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Abstract

Many iterative methods for solving nonlinear equations have been developed recently. The main advantage
claimed by their authors is the improvement of the order of convergence. In this work, we compare their dy-
namical behavior on quadratic polynomials with the one of Newton’s scheme. This comparison is defined in
what we call Cayley Quadratic Test (CQT) which can be used as a first test to check the efficiency of such
methods. Moreover we make a brief insight in cubic polynomials.
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1. Introduction

It is usual to find nonlinear equations in the modelization of many scientific and engineering problems, and
a broadly extended tool to solve them are the iterative methods. In the last years, it has become an increasing
and fruitful area of research. More recently, complex dynamics has revealed itself as a very useful tool to deep in
the understanding of the operator that arise when an iterative scheme is applied to solve the nonlinear equation
f(z) =0, with f : C — C. The dynamical properties of this operator give us important information about
numerical features of the method as its stability and reliability, see for example [I}, 2] 8] [, [5L [6] [7 [8, @] and the
references therein.

The best known method, for being very simple and effective, is Newton’s method. In the literature, several
modifications have been made on Newton’s scheme and other classical ones in order to accelerate the convergence
or to reduce the number of operations and functional evaluations in each step of the iterative process.

Let us suppose that z,+1 = ¥ (z,) define an Iterative Function (I.F.), where ¢ (x) is the fixed point function.
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Definition 1.1. If the sequence {x,} tends to a limit o in such a way that

lim 7‘:5"4_1 —q =C,
n—00 |gjn — a|P
for p > 1, then the order of convergence of the sequence is said to be p, and C' is known as the asymptotic error
constant. If p =1, p =2 or p = 3, the convergence is said to be linear, quadratic or cubic, respectively.

Let e,, = x,, — a be the error of the nth iteration, then the relation

et =C el + o(eg'zfl) - o(eg), (1)

is called the error equation.

Let us consider an iterative process in which z,,41 is determined by new information at z,,, ¢1(xy,), ..., ¢i(zy),1 >
1. No old information is reused. Thus,

Tpi1 = Y(Tn, 01(Tn), .., di(20)). (2)

Then 1 is called an I.F. without memory.

Kung and Traub conjectured in [I0] that the upper bound of the order of convergence of an iterative method
without memory that uses d functional evaluation per step is 241, If the scheme reaches this bound, it is called
optimal.

In order to increase the order of convergence it is necessary to use high-order derivatives in case of schemes
point-to-point, or to design multipoint methods. In both cases, the iterative expressions of the resulting methods
become more complicated, and this has direct effects in their stability.

Now, we are going to recall some dynamical concepts that we use in this work (see [II]). Given a rational
function R : C — C, associated to an L.F. acting on a generic polynomial p(2), the orbit of a point zy € C is
defined as:

{ZO, R(ZO) ) R2 (ZO) ) 7Rn (ZO) ) }

We analyze the phase plane of the map R by classifying the starting points from the asymptotic behavior of
their orbits. A zy € C is called a fized point if R(z9) = z0. A periodic point zy of period p > 1 is a point
such that RP (z9) = 2o and R* (20) # 20, for k < p. A pre-periodic point is a point zy that is not periodic but
there exists a k > 0 such that R¥ (zy) is periodic. Moreover, a fixed point zq is called attractor if |R'(z0)| < 1,
superattractor if |R'(z9)| = 0, repulsor if |R(z0)| > 1 and parabolic if |R'(z0)| = 1. The fixed points that do not
correspond to the roots of p(z) are called strange fized points.

The basin of attraction of an attractor « is defined as:

A(a)={z20€ C : R"(z)—a, n—o0}.

The Fatou set of the rational function R, F (R), is the set of points z € C whose orbits tend to an attractor
(fixed point, periodic orbit or infinity). Its complement in C is the Julia set, J (R). That means that the basin
of attraction of any fixed point belongs to the Fatou set and the boundaries of these basins of attraction belong
to the Julia set.

