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On the behavior of the four order iteration
in Euler’s family near a zero
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Abstract. The aim of this paper is to study the local convergence of the four order
iteration of Euler’s family for solving nonlinear operator equations. We get the optimal
radius of the local convergence ball of the method for operators satisfying the weak
third order generalized Lipschitz condition with L—average. We also show that the
local convergence of the method is determined by a period 2 orbit of the method itself
applied to a real function.
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1 Introduction

Let
f(x)=0, (1.1)

where f:DC X —Y is a nonlinear operator defined on a convex set D of a real or complex
Banach space X and valued in a same type space Y.
The method used often to solve a solution of (1.1) is Newton’s method

xpe1=N%(x), x€D,n>1,
{ n—+1 f( ) (12)

Ny(x)=x—f'(x)"'f(x)

and its modifications with an approximation to f’, or the modifications using higher
derivatives(such as Euler’s family, Halley’s family and etc.).

The analysis of the convergence of an iteration is always the one of fields mostly
interested in numerical nonlinear algebra. There are many papers concerning the semi-
local and the local convergence of iterations for solving nonlinear equations. Parts of the
latest papers are [1-6, 11].
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It is proved that for operators satisfying some kinds of Lipschitz condition with L—
average, the criteria to guarantee the semi-local convergence of each stationary iteration
of Euler’s family and of Halley’s family are the same, or, in other words, the criteria is
an invariant independent on iterations [12-14]. The Lipschitz condition with L—average
takes the classical Kantorovich-type condition [7] and Smale-type condition [8] as two
special cases.

What interesting is that status for the local convergence is different. For Newton’s
method (1.2) and Euler’s method

X1 :E?(x), xeD, n>1,

Ef(x)=x—[1— %f’(X)‘1f”(X)f’(X)‘lf(X)]f’(X)‘lf(X)~

[10] proved that the criteria to guarantee the local convergence are linked closely to
the constructions of iterations and the dynamical properties of themselves applied to a
real or complex function. In details, under the second order Lipschitz condition with
L—average, [10] proved that the local convergence behavior of Newton’s method is de-
termined by a period 2 orbitt of itself applied to a real or complex function, and the
behavior of Euler’s method is determined by an repelling additional fixed point (we call
p€ X is an additional fixed point of E¢(x), if Ef(p)=p and f(p)#0) of itself applied to the
same function. If we write Ry, Rg as the optimal radii of Newton’s method and Euler’s
method, respectively, then Rg < Ry.

It is natural to ask how the local convergence behavior of iterations changes along
with the convergent order becomes higher. Based on that Newton’s method and Euler’s
method are the first two members of Euler’s family, in this paper, we consider the local
convergence behavior of the third member of Euler’s family, which is defined by

xn+1:G?<x)/ XED, ”21; (14)

(1.3)

where ,
Gyl =x+ L glf (RO ()’

and f, ! is the local inverse of f at x. [9] shows us that (1.4) can be written in the following
formula:

Gr(x) =x+ A= /() (1) A~ /() 7 ()

1 (1.5)
S F A,
where
{Al =Ap1=—f'(x)""f(x),
(1.6)
Ay :Af,Z = Ef(x) —Nf(x).

t{t1,t2}, a subset of real numbers, is called a period 2 orbit of a real function Iter(t) if t, = Iter(t;) and
t) = Iter(tp). Any period 2 orbit of the iterative function is called the period 2 orbit of the corresponding
iterative method.



Z.D. Huang / J. Math. Study, 48 (2015), pp. 79-92 81

We will prove that if f satisfies the weak third order Lipschtiz condition with L—
average described in section 2, then the local convergence of (1.4) near a zero of (1.1)
is determined by a period 2 orbit of (1.4) applied to a real function defined in section 2.
Furthermore, if we denotes R¢ as the optimal radius of the local convergence ball of (1.4),
then R < Rg < Ry.

The paper is organized as follows. In section 2, we will state the Basic Assumptions
and main results, and in section 3, we want to display some useful formulas that are
important for our analysis. In section 4 and section 5, we are going to study the local
convergence of (1.4) in the real field and in Banach spaces, respectively.

