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1. Introduction

Let X and Y be two Banach spacesand F : 2 € X — Y an operator defined on a non-empty open convex domain £2 of
X with values in Y. The best-known iteration for solving the equation

F(x) =0 (1)
is Newton’s method, which is defined as follows:
Xo € 2, (2)
Xn = Xp—1 — [F/(an1)]_lF(Xn71)v neN.

The first study of Newton’s method in Banach spaces was given by L.V. Kantorovich [1], who obtained a first result on the
semilocal convergence, which is known as the Newton-Kantorovich theorem. Kantorovich proved the theorem under the
following conditions on the operator F and the starting point xo:

(S1) There exists Iy = [F'(xo)]~! € £(Y,X) for some xy € £2, |[I,]| < B and || I,F(x0)|| < 1, where £(Y, X) is the set of
bounded linear operators from Y to X.
(S2) |IF"(x)]| < Mforx € £2.

(S5) MBn < L and B (xo, 1Ty “A;;Mﬂ") c Q.
While the semilocal convergence results require conditions on the operator F (see (S;)) and the starting point xq (see (S1)),

the local convergence results require conditions on the operator F and a solution x* of Eq. (1). An interesting local result,
given by Dennis and Schnabel in [2], for Newton’s method requires the following conditions:

(L) Letx* beasolution of Eq. (1) such that the operator [F'(x*)]~! exists, B(x*, r) C £2 and ||[F'(x*)]7!|| < y,withr,y > 0.
(Ly) IF"®)|| <M forx € £2.
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Dennis and Schnabel prove, under (L) and (L), that for any starting point in B(x*, ¢), where ¢ = min{r, R} and R = 2yM'
Newton’s method is convergent. The local results provide what we call a ball of convergence, B(x*, ). From the value ¢,
this ball of convergence gives information about the accessibility of the solution x* of the equation to solve by the iterative
method considered to approximate x*.

Rall in [3] and Rheinboldt in [4] give results similar to that given by Dennis and Schnabel, but with different radii for the
balls of convergence. On the other hand, Argyros in [5] generalizes the previous conditions by modifying condition (L,) by
means of a Lipschitz condition for the second derivative of F.

In this work, we analyse the local convergence of Newton’s method under generalized conditions. In particular, we
generalize the local convergence conditions given by Dennis and Schnabel in (L) and (L,). Moreover, we observe that
the new local convergence conditions required do not reduce the accessibility of the solution when it is approximated
by Newton’s method. Furthermore, in some cases, this accessibility improves that given by Dennis and Schnabel under
conditions (L) and (L,).

During the last fifty years, a lot of authors have studied the convergence of Newton’s method, both local and semilocal,
by modifying the conditions required to the operator F, namely (S,) or (L), see [6-9] and the references given there.
In [10] we present a generalization of (L,) that consists of considering the condition ||[F”(x)|| < w(||x]|), x € £2, where
w : [0, 4+00) — R is a non-decreasing continuous function such that w(0) > 0. In this work, we present a generalization of
the previous condition to high order derivatives of the operator F; in particular,

IF901 < o(xl), x€2, k=3, o

where w : [0, +00) — Ris a non-decreasing continuous function such that w(0) > 0. Itis clear that an interesting situation
is given when (1) is a polynomial equation of degree k, since the operator F®¥)(x) is such that |[F® (x)|| < M, x € £2, and
consequently F® (x) always satisfies condition (3). Even, for more general equations, by using Taylor’s series, Eq. (1) can be
approximated by polynomial equations.

In Section 2, we prove a new local convergence result for Newton’s method. In Section 3, we present an example where
we show that the new local convergence conditions do not restrict the accessibility of Newton’s method when it is used to
approximate a solution of a particular equation. We even find situations in which the accessibility is improved.

2. Local convergence and the order of convergence

Now, we obtain a new local convergence result for Newton’s method when the operator F satisfies condition (3). For this,
we follow an idea similar to that given by Dennis and Schnabel in [2].