This paper is organized as follows: in Section 2, we introduce the Cayley Quadratic Test (CQT) for classifying
several families of iterative schemes of different orders of convergence. Also, some dynamical aspects of these
classes of I.F. on quadratic polynomials are studied. In Section 3, a brief introduction about the dynamical
behavior of these families on cubic polynomials and the possible effect of the CQT on them is presented. We
finish the manuscript with some conclusions and the references used in it.
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2. Cayley Quadratic Test

The study of the dynamical behavior of many I.F. in the complex plane can be found in [Il [7, [8 12
13, 14, 15, 16]. When a fixed point L.F. associated to a method is applied on a low-degree polynomial, a
rational function is obtained. The analysis of this rational function associated to the iterative method gives us
important information about its convergence, the set of initial points,.... In order to generalize the qualitative
results obtained in the dynamical study, conjugacy classes are defined by using Mobius transformations. All
functions that belong to the same conjugacy class have the same (topologically equivalent) Julia set, the same
basins of attraction, ... that is, the same dynamical properties.

In the following, we consider the general quadratic polynomial ¢(z) = (2 — a1)(z — a3). The Mobius
transformation and its inverse are given by

zZ — QoZ — (1

M(z) = M™1(z2) =

i

Z—oo z—1

where M (a1) =0, M(az) = oo and M(oco) = 1. We are going to design a test in order to classify the different
existing methods depending on the analytical expression of the conjugated function to the rational operator
associated to the L.F. on ¢(z), that is, on the resulting Julia set when they are applied on quadratic polynomials.
Let us remark that, as the Mdbius transformation is applied on the rational function obtained by applying the
iterative method on ¢(z), the resulting rational function is general, as it does not depend on the polynomial
used.

We define Newton I.F. for function f(z) as the complex operator

’IZJZ”dNR(Z) - ( )a ( ) f/(Z)

We start with Cayley’s result on the dynamical behavior of Newton LF. for quadratic polynomials.

Theorem 2.1. [17, [18] Let
2

o zZ7 — 109
wQ"dNR(Z) - 2, — (041 + 042)7
be a rational map obtained from Newton’s I.F. applied to the quadratic polynomial q(z) = (z — a1)(z — ), with
a1 # ag. Then onanp(2) is conjugated to the map z — 22 by the Mébius transformation M (z) = Sl Then,
zZ — (9

the Julia set of Newton’s method J(anang(2)), that is, the straight line in the complex plane corresponding to
the locus of points equidistant from a1 and s, is transformed by the Mdobius map into the unit circumference
centered at the origin, S'.

Cayley highlighted the major difficulties in attempting to extend Theorem [2.1] for quadratics to cubics and
beyond. It is believed that this circumstance motivated further work of [19] and [I] along these lines (see [20]).
Theorem also follows from the following more general result.

Theorem 2.2. 21, page 8] Suppose that q(z) is a polynomial of degree d > 2. The unit circle S* = {z € C :
|z| = 1} is completely invariant by q(z) if and only if q(z) = v2¢, where |y| = 1.

From Theorem we have M o Ygnang 0 M~1(2) = 22 which means the Julia set is S*, which can be
considered as an ideal fractal. From this result it can be inferred the good behavior of Newton’s method on
quadratic polynomials: as the associate operator is conjugated to a potence of the variable (that is, it satisfies
what we call CQT) there exist no more fixed nor critical points than 0 and co. In this way, the dynamics of the
method is the simplest one.
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Theorem 2.3 (Cayley Quadratic Test (CQT)). Let v(z) be the rational map obtained from a general Iteration

Function applied to the quadratic polynomial q(z) = (z — a1)(z — a), with ay # as. Let us suppose that ¥(z)

Sl Then, p is the order of the
2

is conjugated to the map z — 2P, by the Mobius transformation M(z) =
zZ—«

iterative method associated to 1(z). Moreover, the corresponding Julia set J(1(z)) is the circumference S*.

Proof. The statement “the corresponding Julia set J(1(z)) is the circumference S*” follows from Theorems
and and Mobius transformation. It is enough to prove that p is the order of the L.F.; if p = 1, the thesis is
evident as 1 is a fixed point function. Then, let us consider p > 2.

M oo M~1(z) = 2P can be written as M (¢)(z)) = M(z)P. We denote

o) = M) - ey = PEZ0 Eo

We know that () = aq since «; is a fixed point of .

Also,

(—1)i+;1
(1 — az)?