2 Assumptions and Results

Denote £(X,Y) as the space of linear operators defined on a convex set D of the Banach
space X and valued in the Banach space Y. Let L(t) be a real function with following

properties: L(t) is C2[0,r] with L) (0) >0 for i=1,2 and w >0 increases in (0,7), where
r is a positive number satisfying

r
/ L(t)dt=1. 2.1)
0
Basic Assumptions:

e f(0)=0, where (€O(g,r) CD and O(¢,r) ={x|||x—_|| <r}.
e f(x) has the third Fréchet derivatives in O(Z,r) = {x|0< [|x—¢|| <7}.

e f/({) exists and has inverse, and f(x) satisfies the weak third order Lipschitz con-
dition with L—average defined by

limsup || f(¢) /9 ()| <LUV(0), =23,

x—

1£@7 ")~ £+ o-0)]I < |

0llx—Zll

=gl (w)du, 2.2)

Vo e (0,1], YxeO(Lr).

We say f satisfies the weak third order Lipschitz condition with L—average due to
that here we do not assume f has the second and the third Fréchet derivatives at the zero
point C.

Let

he(t)  t>0,
h(t):{ —hy(—t) t<0. 23)
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where ,
hr(t):—H—/O (t—u)L(u)du. (2.4)

We have

Theorem 2.1. If f satisfies Basic Assumptions and R is the smallest positive zero of Gy, (t)+t,
then

1) Vx € O(Z,Rg), the iteration sequence {G?(x)}nzl, generated by (1.4) starting from x,
converges to { with the error estimates

IGF(x) ¢l <q(x)* Hx—ll, n=1, (2.5)

ifG? (x)#( for all n>1, where

g(x) =1/ % €(0,1). (2.6)

2) R is the optimal radius of the local convergence ball of (1.4) with

Gi(Rg)=—Rg, Gu(—Rg)=Rg, (2.72)
or
|G, (Rg)| =R, (2.7b)
and
Rg <R <Ry. (2.8)

Here R and Ry are the optimal radii of local convergence balls of Newton’s method and
Euler’s method for nonlinear operators satisfying the Basic Assumptions, respectively.

Remark 2.1. (2.7a) shows that {Rg,—Rg} is a period 2 orbit of iteration Gy,. It determines
the local convergence of G in Banach spaces for f satisfying the Basic Assumptions. (2.5)
and (2.7b) shows that R is an non-attractive fixed point of |Gy,|.

Remark 2.2. If f is asked to have the third Fréchet derivatives in O((,r), then
1@ fPON<Li2(0), =23,

£ ) =GOl [,
Vo e[0,1], VxeO(Z,r).

=2l
L (u)du,

is used instead of (2.2) , and Theorem 2.1 is still true except that R¢ is optimal .
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3 Basic formulas

In this section, we want to display three basic formulas that are important for the proof
of Theorem 2.1.
Suppose Ny (x),E¢(x) and Gy(x) exist for some x # {, where x € D, then by Taylor’s

Y

expansion, we have for any T€ (0,1] and 7, £ {+1(x—) €O({,7)
{—Nf(x)=C—x—5

= it () w107 0f" (teB(x— )0 (x )2, (3.1)
{—Ef(x)= {—x—A1—Ms

= Lt £100) T )£ - FE) )+ (0) (rem )+ () (1))
2P0 [t F ()7 ()] [t £ () ()

= Lt 100 ()4 5 () @) F () () — £ ()l () ()
17 [ 0L~ () a0 ()
) ) [ (k0 maB(x- )

-[Z—f’(x)1/Olef”(rx—i—G(x—Tx)dG(x—Tx)] (Te—x), (3.2)
G(x)={=Te=C—f'(x) " f(m)

) )~ £ () (e ) — 5 () (v )’

)T (] (5202 A= 2818 /()£ (1)
=0T+ (x) 7 () + I (x,T) + 1 (x,7) + 1 (x,7), (3.3)

where

2
() =) [ [ 5 B )00+ 2 £ (3) (- )]
_ gl -1 162 " " 9 de 3 34
=F@7 [ S = (et 0(r—)) | do(x =), (34a)
(6, 0) = o f () (0) (1~ x)2— A% 200 4]
= 270 ()5~ Np(x))P+ 20~ Eglx)) v, (3:4b)

IIIf(x,7)= %f’”(x) {(Tx—x)s—Aﬂ
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= %f’”(x)(rx—Nf(x)) [(Tx—Nf<X))4+3(Tx—X)A1] . (3.4¢)

Here, in (3.2) and (3.3), operations of vectors linked with higher order derivatives used
in [9] are adopted.

4 The convergence of GJ(f)(n>1)

It can be verified that

Lemma 4.1. All the —h%(t)

D (1) = (=1)* 0 (=), —r<t<0, i=0,1,2,3,4. (4.1)

>0,h"(t) >0and 1" (t) >0 increase on [0,r), and

We need following lemmas.

