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Abstract. We use Newton’s method to approximate a locally unique solution of an equation
in a Banach space setting. We show that our error bounds on the distances involved can be
tighter than before [6]-[12], under new sufficient convergence conditions, provided that the
Fréchet—derivative of the operator involved is p-Holder continuous, where p € (0, 1].

Numerical examples validating our result are given at the end of this study.

1. INTRODUCTION

In this study we are concerned with the problem of approximating a locally
unique solution x* of the nonlinear equation

F(z) =0, (1.1)

where I is a Fréchet—differentiable operator such that F’ is a p-Holder con-
tinuous operator, p € (0, 1], defined on an open, convex subset D of a Banach
space X with values in a Banach space ).

A large number of problems in applied mathematics and also in engineering
are solved by finding the solutions of certain equations. For example, dynamic
systems are mathematically modeled by difference or differential equations,
and their solutions usually represent the states of the systems. For the sake
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of simplicity, assume that a time—invariant system is driven by the equation
& = Q(z) (for some suitable operator @)), where x is the state. Then the equi-
librium states are determined by solving equation (1.1). Similar equations are
used in the case of discrete systems. The unknowns of engineering equations
can be functions (difference, differential, and integral equations), vectors (sys-
tems of linear or nonlinear algebraic equations), or real or complex numbers
(single algebraic equations with single unknowns). Except in special cases, the
most commonly used solution methods are iterative — when starting from one
or several initial approximations a sequence is constructed that converges to
a solution of the equation. Iteration methods are also applied for solving op-
timization problems. In such cases, the iteration sequences converge to an
optimal solution of the problem at hand. Since all of these methods have the
same recursive structure, they can be introduced and discussed in a general
framework.

We study the convergence of Newton’s method
Tn+l = Tp — F/('fn)_l F(l‘n), (n > 0) (CL‘O € D) (12)

A survey of sufficient conditions for the local as well as the semilocal conver-
gence of Newton—type methods as well as an error analysis for such methods
can be found in [1]-[4], [8], and the references there. This note is a contin-
uation of our work in [5], where, we projected that the order of convergence
(14 p) not obtained in [5] can be achieved under new sufficient convergence
conditions.

2. PRELIMINARIES AND BACKGROUND

Let 29 € D be such that F'(z)~! € L(Y,X) the space of bounded linear
operators from ) into X. Assume F’ satisfies a center—Holder condition

| F' (o)™ (F'(z) = F'(z0)) < lo & —ao [P, € >0, (2.1)
and a Holder condition
| F' (o)™ (F'(2) = F'm)) IS £ [z =y P, £>0, (2.2)
forall z,y € U(zg,R) ={x € X |z —x9 ||[< R, R>0} CD.

Note that in general
by <4 (2.3)

1
holds, and that 7 can be arbitrarily large [4].
0
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We refer the reader to [3], [4], [7], [9] for a historical background, and the
attempts made to provide new semilocal convergence results, and tighter error
bounds on the distances || zp41 — 2 ||, || zn — 2" ||, (n > 0).

Recently, a new sufficient condition was given in [7], which improves earlier
sufficient convergence conditions [1], [3], [6]-[8], [10]-[12], but not necessarily
the error bounds.

Let
/ 244 1 p pl-p
¢ — + 2 +40ly L (1+p)Pp 7 (2.4)
2/
and
1\? 1
ho(t) = (1 - ) s _ (2.5)
t 1 1 p
(o 49075 4 (61 0= 1)75)
Then, the condition is for b >| F’(z¢) ||~
n” b < ho(co). (2.6)

We show that our new sufficient convergence conditions can hold in cases (2.6)
is violated. In order for us to achieve this task, we note that the results in
[7] can be given in affine invariant form by simply replacing F by F’(zo)~! F.
Therefore, the condition (2.6) becomes

n” < ho(co), (2.7)
and the corresponding error estimates are:

Co—l
cy — 1

Ogsn_5n1§5n<

>, (n>1) (2.8)

where, the sequence {s,} (n > 0) is given by:

s0=0, s1=m,
1
1 (5n+1 - Sn) TP

L4p) (1= Lo sp44)

Sn+2 = Sn+1 T ( (TL > O)

3. SEMILOCAL CONVERGENCE ANALYSIS FOR NEWTON’S METHOD

We can show the following lemma on majorizing sequences for Newton’s
method (1.2).