M(o1) =0, MY () = Lj>1

Let us consider the case p = 2.
By using Computer Algebra Software with ¢ («) = oy and M () = 0, we can obtain

hQ(Oé]_) = 0,
1
hy(ar) = M (1) () =0 = ' () = 0, since M/ () = p— #0,
1— Qg
2!
s (@) = M@ an)y(@)* + M (a)p® (1) = 24 (@1)* = 0= ¢ ar) = 2M'(@1) = = #0.
From Taylor expansion about o, we have
@) (g 1
P(2) — a1 =Y (a1)(z —aq) + M(z —)? .= (z—a1)* + ...
2! o] — a2

which shows that the order of the LF. is 2.
Let us consider the case p = 3.
By using Computer Algebra Software with 1(a;) = ay and M(ay) = 0, we can obtain

hg(Ozl) = O,
1
a1 — Qg

h$? (1) = M@ (1) (a1)? + M (a)pP (ar) = 0 = @ (1) =0,
h (1) = M® (1) (o1)? + 3M@ (a1 )y (01) @ (1) + M (a1) @ () — 6M (01)® = 0,

3!
5 #0.

(1 —az)

hi(an) = M'(a1)Y' (aq) =0 =9 (o) = 0, since M’ () =

# 0,

= ’lﬂ(3) (041> = 6M/(051>2 =

By using again Taylor expansion about a;, we have

P ()
ST

(z—a1)’+ M(z —)P = —(z—a1)? + ...

Y(z) — o1 =Y () (z — an) 3!
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which shows that the order of the LF. is 3.
For the general case p, by using Computer Algebra Software with () = oy and M () = 0, we can obtain

hp(a1) =0,

hy(a1) = M'(a1)y'(a1) = 0= ¢’ (1) = 0, since M'(a) = o iaz # 0,

WP (1) = M (o)) (n)® + M (01)p® (1) = 0= ) (ay) =0,

h (1) = M@ (a1)d' (a1)® + 3M P (a1 ) ()P (1) + M (a1)v® (a1) =0,

= (1) = 0.
Proceeding in a similar way, we can obtain for j =2,3,...,p — 1,

hy(ar) = M’ (1))’ (en) = 0,
W (a1) = MY (1) (a1)? + A1 ® (1) + A2® (1) + .. + A0V (1) + M (o) (1) = 0,
where A; are functions of ;.
Thus, we have ¥/ (o) =0, =1,2,...,p— 1.
Now,
WP (ay) = MP (1) (a1)? + A1y (on) + Asp® (1) + ...+ Ay () + M (o)) () — pIM (01)P = 0

|
= 00 (o) = M (o) = P £

Finally, from Taylor expansion about «y, we obtain

P(2) — a1
@) (q B (e (=D (q ®) (o
=/ (a1)(z — a1) + wT(ll)(z _ 041)2 + 7/}37('1)(2 _ O‘l)g 4o+ w(p — g)'l) (2 — al)p*l + wp('l)(z —ap)? + ...
1
- — )P
a (a1 — ag)P1 (z—a1)? + ...
which establishes the p-order of the L.F. O

The Iteration Function is said to have passed the Cayley Quadratic Test if it verifies the above Theorem,
that is, if it is conjugated to zP, otherwise it fails CQT.

3. Iterative schemes satisfying CQT

In this section we are going to analyze different known methods in order to establish if they pass, or not, the
CQT. Moreover, some aspects of their dynamics will be presented by means of complex dynamical planes. For
the representation of the convergence basins of every iterative procedure we have used the software described in
[22]. We draw a mesh with eight hundred points per axis; each point of the mesh is a different initial estimation
which we introduce in the method. If the scheme reaches one of the attracting fixed points (being or not the
roots of the original polynomial) in less than eighty iterations, this point is drawn in different colors, depending
on the fixed point that the iterative process converges to. These attracting points are calculated analytically
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in any case and are marked in the figures by white stars. The color will be more intense when the number of
iterations is lower. Otherwise, if the method arrives at the maximum of iterations, the point will be drawn in
black.

The following study is made only on iterative schemes that use the derivatives of the nonlinear function f.
The reason is that, as the authors prove in [T}, [13], M6bius map does not guaranty the existence of conjugacy
classes for quadratic polynomials when the scheme is derivative-free.

We will start the analysis with an increasing number of functional evaluations. We denote by ny, ny and
nyr the number or functional evaluations of functions f, f' and f” per step, respectively.

