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Local convergence of a fifth convergence order method in Banach space
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Abstract.  We provide a local convergence analysis for a fifth convergence order method
to find a solution of a nonlinear equation in a Banach space. In our paper the sufficient
convergence conditions involve only hypotheses on the first Fréchet-derivative. Previous
works use conditions reaching up to the fourth Fréchet-derivative. This way, the applicability
of these methods is extended under weaker conditions and less computational cost for the
Lipschitz constants appearing in the convergence analysis. Numerical examples are also given
in this paper.
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1. INTRODUCTION

Let F : 2 C X — )Y be a Fréchet-differentiable operator, where X', )) are Banach space
and 2 C X. A lot of problems from many areas can be written like the nonlinear equation

F(z) = 0. (1.1)

In this paper, we study the problem of approximating a solution a*of Eq. (1.1). In Numerical
Analysis, finding a solution of (1.1) is related to Newton-like methods [1-13]. The Newton-
like methods are usually studied using: semi-local and local convergence. The semi-local
convergence case is: using the information about an initial guess, to find conditions that
ensure the convergence of the iterative procedure; while the local one is, using the information
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about a solution, to find radii of the convergence balls. There are numerous papers dealing
with the convergence of Newton-like methods [1-13].

We are interested in the local convergence analysis of a fifth convergence order method
defined foreachn = 0,1,2,... by

Bn = ap — fl(an)_lj:(an)a

Yo = Bn _Fl(an)_l(}—/(an) = F (Bu))(F'(an) +~7:/(/6n))_1-7:(an)7 (1.2)
An41 = Yn — (f/(an) +}—/(ﬁn))71(3}—/(an) *-7:/(571))-7:/(an)71‘7:(7n)7

where « is an initial guess. If ¥ = ) = R, we obtain the method whose local convergence
was studied in [13]. The convergence in [13] was studied under the assumptions that
derivatives F(V) i = 1,2, 3, 4 are bounded.

Similar assumptions have been used by several authors [1-13], on other high convergence
order methods. These conditions are restrictive. As an academic example, let function f on

2 = [—1, 2] be defined by

39 2 4 5 _ 4
_Jx’lnz"4+2° -2, x#0
f(”“")_{o, z = 0.

Let o® = 1. We get that

f'(x) = 3x%Ina? 4 52 — 423 + 222, f'(1) = 3,
f"(z) = 6xInz? + 2023 — 122% 4 10z
f"(x) = 6Inz? + 6022 — 24 4 22.

Then, clearly, function f” is not bounded on 2. In our paper, we only use conditions on
the first Fréchet derivative (see conditions (2.11)—(2.15)). This way we extend the usage of
method (1.2).

In the rest of the study: The local convergence of method (1.2) is given in Section 2.
The numerical examples are given in Section 3. Some comments are given in the concluding
Section 4.

2. LOCAL CONVERGENCE ANALYSIS

We provide the local convergence analysis of method (1.2). Let B(v, p), B(v, p) stand for
the open and closed balls, respectively, in X with center v € X" and of radius p > 0.
Letky > 0, L > 0 and M > 1 be given parameters. The local convergence analysis of

method (1.2) is based on some functions. Define functions on the interval [0, ) by
917
t) = ——7—
g(t) S0 —Lgt)’
1 b /\/l 1+g(t))t
i) = L 0 M(1+ g(t))
— Lot 1- (1+g(t))t
Eo M(1+ t
s o M1+ 5(0)

2(1 — Lot) (1 Y g(t))t)
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(Eo(B+ g(t))t +2)M
2( o440t )t)
(Eo(3+g(t)t +2)M
2(1 Boi 4 gyt
hi(t) = g1(t) — 1,

ha(t) = go(t) — 1

and parameter

( LO t) gl(t)v

=g1(t) + (1 —Lot)gi(t),

- 2L02 L 2.1

We have by the choice of r that
0<g(t) <1 foreach t € [0,r). (2.2)
Using the definition of function h; we get that h1(0) = —1 < 0 and hy(t) — o0 as

t — (%)_ Using the intermediate value theorem, we deduce that function h, has zeros in
0

the interval (0, %) Denote by 7; the smallest such zero. We also have that
0

Lo M(1+ g(r))r

L1+ g(r)n) (1 = ko)