Lemma 3.1. Assume there ezist constants o > 0,¢>0,1n7 >0, andp € (0, 1],
such that:

g=an<_—, (3.1)
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where,

1 1 2/ P
a:{ (1_ >} 62
1+p (4o (4+/P+4 (1 +ppplriyt
Then, scalar sequence {t,} (n >0) given by
to = 07 t1 = m,

O (tn — tp1)' P (3.3)
tn = tn + 9 2 1 .
At s Y
1s well defined, nondecreasing, bounded above by
(I+p)n
by = ————, 4
* 1+p—9 (3.4)
and converges to its unique least upper bound t,, such that t, € [0,1.], where,
o 50 Zf n=1
fl—{e it n>2 (3.5)
and
2 (1 l
5= (1+p) <1l+p, (3.6)
(+ /2 +4 (1+p)p plp iyl
Moreover the following estimates hold for alln > 1:
bt} <1, (3.7)
0<tpi1—t <L(t —t )<<5>n (3.8)
> In41 n_1+p n n—1) > 1+p 7, .
5 \" n
tnat —tn < [ —— 1 (+p)"—1 .
n-t(14,) @ep gt 3.9)
and
5 \" ((1 (1+p)"—1
t*—tn§< ) (A+p)q) iy (3.10)
1+p) 1—((1+p) g+

Proof. The proof as very similar to the one in Lemma 3.1 in [5] is omitted. [

However, we will cover the cases ¢p = 0, and ¢ = 0. If ¢y = 0, then (3.7)
holds trivially. In this case, for £ > 0, an induction argument shows

1 K
thy1 — e = ; (a (ty — tj_1))HP",

1

YA P

a = o m— .
1+p

where,
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That is we have:

k
1
thrl =t + (tQ - tl) + -+ (tk'+1 — tk — Z (1+p
a m=0
and
LS (g o (49"
ty = lim t, = — P)™
* kgnoo k= a mz::O(a n)

Clearly, this serie converges, if a n < 1, and is bounded by the number:

1 1
i I4+p)™
ZCH? T a1 (antr
If¢=0, andogﬁogﬂ, wededuce: by=0,t, =t =mn, (k>1).

We can show the main semilocal convergence theorem for Newton’s method
(1.2):

Theorem 3.2. Let F': DC X — Y be a Fréchet—differentiable operator.
Assume:

there exist a point xog € D and parameters £y > 0, £ > 0, p € (0,1], R > 0,
and 1 >|| F'(x¢)~ F(xq) ||> 0, such that: conditions (2.1), (2.2), hypotheses
of Lemma 3.1 hold,

and
U(.ﬁvg,t*) - U(.CC[),R)
Then, {zn} (n > 0) generated by Newton’s method (1.2) is well defined, re-
mains in U(xg,ts) for all n > 0 and converges to a unique solution x* €
Ul(zo,ts) of equation F(z) = 0.
Moreover, the following estimates bounds hold for all n > 0:

Ol zngr — 0 Hlﬂ)

L+p) [1—=Lo || Znt1 —zo ||P

| T2 — Tny1 HS ( ] < tpt2 — tnti,

and
| xn — T <t — tn,

where, iteration {t,} (n > 0), and point t, are given in Lemma 3.1. Further-
more, if there exists R > t, such that

RO S R7
and

1
0 / [0t + (1 — O)RP do < 1,
0

the solution z* is unique in U(xg, Ry).
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Proof. The proof can be found in [5, Theorem 3.3] (see, also Theorem 5 in
[3]). Simply replace Lemma 3.1 of [5] by Lemma 3.1 in this proof. O

4. SPECIAL CASES AND APPLICATIONS

Case 1. (Lipschitz case: p =1).

Application 4.1. [t is simple algebra to show that all hypotheses of Lemma
3.1 hold true provided that

ha=an<—, (4.1)

DO | =

where,
1
a:8<€+4€0+\/€2+8€€0>. (4.2)

The famous for its simplicity and clarity Newton—Kantorovich hypothesis for
solving nonlinear equations is given by:

hxzﬁngé. (4.3)
It then follows from (4.1), (4.2), and (4.3):

(4.4)

DN | =

1
hix < 5= ha <
but not necessarily vice verca unless if £y = L.

Note also that our ratio of convergence "2 ha” is smaller that "2 hg” (see

(3.9) and (3.10) for p=1).

Example 4.2. Define the scalar function F' by F(z) = cg z+c1+cy sine® *,

xg = 0, where ¢;, i = 1,2, 3 are given parameters. Then it can easily be seen

that for c3 large and co sufficiently small, A can be arbitrarily large. That is
0

(4.1) may be satisfied but not (4.3).