Theorem 1. Let F : 2 C X — Y be a nonlinear operator that is k (k > 3) times continuously differentiable on a non-empty
open convex domain 2 of a Banach space X with values in a Banach space Y. Let x* be a solution of F(x) = 0 such that the
operator [F'(x*)]~" exists, B(x*, 1) C 2, |[F/(x)]7"| < y and |[FOx*)|| < o (fori =2,3,...,k—1)withr,y,a; > 0.
Suppose that condition (3) is satisfied and there exists the smallest positive root R of the equation

k—2 k—2
i1 4 t "
—t t)yJt—56=0, 4
V(E 7 + (k_])!w(llx I+ )) (4)

i=1

where § € ( S 1) Then, there exists ¢ > 0 such that Newton’s sequence {x,} is well-defined and converges to x* for every
Xo € B(x*, ). Moreover,

)
2
IX* = xnll < EIIX* —Xpall®, meN. (5)

Proof. Let ¢ = min{r, R}. First, we prove, for all x € B(x*, &), that there exists [F'(x)]~! and ||[F'(x)]7'|| < ]VTS For this, we
consider

1
IE=[F' GO F Ol < I &1 H f Fix 470 =) deix =)

k=1 4
< IF'&xH1! II[H/ ( )) FOH) (" —x) dT) *x* =%

/ / [F® (x* +s(t — D" —0)|| (1 =931 — )2 x* —x|*~ 1dsdr:|

M 3)'
k—1

1 )
< IF 17 [Z ol =

i=2
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1 * ! k-3 ! k—2 * k—1
+mw(||x I +e) (fo 1—y5) ds) </0 1—-1) dr) |x* — x|| ]

k—2
1 1 . .
= y[}l qeisie T+ TR +e)e" 2}8,
i=

since
k=1 (r — '
F'(x+ 1(x* — %) ,Z i F(‘)(x Y(x* — x)2
1
+ /Iﬂwﬁ+ﬁr—Uwﬁm»ﬂ—ﬁmﬂr—anf—mhwm
k—=3)!Jo
1 sk—1 i—2 k—1
-1 : . 1 )
[ (E S roeon =0 are —0) < 3 el =i
0o\ (i—2)! — (i— D!
[F® (x* + sz — Dx* — %) | < o(Ix*]| + &).
As ¢ < Rand Ris a solution of (4), then
) k—2 dit1 4 k—2
I—[FHT'F)| < — R~ X|+R|R=68 < 1. 6
I = [F'(x")] ()||_y[; R Gl )} < (6)
Now, by the Banach lemma on invertible operators, the operator [F’(x)]~! exists and ||[F'(x)]™'| < ﬁ”[F’(x*)]‘1 I
< Y
=15

As xy € B(x*, ), then the operator Iy = [F/(xo)] ! exists, || Ip]| < 1)/75 and x; is well-defined. Moreover,

X1 —x* = x9 — IoF(%9) — x*

1kl ) ) )
_ (i) (% _ =2k i—2
—fﬁ£<§ ajBf (=17 = x0)

i=2

1
BRCEE / FO (5= D = x0)) (1= 9720 = D —x0) d5>(1 — O —x0)dt,
—3)1 J,
since
=1 pyi-2 _
Flo+ 16 = 0) (i— 2)v ———FO)* —x0)?
i=2
1
+ (k — 3)! / FO (x* +5(t — D" —x0)) (1 — 9 3t = 2)F2(x" — x0)* 2 ds.
—3)1 /,
Thus,
k-1
14 i—1 i k=1 )
=l = 1_5[22: —eillx® =Xl + — ’ = X0l [IIx* = Xoll
1=
14 kX_Z: i Rt k—1 (X1 + RRT | Ix* = x| < 8k — ])le xl
[0 41 —w _ 7
S 1-sl& i+ k! ol < T .
since
k—1 k=2

- i .
%t — xol|"~! Z (H_])'Oh-HR',

k k— 1
I — X0l a w(IIX I +R)R

—2
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Following now an inductive argument, for all n € N, we have

k—1 .
N y i—1 . k—1 Y _ "
I = xall < —— (Z R+ (X4 R = x|

1-8\&= k!
S(k—1)
< X =Xl
(1—98k
n
and then ||x* — x| < (‘Ei"_—;;,i) lx* — xoll, s0 limy_, 4 oo Xy = X*.

On the other hand, (5) follows from

k=2 i1 Rk—Z
i— * —
ADIE oK +R ) =

i=1

x| >
™ | o

The proof is complete. 0O

Note that the higher value of § is, the greater the root R of Eq. (4) is, since w is a non-decreasing continuous function.