M) = ()~ 1= g(r) 1+
2(1

_ Lo M(3 + g(r))r

Tty 0, 2.3)

since g(r) —1=0andr < L . Then, we have by (2.1)—(2.3) that

0<r <m, 2.4)
and
0<gi(t) <1 foreach t € [0,77). (2.5)

Similarly, we have that h2(0) = —1 < 0 and ho(t) — +oo ast — (f)’ Then, function hs
0

has zeros in the interval (0, £ Bl ). Denote by 75 the smallest such zero. Then, again we have
that

(Lo(S + g(rl))rl + 2)M
2 ( ~ kg —|—g(r1))7“1) (1—kor)
(Eo(3+g(r1))r1 +2)M

— >0, (2.6)
2 (1 L°(1 +g(r))r ) (1-%Eor1)

ha(r1) = g1(r1) — 1+ g1(r1)

since g1(r1) —1=0,7r; < L and LO (I4g(r1))rm < L, 2 (1+1)ry =kor1 < 1. Then, we
have that

ro <711 <T, 2.7)
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0<g(t) <1, (2.8)

0<aqi(t) <1, (2.9)
and

0<gs(t)<1 (2.10)

foreach t € [0,72).
The local convergence analysis of method (1.2) using the preceding notation is next.

Theorem 2.1. Let F : 2 C X — Y be a Fréchet-differentiable operator. Suppose that there
exist o € (2 and parameter Lo > 0 such that for each x € {2

Fla*) =0, F'(a*)' € LY, X), 2.11)
|F (a*) " (F' (z) = F'(a))|| < ko llz — . (2.12)

Further, suppose that there existt. > 0 and M > 1 such that for each z,y € B(a*, %) Ny
0

|F ()" (F'(x) = F ()| <Elz —yl|, (2.13)

|F (a*) ' F ()| < M (2.14)
and

B(a*,ry) C 02, (2.15)

where the radius of convergence rq is defined previously. Then, the sequence {a,} given
by method (1.2) for ag € B(a*,rq) — {a*} is well defined, stays in B(a*,rs) for each

n=20,1,2,...and lim,,__ ., a,, = a*. Moreover, the following error bounds hold for each
n=20,1,2,...,

18n = a*|| < g(llan — a™[Dllom — ™[] < [lam — ™[] <72, (2.16)

I = 0"l < g1(llan — a* Dllaw — 0] < llaw — a*]) 2.17)
and

lom i1 — || < ga(llan — a™[)]Jan — ™| <[lan — 7| (2.18)

where the “g” functions are defined previously. Furthermore, for R € [ra, Ll) a* is the
— 0
unique solution of equation F(x) = 0in B(a™, R) N {2.

Proof. Using (2.13), the definition of r5 and the hypothesis g € U(a*,r3) —{a* }, we have
that
|F (@) "H(F (ao) — F'(a)| < kollag — a*|| < kory < 1. (2.19)

By (2.19) and the Banach Lemma on invertible operator [2,3], we have that F'(ag)~! €
L(Y,X) and

1 1

Fllaog) Y F ()] < < )
I (00)F @) < T < T

(2.20)
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Hence, () is well defined by method (1.2). Using the first sub-step in method (1.2) for n = 0,
we get that

Bo—a* =g —a* — F'(ag) ' Flag)
= —F'(a) " F(a / Fa
X [Fla* + t(ag — a*)) — F'(ap)](ag — o )dt. (2.21)
It follows from (2.13), (2.19) and (2.21) that
lag — a* = F'(a0) " Flao)|| < [|F (a0) " F' ()]
/ [P0 4 tao — o) — F(ao)] (a0 — a*)dtH

Ellag — o]

<
= 21— Eoffoo - o*[)
Ero N .
S - - .
S gi-torg o0 ol <lleo—aTl <2, 222)

which shows (2.16) for n = 0. Using (2.14) we have that

Flao) = Fla) - Fla*) = /1 Flla* +6(ap — a*))(ap — a*)d6
SO, ’

17" ()~ F(ew)ll < Mllao — o], (2.23)
since [ — (a* + 0(ao — )| = |0]|lae — o*|| < 2., i€, a* +0(ag — a*) € B(a*,rs)
for each 6 € [0, 1]. Using (2.12) and the definition of r2, we get in turn that

12F () ™) (F'(a0) + F'(Bo) — 2F'(a"))|| < (Ilf’( ) THF (a0) = F (@)l

+Hf’( ) THF (Bo) = F(@))])

< < (llao = ™[l + [[Bo — 7))