3.1. Schemes with ny =ng =ng =1
The classical Chebyshev-Halley family involves the functional evaluation of second derivatives. Its associated
operator is

() =2 = (1+ 5r2p0 ) ule), ®

where u(z) = Jf,(zz)), Ly(z) = %2/)/52) and o € C. In [I7] it is showed that M ogracyo M~1(2) = z3%7
and when o = 1, then M otsracyo M ~1(z) = 2*, which corresponds to the classical super-Halley method. Also,
when a = 0.5, M otp3racy o M~1(2) = 2% and the associated scheme is Halley’s one. In Figure the qualitative

a5 o 05 1 15 2

(a) a=1and o =0.5 b)a=2

Figure 1: Some dynamical planes from on quadratic polynomials

behavior in the complex plane of some elements of this family of iterative methods on quadratic polynomials
is showed. It can be observed (Figure that the specific schemes verifying CQT have the same dynamical
properties as Newton’s method. Nevertheless, any other behavior can be found in the vicinity, for values of the
parameter that does not satisfy CQT: when a = 2, z = 1 becomes a strange attractor and our dynamical plane
has three different basins of attraction and if & = —2 there exist only two basins and the method is quite stable,
as we see in Figure The complete complex dynamical study of this family can be found in [I5].

In [I], Amat et al. introduced the third-order parametric family

f(2)
f'(z)

Yarap(2) = 2 — (1 + %Lf(z) + ch(z)2> (4)

which is called c-family. It can be proved that M o 1gra, 0 M~1(2) = 23 I +1t($(z12'f2)(21(325))z3 and Cayley’s test

cannot be verified for any value of parameter c¢. A rigorous complex analysis of the c-family on quadratic
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(b) c=-2 (¢) c=T7—4V3i

Figure 2: Some dynamical planes from @) on quadratic polynomials

polynomials has been made in [23]. Some regions of stable behavior are found, but no element of the family
behaves as Newton on quadratic polynomials, in concordance with the theory. In Figure [2] some of these are
shown; in particular, case (a) corresponds to a stable behavior with a complicated (but convex) Julia set; case
(b) shows four different basins of attraction, two of them not corresponding to the original roots; finally, in case
(c) a periodic orbit of period 3 is found.

3.2. Schemes with ny =1 and ngy =2
We consider now the two-parameter family of higher order Chebyshev-Halley-like family of (3"*CHL1) LF.

due to [24]:
1 ['(2) = f'(z = Bu(2))

VYaracnr1(2) = 2 —u(z) <1 T3 (B=Nf"(z) + A (z — Bu(z))

), B,AeC. (5)

Since

M o gragpr o M~ (2) =

z*,  for A=1
Bz+2(1-N)
22(1—-A\)+1

23, for A=1.

for any B # 0, we have 3" CHL1 family satisfying the CQT for the cases A = 0.5 and A = 1 which correspond to
the third order Halley-like (HL1) and third order Super-Halley-like (SHL1) families of I.F. respectively [12] (see
Figure . Of course, when other values of the parameter are used, unstable behavior can be found, but also
very stable behavior, as is shown in Figure (with an apparently connected Julia set) and Figure where
the Julia set is not connected, but is “almost” a circumference: in the immediate basin of attraction associated
to one root, there exist little disconnected areas of convergence to the another one.

On the other hand, we know that SHL1 family of iterative schemes is fourth-order for quadratic polynomials
(its asymptotic error constant depends on the third derivative at the root). The special case A =1 and 8 = %
of the 3"*CHL1 family corresponds to the well-known fourth order optimal Jarratt LF.

v an(2) == - oE L ), (6)

where y = z — 2u(z), which satisfies the CQT.
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05

05

15

(a) A=1and A=0.5 byr=1

Figure 3: Some dynamical planes from on quadratic polynomials

If we analyze the Jarratt-like family, described by the L.F.

O,
van(e) =y = S ) 7

where a,b,¢,d € C and y = z — Bu(z), 8 € C, it is easy to show that
o Moy oM~Y(z)=2zif and only if a = dB(3 — 283), b= —dB, ¢ = d(—1 + 23) for any 3 # 0,
e Moy oM~Y(z)=z*if and only if a = %(—1 +48—28%), b= %(1 —2p), c=d(8 —1) for any 8 # 0.