Remark 2. From (5), it follows that Newton’s method has Q -order of convergence at least 2 [11]. Moreover, if §¢ < 1, then

cg2n—1
. S s S 142442 Loon on c
o =l < 2l =12 < (2 Ixo =17 < (VBe) /5.

and consequently, Newton’s method has R-order of convergence at least 2 [11].

3. An example

Next, we illustrate the previous result with the following example given in [2]. We choose the max-norm.

Let F(x, y, z) = 0 be a nonlinear system, where F : 2 C R3> — R3and F(x,y, z) = (x,y* +y, e — 1).Itis obvious that
(0, 0, 0) = X* is a solution of the system.

From F, we deduce

1 0 0

Fx)=(0 2y+1 0 and F'(x") = diag{1, 1, 1},
0 0 e’

where X = (x, y, z). Hence, [F/(x*)]~! = diag{1, 1, 1} and y = 1. Moreover,

000
Fom=[0 0 0

0 0 O
0 2 0
0 0 0|0 O O

and consequently, ||[F”(X")|| < 2 = a,. Furthermore, as

(=N oo
o oo
o o

F,,,@)z( o | o

)

then [|[F”®)| < e, so w(t) = e' if k = 3 in Theorem 1. In this case, if we choose for example § = 2 — 1073, Eq. (4)
is reduced to (2 + e*) t — (2 — 107%) = 0, whose unique solution is R = 0.274676 . ... Therefore, Newton'’s method is
convergent from any starting point X € B(x*, 0.274676.. . .).

From the above, it follows easily that [|[F? (x*)|| = 1and ||[F?X)| < e, forallj > 3,s0o; = 1and w(t) = e’ for all
Jj > 3.From the last data, we construct Table 1, where we show the different values of the radii R of the domains of starting
points B(x", R) that are obtained for different values of k.

If we compare the results that appear in Table 1 with those given by Dennis and Schnabel in [2], we can emphasize three
things. The first and most important is that our result is independent of the value r, since we can choose £2 = R?, while
Dennis and Schnabel cannot. The second is that if r < In 2, Dennis and Schnabel obtain R = %, so we improve the domain
of starting points that Dennis and Schnabel obtain if k = 3, 4, 5, 6, 7. The third is that if r > In 2, Dennis and Schnabel
obtainR = h%p(r), so we could improve the domain of starting points that Dennis and Schnabel obtain based on the values

of k that can be taken, although they have to be calculated previously. Observe that the radius R = ﬁpm that Dennis and
Schnabel obtain decreases exponentially depending on r, which does not occur with the values of R in our case, since they
do not decrease exponentially, as we can see in Table 1. So, if for example we choose r = In5 = 1.609437 ..., Dennis and
Schnabel obtain R = 0.1, and if we choose for example k = 10000, we obtain R = 0.235051. .., so we can conjecture that
there will always be a sufficiently large k that allows us to improve the ball of convergence that Dennis and Schnabel obtain.

m
N
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Table 1

Radii of the domains of convergence.
k Eq. (4) R
3 t(sef+2)—(2-10%) =0 0.274676....
4 t(Ge+5+2) - (4-107) =0 0.265549 ...
5 t(Ge+ 5 +5+2) - (3-107) =0 0.258946 ...
6 t(pe+ GG+ i+2)— (5 -107) =0 0.254559. ..
7 t 7‘7506’+%+%+%+%+2)—(%—10’3):O 0.251504. ..
8 t(%e[+%+%+%+%+§+2)—(%—10‘3)=0 0.249259 ...

Results corresponding to that of Dennis and Schnabel with the bigger radii r < JJEE;A}I andr < 3 YZM were proved under

the same conditions by, respectively, Rall in [3] and Rheinboldt in [4]. But the same comments as were made concerning the
result of Dennis and Schnabel remain valid for the results of Rall and Rheinboldst, since the radius of the ball of convergence
depends on a bound for F” or on the Lipschitz constant for F’, which in turn depend on the value of r. In consequence,
the same conclusions are obtained. On the other hand, Argyros obtains an interesting result in [5], by requiring a Lipschitz
condition on F”, for which the same comments as were made above still apply.

Notice that the main advantage of our result is that it depends not on any bound calculated on the domain B(x*, r), but
simply on the values of the successive derivatives of F at the solution x*.
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