Lemma 4.2. Let Rg =min{u >0|Gj,(1)4+u =0}, and Rg and Ry be the optimal radii of the
local convergence ball of Ej, and of Ny, respectively, then Rg and Ry are the smallest positive reals
satisfying’
LA )h()‘ _q ‘
2 W(t) le=ry 7 th(t)li=ry

=2, (4.2)

and Rg < Rp < Ry.

Proof. By almost the same deduction procedure used in [10], we have that R and Ry,
the optimal radii of the local convergence balls of EJ(t) and Nj!(t), respectively, are the
smallest positive reals satisfying (4.2), R < Ry and

h(t)
W (t)

(0,Rg).

Following this inequality and

h//(t)
0 Mg, =

S

we have » »
(Gh(t)‘H)‘t:RE: (2t- h,((t)) Ap1Bys— W) ‘t:RE
() O g

which, by combining with [Gy () +t]' |;=o=1, and [Gj,(t) +t]|;=o+ =0, deduces that there
is a positive zero of Gy(t)+t in (0,Rg). Consequently R exists with Rg < Rg and the
proof is completed. O

fRy and R satisfying (4.2) were first defined in [10].
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Lemma 4.3. We have
i) Rg, defined in Lemma 4.2, is the unique zero of Gj,(t)+t in (0,Rg).

ii) V|t|e (0,Rg), hold
sgn(t)Gy(t) <0, and |Gp(t)| <|t|.

iii) Let q(t) =\ / for 0<t<Rg. Then

{ H=q(lt) €(0,1), V|t| € (0,Rq).

|G ( )’—’Gh 1t = |G, ([t])],

iv) Moreover,
{Gh(Rc>=—RG, Gn(—Rg)=Rg,

|Gn, (Rg)|=

Proof. If i'(t) #0 for some t € (0,r), denote

1
o / oK" (01)d6

ey / o on

// 1 1.1
;Z, /Gh” (61)d6 2 / ol det

By Lemma 4.1, we have

D tYy=—D —1)>0,
N, n(t) N, h(—t)> vte (0,Rg).
DE’ h(t) IDE’ h(—t) >0,

It can be verified that Dy ,(t) and Dg j(t) increase in (0,Rg). Let

( 2 1, o
1! 1 9
Qa(t) = fhﬂ(ft)) [ngl w(D)+2Dg, 5 (1- WN'
1244 1 .
Qa(t)= :!h'((tt)) Dy, w(8) [ DX, 5(0)2+3 (1~ Wt

85

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

Then —Q;(#) is positive and increases in (0,Rg) for each i=1,2,3 from the properties of
the function L definition in section 2, Lemma 4.1 and (4.7). Since hgf) (0) and h(i) (0) exist
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for i=2,3, it can be checked easily that (3.1) —(3.4) still hold when X =Y =D are the real
field and f=h. In this case, hgi) (0) and k() (0) are used when T =0. In other words,

Gi(f) = Iy (£,0) + 11, (1,0) + I11;(1,0),

I(£,0)=Qu()t*, 11,(,0)=Qa(6)t*, 111,(,0)=Qs(t)t" 4.9)
It follows that
Gi(f) =—[Qi()+Qa() +Qs(1]F >0 (410)
increases in (0,Rg). Therefore, by Lemmez; 4.(2,)RG is the unique zero of G, (t)+tin (0,RE),
n(t

or equivalently, is the unique solution of ; =11in (0,Rg), which proves i) and deduces

0<q(t)= ' Gi(:) <1, Vte(0,Rg),

Gu(Rg)=—Rg.

(4.11)

Since

Qi(t)=—Qu(—t), Q(t)=—Qa(—t), Qs(t)=—Qs(—t), Vt€(0,Rg) (4.12)
is true by Lemma 4.1, holds

Gu(t)=—Gy(—t), and q(t)=q(—t), Vte(0,Rg). (4.13)
Then, ii) and iii), or (4.3) and (4.4), follow from (4.10)-(4.13), and iv), or (4.5), follows
from ii) and iii), respectively. The proof is completed. O

By the lemmas above, we can get

Proposition 4.1. For any |t| € (0,R¢), {G]}(t) }n>1 converges to 0 with error estimates
Gi|<a®* M, nz1, (4.14)

where R¢ and ¢(t) are defined in Lemma 4.3. Also, Rg is the radius of the local conver-
gence ball of G, () (or equivalently, a non-attractive fixed point of |Gy, (t)|), and {Rg,—Rg}
is a period 2 orbit of Gy (t).