In general, the resulting class of methods have order of convergence one. In Figure [4] some aspects of the

2=1.0026+0.0070634

1 5 2

(a) B=a=c=d=1landb=-1 (b)a=-1,b=-3,c=d=2,8=2 (c)a=b=c=d=1,8=-2

Figure 4: Some dynamical planes from @) on quadratic polynomials

convergence of Jarratt-type methods is presented. The CQT is verified in case of Figures [4al and @ (the fixed
point operator becomes z3 and z* |, respectively). However, in Figure a completely different behavior is
showed: in this case, z = 0 and z = oo are repulsive points and the strange fixed point z = 1 is the only
attractive point. So, no convergence to the roots can be achieved in this case.
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3.3. Schemes with ny =2 and ny =1

We consider now the two-parameter family of higher order Chebyshev-Halley-like family of (3" CHL2) LF.
described in [12]:

basomns(2) = 7 — u(z) BT A= DA =B} (=) + (1= 20 f(z — Bu(2))
3rdCHL2 {82+ 201 — B)}f(2) — 20 f(2 — Bu(z)) ;

B,AeC. (8)

Since

M ogracprao M (2) =

23(2()\ B 1) _ Z) - 2%, for A=1
20— 1)z—1

23, for A=1.

for any 8 # 0, we have 3" CHL2 family satisfying the CQT for the cases A = 0.5 and A = 1, which correspond
to the third order Halley-like (HL2) and third order Super-Halley-like (SHL2) families of I.F. respectively [12].
A stable behavior, for two values of A close to the optimal ones (in the sense of the associated method verifies

2=1.0721+3.2320008.

(b) A=0.25

Figure 5: Some dynamical planes from on quadratic polynomials

the CQT) are shown in Figures |5al and In Figure a singular circumstance is presented, where z =1 is a
parabolic point, and it has its own basin of attraction.

We know that SHL2 family of iterative schemes is also fourth-order for quadratic polynomials. The special
case A = 1 and B = 1 of the 3"*CHL2 family corresponds to the famous fourth order optimal Ostrowski’s
method, which satisfies the CQT. Let us consider now the well-known King’s family (see [25]), which contains
Ostrowski’s method as a particular member,

R+ 2+8)f(y) fy)
e N CEY RO}

where 8 € C and y = z — u(z) is the Newton step.

(9)

o B4zt 224 B2+ 2)
Motpyng oM™ (z) =2 1+ (4+8)z+ (5+28)22

It can be proved that the only case in which the CQT is verified corresponds again with Ostrowski’s I.LF. The
complex dynamics of this family has been studied in [I4] and some aspects are shown in Figure @ Specifically,
the ideal fractal for Ostrowski’s scheme is shown in Figure [fa] meanwhile in Figure [6b] a dynamical plane with
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220.0814+2.3593- 009

(a) =0

() B=-3

Figure 6: Some dynamical planes from @I) on quadratic polynomials

three basins of attraction is shown, two of them corresponding to the original roots of the quadratic polynomial
and another one from an attracting strange fixed point, z = 1. Finally, in Figure [6d the proposed scheme has
an attracting periodic orbit of period two, whose trajectory is showed in yellow, and the dynamical plane shows
three different basins of attraction.

Kim in [26] designs a class of optimal eighth-order methods, whose two first steps yield to a fourth-order
scheme

" o 1+ Bv+ 2 fly)
atam = VT T B2+ w? ()

A BipeC (10)

where y is the step of Newton and v = ;EZ; It is a three-parametric family of iterative schemes whose order

of convergence is four, with no conditions on A, 5 and u. The operator associated to the method, after Mobius
transformation, can be expressed as

1428 = AN+ pu+4z+582+ 2uz + 622 + 4822 + pnz? + 423 + 23 4+ 24

1+4z+ Bz + 622 + 4622 + uz? + 423 + 5823 + 2u23 + 24 + 2824 — Azt +uz(4' )
11

Let us note that M o ¢y, 0 M1 (2) = 2z if A = 0 and p = —2B. Indeed, M o tyenim 0 M1 (2) = 2°
when A\ =0, 5 = —1 and g = 1. A brief glance of the complex dynamics of this family is presented in Figure
[7 Different values of the parameters A, 8 and p have been used in order to show different kind of dynamical
behavior: in Figure [7a] there are three fixed attracting points that are not repelling, the ones coming from the
roots of the polynomial and z = —1, which is parabolic and has its own basin of attraction. In the figure, this
basin is presented in black and a trajectory of an starting point in this basin is shown in yellow. In Figure [7D]
the values of the parameters imply that M o ¥n gim © M ~1(2) = 2°, and the Julia set is the ideal fractal. A
stable behavior is also shown in Figure where only two different basins of convergence appear, but they have
infinite connected components.