Lo

2
L * *

< 7(Ilao —a’[| + [lag — ™))

=Eyr < L. (2.24)

It follows from (2.24) that (F' () + F'(B)) "t € L(Y, X) and

1
|2(F (@0) + F'(50))) " F (0| <
0 0 1—%(”%—04*“4-”50—04*“)
. 1
1- Lo (14 g(lag — a*[})lao — a7
_ 1 (2.25)

T 1= B4 glro))rs
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It also follows that g is well defined by the second step of method (1.2) for n = 0. Then, we
have from the second step of method (1.2), (2.7)-(2.9), (2.20), (2.22) and (2.23) that

(17" (@) ~H(F'(Bo) = F' (")l
1
HIF ()~ F (ao) |

o = a1l < 180 = a*l| + |17 (a0) " F' ()]
+1F (@)1 (F (a0) = F'(a")
< |1 (@) (Bo) + F(a0))”

Ella — o]
~ 2(1 Lol — a*])
Eo M(llao = || + 180 = a* [}l — o]
2(1 — o oo — a*[) (1 = B (lag — o[ + 1180 — a*1))
Ellag — o

2(1 - ko [lag —a*])

Eo M(1+ g(la = a”[) a0 — a*

2(1 —ollag — a*) (1= 51 + g(lao — a*]))

= g1(llao = a*llao = o”|

< flag — ™| < 7oy (2.26)

+

+

g — a*|))

which shows (2.17) for n = 0. We also have by the third step of method (1.2) for n = 0
and (2.26) that «; is well defined. Then, using method (1.2) for n = 0, (2.8), (2.11), (2.21),
(2.24)(for ayg replaced by vg), (2.25) and (2.26) we obtain in turn that

lar = a*[ < flvo — o7
+I(F(Bo) + F' () T F (@) I(I1F" () ~H(F (o) = F' (o))
+IF (@)~ F (Bo) = F' ()l
+2[|F (") THF (a0) = F' ()] + 2|1 F (o)~ F' (o))

< |17 (o)~ F(a ||H/ F(a) ' F(a +e<%—a*>>(%—a*>d9H

< o — a7
Lo+ g(llao — a*[))llao — a*[| + 2ko [ao — ™[] + 2l M0 — a7

2 (1= B+ glllao — a*)llao — a*[) (1 = £o llag — a*])

LB+ g(lleo — @Dl — @[ +2

< |1+ 3
2 (1= L1+ gllao — a[)llao = a*) (1 = o o — @)
x [0 — a2
= g2(lla0 = @)l = a” | < llag = a”]| < 7, @27)

which shows (2.19) for n = 0. The estimates (2.16)—(2.18) are obtained by using
ke, Br, Viey k1 for g, Bo, 70, 1 in the preceding estimates. By the estimate ||k —
of|] < |lag — a*|| < ro, we deduce that a1 € B(a*,r3) and limy_,o, ap = a. Let
T= fol F'(y* + t(a* — y*))dt for some y* € B(a*, R) with F(y*) = 0. Using (2.12) and
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the estimate
1
|F (a*)H(T = F'(a"))|| < / Lo [ly* +t(a™ —y*) — a™||dt
0
! - Lo
< [ (A=9fe” —yTldt < TR <1,
0

it follows that T—! exists. Then, from the identity 0 = F(a*) — F(y*) = T(a* — y*), we
deduce that o* = y*. [

Remark 2.2. 1. By (2.12) we get that
1F (") T F (@)l = 17 (@) H(F (2) = F'(a")) + 1]
< 1+ |F (@) H(F (2) = F(a)] <1+ lz — o
Then, condition (2.14) can be eliminated and M can be defined by
M) =1+%Egt
or by M(t) = M = 2,since t € [0, f)
0
2. If the operator F satisfies the equations of the form [2]
F'(x) = P(F(x)),

with a continuous operator P. Then, we have F’'(a*) = P(F(a*)) = P(0). That is we
can apply our result without knowing «*. For example, let F(z) = ¢* — 1. Then, we can
choose: P(z) =z + 1.

