) 7P +v(x(1)?)dt (32)
a

foralls € [a,b] and p € (0,1], where g, x € C[a, b] with g(s) > Oforalls € [a,b],K : [a,b] X [a,b] — Ris
a continuous nonnegative real-valued function and u, v, A € R. Define two mappings S,Q : D — X by

b
Sx(s) = / K(s, t)x(t)dt (33)

forall s € [a,b] and
Qx(s) = p(x(s)) ¥ +v(x(s))? (34)

forall y,v € Rands € [a,b].

One can easily observe that K is bounded on [a, ] x [a, b], that is, there exists a number M > 0
such that |[K(s,t)| < M foralls, t € [a,b]. Clearly, S is bounded linear operator with ||S|| < M(b —a)
and Q is Fréchet differentiable and its Fréchet derivative at x € D is given by

Qih(s) = (n(1+ p)x¥ + 2vx)h(s) (35)
forall h € Cla, b]. For all x,y € D, we have
1Q% — Qyll sup{[|(Qy — Qy)h : i € Cla,b], |[n]| =1}
sup{[|(#(1 + p)(xF —y¥) +2v(x —y))h| : h € Cla, b], |[n]| = 1}
sup{(|u|(1+ p)l|lx? =yl +2[v[[lx —y[D[[#]l = b € Cla, b, [|h]] = 1} (36)

[l (L4 p)llx = ylIP +2[v[lx = yll
wo(llx =yl

IAIAIA

where wy(t) = |[u|(1+ p)tP +2|v|t,t > 0 with
wo(st) < sPwy(t) (37)
foralls € [0,1] and t € [0,00). For any x € D, using Equations (33) and (35), we have
1SQ% ||
= sup{[[SQih| : h GbX Ih]} =1}
sup {sup,c(qp) [ [ K(s, ) (1 + p) (x(0))P + 2vx(D)h(B)dt] :h € X, |1l =1} (38)

sup { [, [K(s,8)|([l(1+ p) [x(O)1P + 2Jv][x(8) DIn()|dt : h € X, [|n]| = 1}
(Ul 4+ p) [l + 2[v[[[x[ M (D —a) < 1.

IAIA

We now apply Theorem 3 to solve the Fredholm integral Equation (32).
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Theorem 4. Let D = X =Y = Cla, b] and p,v,A,M € R. Let S,Q : D — X be operators defined by
Equations (33) and (34), respectively. Let L € B(X) and xg € D be such that zg = xg — L(xg — ASQ(xg) —
Q) € D. Assume that the condition (C6) and the following conditions hold:

(C18)

1 _ .
A P Tl 2 T G—a) — Pfor some p > 0;

o gl Aol 2] o [P)M(b—a) _ .
(C19) Itz P T2 )My = 107 some 11 > 0;

1
(€200 [T = LI+ [AILI (L + p) )P + 2[v][[x[)M(b —a) < 7 forall x € D.

Then the sequence generated by Equation (31) with u = g € X is well defined, remains in B,[x] and
converges to the solution x* € B,[x¢) of the Equation (32) with R-order convergence at least (2p + 1).

Proof. Note that D = X = Y = Cla,b]. Obviously, (C12) holds. Using Equations (C20), (33),
(35) and (38), we have

1T = (I =ASQ) Il < IM(Ipl(1+ p)llzoll? + 2[v|[lzo[M(b — a) < 1.
Therefore, by Lemma 1, (I — /\SQ;O)’1 exists and

1
(I#1(+ p)lIzollP +2[vl[zol ) M(b — a)

10 =25Qz) 7' < 773, (39)

Hence Equations (C18) and (39) implies (C13) holds. Using Equations (C19), (38) and (39),
we have

I(I—ASQL) " (x0 — ASQ(x0) — &)
< (T = ASQL) HI(llxo — gl + [1ASQ(x0) 1)
0 — gll + ALzl [l %0172 4 2Jv| |xo|*) M(b — a)
L= [A[([u[ (T + p)lIz0ll” + 2Jv] |20 )M (b — a)
< 7.

Thus the condition (C14) is satisfied. The conditions (C15) and (C16) follow from Equations (36)
and (37), respectively. Now, from Equation (C20) and (38), we have
11— L(I-ASQy)l IT= L[|+ [ILI1ASQ:]
11— LI+ (LAl (X p) [x]1P + 2Jv[[[x][) M(b — a)
1

3

IA A

IN

This implies that (C17) holds. Hence all the conditions of Theorem 3 are satisfied. Therefore,
Theorem 4 follows from Theorem 3. This completes the proof. [

Now, we give one example to illustrate Theorem 3.