In [27], Artidiello et al. designed a class of fourth-order methods, whose iteration function is

(f(2) +48f(y))? fy)
F(2?+2048 = D) f(2)f(y) +4(48% = 28 = 1) f(y)* (=)’

where y is the step of Newton and 8 € C. Once the Mobius transformation is made, the rational function

M 0 Pyinpeim o M~ (2) = 2*

Yyna(z) =y —

(12)
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(a)AZO’ﬁ:LH:_2 (b))\ZO,B:—LMZI (C)A:]‘?ﬁ:07/'t:0

Figure 7: Some dynamical planes from on quadratic polynomials

associated to the iterative method is

4 —3+8B —dz+24Bz + 328%2 + 22% + 24822 + 168222 + 423 + 8823 + 24
144z 4+ 8Bz + 222 + 24822 + 165222 — 423 + 24823 + 323223 — 324 + 8324’

Mopyngo M Hz) =2 (13)

and it is easy to show that it fails Cayley’s test for any value of 5. Although there is no value of 8 that gives

(a) 8=0

Figure 8: Some dynamical planes from on quadratic polynomials

the ideal fractal, quite stable behavior can be found, as is shown in Figure[8al Also in Figure [8b|only two basins
of attraction are found, although the Julia set is more complicated in this case. However, the opposite value of
the parameter gives two strange attracting points and one attracting periodic orbit of period 2, making much
lower the probability of converging to one root of the polynomial (see Figure .

3.4. Schemes with ny =2 and nyr = 2
A sixth-order Jarratt-like method (6'*.JM) [28] is given by

_ 2) — f(aen yaa(2))
Vo 2) = Vo) = S @A — PO + e (2) — 27 -
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where y = z — Zu(2),

2f[harn ypa(2), 2](=2 +y) 4+ (2 = 2y + an 01 (2)) f/(2) + (2 — Yaen 01 (2)) £ (y)
(2 = y)(z = Yaen g (2)) (2 = 3y + 29400 y0s(2))

a; =

and f[p,q] = % is a divided difference of order 1.

Now, it can be checked that M o tgen ypr 0 M1 (z) = 2® which shows that the 6!* JM LF. is eighth-order for
quadratic polynomials and satisfies the Traub-Kung conjecture. Obviously, the associated dynamical plane is
the ideal fractal, see Figure [9a]

15

2

2 15 1 08 0 05 1 15 2

(a) M otpgen gpp 0 M~ 1(z) = 28 (b) M ot otn ypp 0 M~ (2) = 216

Figure 9: Ideal fractals from and on quadratic polynomials

3.5. Schemes with ny =3 and ny = 2
A twelfth order Jarratt-like ILF. (12" JM) [28] is given by

o F((2)
Vazean(2) = () = G e a0 — 2 u@ ] + () — o s Y

where u(z) = ¥ en s (2), v(2) = Ygen yar(z) and

Now, is easy to prove that M otqm jp; 0 M1 (2) = 216 which shows that the 12/".JM LF. is sixteenth order for
quadratic polynomials and satisfies the Kung-Traub’s conjecture. Again, the corresponding dynamical plane is
the ideal fractal as can be seen in Figure Ob]

3.6. Formulas of LF. satisfying CQT
We can find I.F.’s which satisfy CQT if we consider

as(z — ap)? —ag(z — az)?
(z—a1)P — (z —ag)P

w(z):MflozpoM(z):

For some cases of p, we have:
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2 _
p=2, ¥(z)= _E MY hich corresponds to the Newton I.F.
2z — (0q + a)
3_ 3 2 2
p=3, ¥(z)= 32 i e O_t?j; I ?;gi—;a;ai o2) which corresponds to the third-order scheme.
z° = 1 2 1 1002 2
4 2 2 2 3 2.2 3
—6 4 _
p=4, ¥(z)= z 20[10422 + (ala; —Z al;Q)z (afas + a21a2 —'2_ 105) which corresponds to fourth-order pro-
. (22 = (1 + 2))(22% — 2(a1 + a2)z + (af + a3))
cedure.