Proof. 1t is obviously that (4.14) is true for n =0. Suppose (4.14) is true for n =k, then by
(4.12), for any 0< || < Rg, hold |Gk(t)| < |t| and

G (5] =11 (G (1) + Qa2 (G (1) + Qs (GE(1) (G (1))*
=~ (QuIGEOD+QIGEOD+Qs(IGE®D) (G (1)

<]Q1(H)+Qa () +Qs (1) g (1) 4
=q(H)*" 1],
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that is to say, (4.14) is still true for n =k+1. (4.14) is then proved by induction method.
Following (4.5) in Lemma 4.3, Rg, a fixed point of |Gy, (t)|, is the radius of the local
convergence ball of Gy(t), and {Rg,—Rg} is a period 2 orbit of G, (t). (4.4) in lemma 4.3
and (4.14) show us also that R is a non-attractive fixed point of |Gy, (¢)|, which completes
the proof. O

Remark 4.1. Proposition 4.1 shows that the local convergence of G(t) is determined by
its period 2 orbit nearest to 0.

Remark 4.2. By Lemma 4.3, (4.14) is equivalent to
[GL(EN| <a(e)* e, VI E(O,Ra), n>0,
Remark 4.3. Let t, =G}/ (fo)(n>1), then for all |tg| € (0,R¢),
|t | < |tul tntns1<0.  n>0,
or

H<t3< o <tyy1 <+ <O0<eoe <tppan<--<ty<ty, 0<ty<Rg,
B>ty > >ty > >0> - >ty > >h>t), —Rg<ty<0

follows from (4.3).

5 The convergence of G¢(x)(n>1)

We need the following lemmas.

Lemma 5.1. If f satisfies (2.2) , then Vx € O({,r),

[lx=Cll
@7 @ frEro—an]is [ v (5.12)
holds for all 0 <6 <1 and
[lx=Cll
£ @ [ @—f @i [ L (5.1b)

holds for all 0 <6 <1
Proof. Since for all x e é(g,r) and all 0 <8 <1, there is

F0) = 1@+ 00x-0)) = [ F(E 000+ p(1-0)(x—0)n(1-0)(x).

By (2.2) in Basic Assumptions,

IF@7 [ )= +ox—2))] |
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< [UF@ [ @000 +n(1-0) =) 1" (%) (1) x|
+H(1- 9)||f"’(”fx)|\||x q

(6+u(1-0)lx=ll .
/ /nx { L (u)dudp(1-0) [ x =+ (1= 0) | f" () || x =]

Csu- ol .
// LY (u)dudp(1=0)[|x=¢|[+(1=0) [ /" (z)[l[[x =]

holds for any 0 < 7 < 1. Letting T— 0", we have
IF@7 ")~ £ (g +ox-0)] |
(6+1(1-6)) x| L ,
<[/ ()dudyu(1-0) |~ |+ (1) L (0) | |~

:/ (0+u(1-0))[lx—=C])dpu(1-0)[lx -]l

[[x—¢ll L
= u)du.
9HX CH

(5.1a) is proved. (5.1b) follows from (5.1a) by the similar method, which completes the
proof. O

Lemma 5.2. If f satisfies (2.2) , then Vx € é(g,RE), where R is defined in Lemma 4.2, we have

LF @~ (@l <H"(lx =2l (5.2)

and f'(x) is conversable with

md |0 < =0 6

Hf/<x) fOI<— h/(H )’

Proof. For any x € é(C,RE) and 0< 6 <1, we have by (5.1a)
£ @O " OIS QT ()= £ @+ =N+ (©) " (E+0(x—=2))]

< [T s £ (0000

ol
=2l ! 1 oN—1 g1

<[ Ll @7 E o=

Letting 6 — 07, holds

1\ —1 ¢l =l / _ _ ! _
1) f (JC)IIS/O L'(u)du+L(0)=L([|lx=¢[)=r"(llx=¢l})
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from the definition of the function /. That is to say (5.2) is true.
For any x€O({,Rg) and 0, ={+6(x—{) with 0< 0 <1, we have by (5.1b) and (5.2)

1F(©) 7 f () =1
<IF @7 @)= f O+ @) @) = f D]

<H/f O O+ T(x—00))dr(x=2) [+ ()7 [ (6x) = (D]l
S/O ' ((0+7—07)|lx=ZIDdrlx= I+ ()~ [f (6x) = (D]I.