Example 3. Let X = Y = CJ[0,1] be the space of all continuous real valued functions defined on [0, 1].
Let D = {x:x € C[0,1],||x|| < 3} C C[0,1]. Consider the following nonlinear integral equation:

1
x(s) = sin(ms) + %/0 cos(7ts) sin(7rt) (x(t))Pldt, p € (0,1]. (40)
Define two mappings S : X — X and Q: D — Y by

S((s) = [ Kis,Ox(0dt, Qx)(s) = (x())"*,

0
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where K(s,t) = cos(7s) sin(7tt). For u = sin(7s), the problem Equation (40) is equivalent to the problem
Equation (28). Here, one can easily observe that S is bounded linear operator with ||S|| < 1 and Q is Fréchet
differentiable with Q\h(s) = (p+1)(x(s))?h(s) forall h € X and s € [0,1]. Forall x,y € D, we have

1Q% = Qyll < (p+ Dllx = ylIP = wolllx - yll),
where wy(t) = (p + 1)t? for any t > 0. Clearly, wy € . Define a mapping F : D — X by
E(x)(s) = x(s) — %OSQ(x)(s) — sin(7s).
Clearly, F is Fréchet differentiable on D. We now show that (C12) holds for L = I € B(X). Note that

1 (3\/*H 3
< (= e
5(3) 1<
forall x € D. Thus (I — L(I — ASQ))(x) —u € D forall x € D. Forall x € D, we have

+1 p+1(3\"

1

(I =L(I—=ASQ))(x) —ul = ‘ 155Q(x)(s) +sin(7s)

Therefore, by Lemma 1, F.= exists and

(p +1) cos(rs) [y sin(7t) (x(£))PU(t)dt

/—1 —
) 1) i) cost) a0

(41)

forallU €Y.

Let xo(s) = sin(7ts), w(t) = wg—(()t) = pl—%ltp . Then we have the following;:

(@) xp € X, F(xo(s)) = —% fol (sin(7tt))P+2dt;
(b) z0(s) = xo(s) — F(xo(s)) = sin(rws) + <) [ 1 (sin(7et))P+2dt;
© [EGH < % =F

() I (o) < sy = 10

1)10°(P+1) 1\? p?
(e) bo= ﬁw(ﬂ) = (10p(4rplt()p+1)11p)p+l and g = ﬁ + (%) (%) :

20 1) gbo?
One can easily observe that 6 = (lfk(l% <1lforallp € (0,1]andr = %. Hence all the

conditions of Theorem 3 are satisfied. Therefore, the sequence {x,} generated by Equation (31) is
well defined, remains in B, [x(] and converges to a solution of the integral Equation (40).
For p = 1, the convergence behavior of Newton-like method Equation (31) is given in Table 2.

Table 2. Iterates of Newton-like method Equation (31).

xn () zu(s) Yu(s)
sin(7ts) sin(7ts) + 0.0424413182 cos(7ts)  sin(7ts) + 0.0425947671 cos(7ts)
sin(7ts) 4+ 0.0424794035 cos(7ts)  sin(7s) 4 0.0424791962 cos(7ts)  sin(7s) + 0.0424796116 cos(7ts)
(7ts) (1)
(7ts) (7ts)

sin(7ts) 4 0.0424795616 cos(7ts)  sin(7ts) + 0.042479611 cos(7ts)  sin(7rs) + 0.0424796112 cos(7ts
sin(7ts) 4+ 0.0424796111 cos(7ts)  sin(7s) 4 0.0424796109 cos(7ts)  sin(7ws) + 0.0424796113 cos(7ts

WNRFR,O|X

5. Conclusions

The semilocal convergence of the third order Newton-like method for finding zeros of an operator
from a Banach space to another Banach space and the corresponding Stirling-like method for finding
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fixed points of an operator on a Banach space are established under the w-continuity condition.
Our iterative technique is applied to nonlinear Fredholm-type operator equations. The R-order of our
methods are clearly shown to be equal to at least 2p + 1 for any p € (0, 1]. Some numerical examples
are given in support of our work, where earlier work cannot apply. In future, our iterative techniques
can be applied in optimization problems.
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