4. A brief glance on cubic polynomials

We have analyzed in the previous section different known families of iterative methods in order to establish if
there exist any value of the parameters involved that makes the corresponding iterative scheme to verify Cayley
Quadratic Test. This aim has been accomplished and also some other behavior have been shown for any other
values of the parameters.

Now, the question arisen is the following: when a member of a class of iterative schemes satisfies CQT, is it
also stable for cubic polynomials, that is, is the Julia set quite simple? and, are there any basins of attraction
of strange fixed points? We will try to conjecture an answer to this question.

In Figure the behavior of the family is presented on the cubic polynomial z3 — 1. In this case, to use
a Mobius transformation would force us to add a new parameter; so, the dynamics will not represent the whole
behavior on cubic polynomials, but an idea can be obtained on the influence of the CQT on cubic polynomials.
Figure [I0] corresponds to the values of the parameters that verify CQT. However, the behavior showed by them
is not the same; in the case of Figures and a very stable behavior is shown, very similar to the one of
Newton’s scheme for the same polynomial; in case of Figures [10c, a new basin of attraction appear, as z = 0
becomes an strange attracting point. Different values of the parameters can derive in stable behavior, as can
be seen in Figure [10b)

1

(a)A=1,8=1 b)A=1,8=3 (A=3,8=

win

Figure 10: Some dynamical planes from onz3 —1

Let us notice that in case of Jarratt-type family, (and also in family @ for A = %) the behavior is not the
same, as for the values that made the CQT be satisfied, strange attractors are found in case of cubic polynomials,
as can be seen in Figure Nevertheless, A = 1 in family satisfies CQT on quadratic polynomials and
gives a very stable behavior in cubic ones, see Figures and for different values of 5.

In the case of King’s family, @[), it can be observed that S = 0, that is the value of the parameter which
satisfies CQT, gives also a very stable behavior in cubic polynomials, very similar to the one showed in Figure
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15 1 05 0 05

() B=2b=—3 c=3¢ g="5¢ MArA=1,8=1 ()A=1,8=2

15 2

Figure 11: Some dynamical planes from (E[) and @) on z3 —1

For values that gave unstable behavior on quadratic polynomials, as 8 = —3 (periodic orbit) or g = —2
(strange attractor at z = 1), also unstable behavior is found on cubic ones: in the first case, the complexity
of the Julia set is increased with the appearance of flower-like structures whose centers are preimages of the
infinity (Figure ; in the second one, three strange attractors appear, reducing considerably the probability
of converging to the roots of the polynomial (Figure . Unstable behavior is showed in general in the case of
Kim’s family, (10), where even the values of the parameters that made the family to satisfy CQT give strange
attractors or other undesirable behaviors on cubic polynomials, see Figure [12¢

2 15 H 05 0 s 1 15 2

(a) Family (9), 8 = -3 (b) Family (@), 8 = —2 (c) Family (I0), A = 0, 8 = —1 and

v=1

Figure 12: Some dynamical planes from @ and 1} on 2% —1

Finally, in Figure the behavior of families , and is presented on 23 — 1. In the first case,
the black region correspond to the basin of the infinity, that is a region of non-convergence for this value of the
parameter; a very stable behavior is found in the other two cases, very similar to the one of Newton. Let us
remember that these cases are associated to sixth- and twelfth-order of convergence methods verifying CQT,
respectively.

From the previous results, we conjecture that new conditions must be satisfied on the I.F. in order to assure
stable behavior on cubic polynomials. This can be the aim of future research.
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(a) Family (2), =0 (b) (o) (3)
Figure 13: Some dynamical planes from , and onz?—1

5. Conclusions

From the described results, we can conclude that the CQT is a good indicator about the stability of an

iterative method, with independence of its optimality and its order of convergence. Indeed, we have obtained
evidences of the need to require some new conditions to ensure the same stability on cubic polynomials. This
would imply the definition, in future works, of a Cayley Cubic Test.

Acknowledgments: The authors thank to the anonymous referees for their suggestions to improve the read-
ability of the paper.
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