Example 4.3. Let X =Y =R, 20 =1, Uy = {z : |z — x| < 1— G},
1

B e [O, 2), and define function F' on Uy by

F(z) =23 - 3. (4.5)
Using hypotheses of Theorem 3.2, we get:
1

n=31-p), b=3-F5 and £=2(2-f)
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The Kantorovich condition (4.3) is violated, since

%(1—@ (2—8)>1 forall pe [0,;).

Hence, there is no guarantee that Newton’s method (1.2) converges to z* =
{/8, starting at o = 1. However, our condition (4.1) is true for all § € I =

1
[.450339002, 2) .

Hence, the conclusions of our Theorem 3.2 can apply to solve equation (4.5)
for all g € I.

Example 4.4. Let X = ) = C[0,1] be the space of real-valued continuous
functions defined on the interval [0, 1] with norm

@ l= max [a(s)]

Let 6 € [0, 1] be a given parameter. Consider the ”Cubic” integral equation

1
u(s) = u3(s) + Au(s) / q(s,t)u(t)dt +y(s) — 0. (4.6)
0

Here the kernel ¢(s,t) is a continuous function of two variables defined on
[0,1] x [0,1]; the parameter A is a real number called the ”albedo” for scat-
tering; y(s) is a given continuous function defined on [0, 1] and z(s) is the
unknown function sought in C[0,1]. Equations of the form (4.6) arise in the
kinetic theory of gasses [4]. For simplicity, we choose ug(s) = y(s) = 1, and
q(s,t) = si—i—t’ for all s € [0,1], and t € [0,1], with s +¢ # 0. If we let

D = U(up,1 — 0), and define the operator F' on D by
1

F(z)(s) = 23(s) — x(s) + A z(s) /0 q(s,t) z(t)dt + y(s) — 0, (4.7)

for all s € [0, 1], then every zero of F satisfies equation (4.6).

We have the estimates
s
max |/ dt| =1n2.
0<s<1 s+t

Therefore, if we set & =|| F'(ug)~! ||, then it follows from hypotheses of The-
orem 3.2 that

n=&(A| In2+1-80),
(=2¢ (A In243(2—0)) and (=& (2|A\| In2+3(3-10)).
It follows from Theorem 3.2 that if condition (4.1) holds, then problem (4.6)
has a unique solution near ug. This assumption is weaker than the one given

before using the Newton—Kantorovich hypothesis (4.3). Note also that ¢y < ¢
for all § € [0, 1].
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Example 4.5. Consider the following nonlinear boundary value problem [4]
U = _u3 — u2
{ u(0) =0, wu(l)=1.
It is well known that this problem can be formulated as the integral equation

—s+/Qst t) 4y u*(t)) dt (4.8)

where, @ is the Green function:

t(l—s), t<s
Q(S’t):{ s(1—t), s<t.

We observe that

1
@ggbAIQQJN:
Let X =Y = CJ[0, 1], with norm

I ||= max [z(s)]-
Then problem (4.8) is in the form (1. 1) where, F' : D — ) is defined as
[F(z)] (s) = —s—/Qst t) + v x2(t)) dt.
It is easy to verify that the Fréchet derivative of F' is defined in the form
1
[F'(2)v] (s) = v(s) —/ Q(s, 1) (3 2(t) +2 v x(t)) v(t) dt.
0

If we set ug(s) = s, and D = Ul(ug, R), then since || ugp ||= 1, it is easy to
verify that U(ug, R) C U(0, R+ 1). It follows that 2 v < 5, then

3 luol®+27 lJuo |l _3+2+

11— F'(uo) || <

8 -8
1 8
/ -1 < —
| P | S —gros =55
8
= 8 87
14+
F(uy) ' F <
I Fluo)™ Flu) | < 500

On the other hand, for z,y € D, we have:

1
[(F'(z)—F"(y))v] (s) = —/0 Q(s.t) (3 2%(1)=3 y*(1)+2 v (z(t)~y(t))) v(t) dt.
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Consequently,
lz—yll @ry+3U=zl+1yl))
| F@) - Pl < -
< lz—yll @7 +6R+6 [uol)
vy+6 R+3
= TS ey,
T—1u 2v4+3 (x| + || u
< lz—u | 27y+3R+6 [[uol)
2y+3R+6
= T - wll
Therefore, conditions of Theorem 3.2 hold with
_27+3R+6

1+ v+6 R+3
77 = b g - N 60
5—27 4 8
Note also that o < /.