Letting 6 — 07, it follows

LF(©) " f () =1 S/Olh”<THx—CH)dTHx—€HZh’<THX—CH)+1

The inequality above and Banach Lemma derive that f/(7) ' f’(x) or f’(x) inverses and
the first part of (5.3) holds. Since for any 7, ={+7(x—{) with0<7<1

I£(x) " () £ (NI
<+ [ A=)l () (x4 B(z—x) el e
<14 [ A-0)1F) " F @I @) (0 x)) 6] e

W (1—0+67)Jx—2]) ,
<1-— / 1 6 aollt, —x
(=) ==

follows from (5.2) and the first part of (5.3), letting T — 0" above we have

170 @) - sl <1 [ (-t €l gy e

' ([lx=¢ll)
Therefore,
LF G =1 ()T (@O~ F )
W'( 1 G)Hx ¢l 2
<1- / (1-6) e[S
(@) k(g - XII) h([|¢—x[])
h’(llé” ) K(Ig—x])
deduces the second part of (5.3). The proof is completed. O

Proof of Theorem 2.1. By (3.1), (3.2) and Lemma 5.1, using almost the same proce-
dure in [10], it is very easy for us to know that Ry, Rg defined in Lemma 4.2, or (4.2), are
still the optimal radii of local convergence balls of Newton’s method and Euler’s method
for operators f satisfying (2.2) , respectively.
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Following Lemma 4.2 and Lemma 4.3, R exits and (2.7a) and (2.8) holds. From (3.1)
and (4.6), we have for each x € O({,R¢)

IZ=Ne ()| T =Tt f ()7 () |

+ 017 @ PO @) (o) v

1 hl/
<[Ig =Tt f(2) 7 () / "ZTH 972”;6 4

for any 0 < 7<1by Lemma 5.2. Letting T— 0" above, it follows

le=Nyo)l < - [ "D g

d@Hx—TxHZ

' (Jlx=Zl1)
=D, w(l|lx—¢IN =P, VxeO((,Rg). (54)
Similarly, we have
16 —Ef ()| < De, n(lx=¢)lIx=¢I°,  vx€O(Z,Rq) (5.5
from (3.2) and (4.6), and
limsup || I¢ (x,7) | < [Ix([lx =],
T—0F
limsup || 117 (x,7)[| < [IIy (lx =]}, vxeO(g,Re) (5.6)
T—=0F
limsup || 111y (x,T) || < [IT1,([[x—=Z]])],
=0+

from (3.4) and (4.8), (4.9) and (4.12), respectively.
Since from (3.3), for any x € é(g,RG) and any 0 <7 <1 holds

1G 7 (x) =l < N1E =T+ £/ () 7 () 1+ 1T (e, o)+ Ly e ) [+ T (7))

Letting T— 0", we have

1G ¢ (x) =l < I (llx =11, 0) [+ [ 1T ([ = Z[1,0) |+ [ 11T, (| x = 11,0)
——(Ql(llx—él\)+Qz(||x—€|\)+Q3(||x—€|\)> lx—2]I* (5.7)
==Gu(llx=2lD)-

from (4.12) and (5.4), (5.5) and (5.6).
Then induction method and Lemma 4.3 derive

IGF () =2l < (=D)"Gy (1) x=Z)=IGy (lx=¢IDI,  n>1 (58)
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can be proved for all x € O(Z,R¢) if Gj’l(x) # ( for all n > 1. Thus, following Proposition

41, {G? (x) }n>1 initialed from any x€O(,R¢) converges to { and (2.5) holds if G?(x) #C
forall n>1.

Since h(t) satisfies the Basic Assumptions when (=0 and X=Y are real fields, R, as
the radius of the local convergence ball by Proposition 4.1, is the optimal value of radii of
the local convergence ball of G¢(x) for any f satisfies the Basic Assumptions. The proof
is completed. 0

6 Conclusion

In this paper, the optimal local convergence radius of the four order iteration (1.4) of Eu-
ler’s family is determined for nonlinear operators satisfying (2.2), the weak third order
Lipschitz condition with L—average. Since this optimal radius is the absolute value of
real numbers appeared in the period 2 orbit nearest to 0 of the method itself applied to
the function defined by (2.3), we can say the local convergence of the method, which
is essentially a fixed point problem, is determined by one of the period 2 orbits of the
method itself applied to the function. It is just like the result for Newton’s method ob-
tained in [10]. It is expected that the local convergence of each method in the family with
even number order is determined by one of period 2 orbits of the method itself applied
to a similar function under mild conditions.
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