4. The convergence radius r given by (2.1) was shown to be the convergence radius of
Newton’s method [2,3]

Qni1 = ay — F'(an) ' F(ay,) foreach n =0,1,2,... (2.28)

under the conditions (2.12) and (2.13). By (2.1) and (2.7) the convergence radius ro of
the method (1.2) is smaller than the convergence radius r of the second convergence order
Newton’s method (2.28). The radius r is at least as large as the convergence ball given by
Rheinboldt [10]

2
= —, 2.2

TR= o (2.29)
If £y < L then, we have that

rp<r
and

TR 1 LO 0

— — - as — — 0.

r 3 L

Then, the radius of convergence 7 is at most three times larger than Rheinboldt’s. This
value for rg is also given by Traub in [11].

5. Method (1.2) is not changing when we use the conditions of Theorem 2.1 instead of the
stronger (C) conditions used in [13]. We can find the computational order of convergence
(COC) defined by

llon — o llon—1 —a*||
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or the approximate computational order of convergence

£ =In (”‘J‘W—‘W) /m <||an—an1||)
Han - an—l” Han—l - an—Z”

Then, we obtain in practice the local order of convergence. However, we do not use the
bounds requiring higher than the first Fréchet derivative of operator F.

3. NUMERICAL EXAMPLES

We provide numerical examples in this section. Notice that by Remark 2.2, 1, we can set
M = 2 in both examples.

Example 3.1. Let ¥ = Y = R3, 2 = B(0,1). Let F be defined on 2 for v = (z,y, 2) by

— 1)y? T
Fv) = <ez 1, % + yz) . G.1)
The Fréchet derivative is defined by
e’ 0 0
Fvy=10 (e—1y+1 0
0 0 1

We have o* = (0,0,0)T, F'(a*) = F'(a*)"! = diag{1,1,1},}g = e -1 < L =
1.789572397 and M = 2. Then, we have

7y = 0.1149 < r; = 0.1532 < 7 = 0.3922
and
a1 — apl| = 1.9667¢ % ||ag — apl| = 4.7588¢ 717,

The values of £y and L are found in [2,3]. Hence, conditions (2.12)—(2.15) are satisfied.
Moreover, condition (2.16) is also satisfied, since B(a*,r2) C {2. Hence, the conclusions of
Theorem 2.1 apply in this case.

Example 3.2. In view of the example at the introduction, we have £y = £ = 96.662907 and
M = 2. Then, we have by the definition of the radii that,

7o = 0.0024 < r; = 0.0028 < 7 = 0.0069
and
o — ag|| = 1.9666e %, ||y — | = 4.7587e 7.

The values of £y and L are found using (2.13), (2.14) and by finding the maximum of the
function "' (z) = 6z In 224202° —122%+ 10z using Matlab on the interval 2 = [—1, 2] and
dividing by three, since F’(a*) = 3. That is conditions (2.12)—(2.15) are satisfied. Finally,
condition (2.16) is also satisfied, since B (a*,19) C £2. As already noted in the introduction

the results in [13] cannot apply to solve this equation.
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In the next example, F* is not bounded, so the results in [13] cannot apply.

Example 3.3. Let ¥ = ) = C[0,1], = B(a*,1) and consider the nonlinear integral
equation of the mixed Hammerstein-type defined by

2(s) = /01 Q(s,1) <x(t)3 n x(;)z) dt, 3.2)
where the kernel (Q is the Green’s function defined on the interval [0, 1] x [0, 1] by

Q=i i e
Define F : C[0,1] — C[0, 1] by

F@)(s) = a(s) — /01 Qs, 1) (z(t)g + x(;)2> dt, (3.4)

and
F(z)(s) = 0.

Notice that a*(s) = 0 is one of the solutions of (1.1). Using (3.4), we obtain

1
‘/ Q(s,t)dtH < 1 3.5
0 8
Then, by (3.4)—(3.5), we have that
/ / 1/5 2
1F/(z) = FW)ll < g { 5llz = yll® +llz =yl ). (3.6)

In view of (3.6), the earlier results requiring F®) to be bounded (such as [13]) cannot apply.
However, our results can apply, if we choose Ly =L = %(%\@ + 1) and M = 2. Then, we
have by the definition of the radii that,

ro = 0.02808 < r; = 0.4298
and

a1 — aol| = 1.9667¢ % ||ag — apl| = 4.7588¢ 717,

4. CONCLUSION

We provide a local convergence analysis of a fifth order method to compute a solution
of an equation in a Banach space setting. Previous convergence analysis (on the real line) is
based on conditions reaching up to the fourth Fréchet-derivative [1—13]. In this paper the local
convergence analysis is based only on Lipschitz conditions of the first Fréchet-derivative.
Hence, the usage of these methods is extended.
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