Case 2. (Holder Case: p # 1).

1
Application 4.6. Let £ =1, {yg =p = 3 and n = .2. Then, we have
6 = 1.13084151, a = 275172827, ¢ = .550345654 < .6666.

163

Hence, hypotheses of Lemma 3.1, and (2.7) are satisfied. Then, we obtain:

to=0, t1=.2,  ty=.276801908,  t3 = .296056509,
ty = 298503386,  t5 = .208614405,  tg = .298615478,
co = 1.326445825, &y = .444,  h(cy) = .859253735.

Then, we get the following comparison table:

Comparison table
Actual ours (7]
n |ty —th-1 (2.9) (5.8) (2.8)
2 .076801908 124470742 | (118980595

3 .019254601 085971114 | .072458013
4 .002447296 009445671 | 46497804

5 .000111019 001151911 | 05158214

o .000001073 000030298 | .021922049
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The table justifies the claims made in this study.

So far, we showed error bound (3.9) can be finer than (2.8). However,
the sufficient convergence condition (3.1) is stronger than (2.7) for p € (0,1),
unless if /5 = 0. Indeed, first note that

1
Py (4.9)
Co
and (3.1) can be written as
1 1
n? < hi(cy) = — (1 - > (4.10)
fo Co
We shall show
hl(CO) < ho(Co). (4.11)

Instead of showing (4.11), we can show

p
N
fo Co €0 (

1 1\ 1-P
(lo (L+p))T=? + (£ co (co — 1))1—p>

1 1 1-p
{(1— 1) ((zo L4+ p) ™ + (C eo (60—1))1”>} <t (1+p)
(1-2) (0 )™ + o (0 - )75 ) 2 (00 (1457
(to (14 P)T5 + (£ o (0 = )T = (to (1+5)) -
010 0 co (co — 1))ﬁ < (6 (1 +p))ﬁ
(1 — 1> (€ co (co— 1))ﬁ < i (Lo (1 +P))ﬁ
Co €0
or - .
<1_Cl()> ECO (C()—l)< <Clg> 60 (1 +p)
(co — 1)1_p ey (co—1) <Ly (1+p)

(CO — 1)27}7 l ey <ty (1 +p). (4.12)
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But, we have by (2.4):

C+ /@ +40yl(1+p)pPpl-p
Co—l = —1

2 4o (1 _%f;)p plP (4.13)
(/2 + 40l (1+p)ppl—p
It then follows from (4.12), and (4.13) that we must show:
< 200(1 + p)Pp' =P )HE + /P2 4001 + p)ppl—p
0+ /0% + 40(1 + p)Ppl—P 2

< fg(l +p)

or

(260 (97 40)

or

2—p

1-p
<24 (14p) (£+ JETIL TP p)

1-p
217P 7P (14 p)~ (7P p(I=2=P) < (6 +VC 4l L (1+p)p pl"’)

or
200 (1+p) U P p> P <04 /224445 € (1+p)r pl-p
or
200 (1+p) P p>P <y (1 + \/1 +4 %0 (1+p)? pl_p>
or

l i
2 70 (14p) 0P p>P <14 \/1 +4 70 (1+p)P pt=?. (4.14)
But, we have:
2 {0 (1 ypytom o —g o (2 <o
¢ Tr Pe=ey\1sp) P55

whereas

14
1+\/1+4; (1+p)Ppl?>2,

which shows (4.11).

In case ¢y = 0, (2.7) becomes
n <0, (4.15)
whereas from the proof of Lemma 3.1, we have:

D
Ln”
1+p~

(4.16)
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CONCLUSION

Case p = 1. Our condition (4.1) is weaker than (4.3) [4], [9], and the ratio of
convergence 2 q4 is smaller than 2 qx for ¢y < £.

If ¢y = ¢, conditions (4.1), and (4.3) coincide.

Case p € (0,1). Condition (3.1) is stronger than (2.7) if ¢y # 0, but the error
bounds (3.9) can be finer than (2.8) [7]. If ¢y = 0, condition (4.15) cannot
apply for n # 0, but (4.16) does apply.

Hence, in practice we will always use our results for p = 1, and a combination
of these results if p € (0,1). For example, if (3.1) and (2.7) hold, we use error
bounds (3.9). If (2.7) only holds, then we use bounds which z, (replacing x)
satisfies (3.1), after which we use bounds (3.9) (for ¢y # 0). Finally, if ¢y = 0,
and (4.16) holds, we use the bounds introduced in the proof of Lemma 3.1.
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