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Abstract

In this work we study the dynamics of damped Newton’s method defined by

RO C)
Nyp(2) Ap/(z), reC

applied to different polynomial equations.

For polynomials with two different roots we analyze the influence of the damping
factor A in the character of the fixed points as well as in the behavior of the critical
points. It is shown that, for some choices of the damping factor, it introduces new free
critical points and changes the character of the fixed points.

We also study the influence of A in the form of the related universal Julia sets and
their fractal dimensions. Finally we prove a theorem characterizing the Julia sets of
the damped Newton’s method applied to polynomials with two different roots with the
same multiplicity.
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1 Introduction

One of the most common problems that appear in many areas related to mathematics
is finding a root of a nonlinear equation f(z) = 0, with f : C — C. There exists lots
of iterative methods that allow us solving this kind of equations, but the most used and
studied 1s the Newton’s method:

Zp+l = Zp — ff/((ZZ:)>, n > 0.




The dynamics of the Newton’s method has been studied in depth (see [3], [5], [6]
and [7]).

In this paper, instead of studying the Newton’s method, the dynamics of a modifi-
cation of this method, has been studied. The modification studied consists on intro-
ducing a damping factor, A € C, to control the step size which is taken in the Newton
direction:

f(zn)
il = 2p — A=, A eC. 1
Znyl = % o) (1
This method is called damped Newton’s method. A way of introducing it is from
the continuous Newton’s method [8] :

Z/<t) — f,(Z) ,
f'(2)
which comes from solving the following initial value problem:

(1) =~ 1)
2(0) = 2

)

applying the explicit Euler’s method with step size A:

Zn+1 — %n _ f(zn>

At fz)

Finally, rearranging terms, we obtain:

f'(zn)’

And now taking A = At, we obtain the damped Newton’s method defined in (1).

Zna1 = Zn — At z, € C.

In this paper we will focus our attention in this method applied to polynomials with
two different roots p(z) = (z — a)”(z — b)™ and we will study the dynamics of the
rational function that we obtain. The paper is organized as follows. In section 2 we
will see some dynamical aspects and some basic features of the damped Newton’s
method. In section 3 we will see the study of the fixed and critical points of the
rational function that we obtain by means of applying damped Newton’s method to a
polynomials with two different roots as well as some theoretical results. Moreover we
will see some pictures of the Universal Julia sets for different values of A. Finally in
section 4 we give the main conclusions drawn from the study.

2 Basic concepts

In this section we present some basic concepts that we use along the paper. If we
apply the damped Newton’s method to a polynomial p(z) = (z — a)"(z — b)™, a,b €
C, m,n € N we obtain the following iteration function:



B (z—a)(z—0)
Napl2) _Z_)\(n—l—m)z—ma—nb )

However, after conjugation with an adequate homeomorphism, the iteration func-
tion (3) becomes a rational function depending only on the damping factor A and the
multiplicities m and n. In particular, we consider the following homeomorphisms that
map the roots a and b into 0 and oo or 1 and —1 respectively:

zZ—a
Ml(Z): Z—b’ (4)
2(z —a
My(z) =1+ 2220 ®)
We obtain two new rational maps:
_ 2(=A+n+mz

3(2) = My o Ny o M (2) = S EE) ©

_ A+ (=m+n)z+ (=X +m+n)2?
Ry(2) = Myo Ny, o0 M;'(z) = ( )2+ ) . (D

—m+n+(m+n)z

The map (4) has been used by several authors, as for instance [4], whereas M, was
introduced in [9] and received the name of “Scaling”.

So our main goal in this paper is to study the dynamics of the rational functions
given in (6) and (7) for particular choices of m and n.

2.1 Dynamical concepts

In the study of the dynamics of an iterative method, there are some basic concepts that
are needed.

First of all we denote C = C U {cc}. We say that z, € C is a fixed point of a
rational function R(z) : C — C if it satisfies: R(z9) = z. A point z* is a critical
point of a rational function R if R fails to be injective in any neighborhood of z*. For
instance if R'(z*) = 0, z* is a critical point of R.

There exists different types of fixed points depending on the multiplier u = (R)’(zo).
Definition 1 A fixed point zy of a rational function can be:

o Super-Attractor if L = 0.
o Arttractor if || < 1.

e Parabolic if there exists a q € 7 such that p? =1



o Neutral or indifferent if || = 1 and p? # 1 for every value q € Z

e Repulsor if |u| > 1.

The basin of attraction of an attractor, z*, is the set:

A(z")={20€C: 211 =F(2,) —— 2"}

n—oo

A point z is a periodic point if there exists p € Z such that N?(z) = z which is called
period. The orbit of a z:

O('Z) = {Za R(Z), Rz(z)v T 7Rp71(z)}

is called p-cycle. We say that a p-cycle is attractor if |(R?)'(z)| < 1, indifferent if
|(R?)'(2)| = 1 and repulsor if |(RP)'(z) > 1].

The Julia set associated to a rational function R, and denoted as 7 (R), is the clo-
sure of the set of repelling periodic points or the boundary of the basin of attraction of
every fixed point or attracting cycle.

The Fatou set associated to a rational function R is the complementary set of the
Julia set 7 (R). We denote the Fatou set as F(R).

Finally we need the following definition, related to the Julia sets introduced in [4]:
Definition 2 We say an iterative root-finding algorithm f — Ty has an universal Julia

set (for polynomials of degree d) if there exists a rational map R such that for every
degree d polynomial f, J (1) is conjugate by a Mobius transformation to J (R).

2.2 Basic features of the damped Newton’s method

Some of the basic features of damped Newton’s method are the following (see [9]):
e The roots of the equation p(z) = 0 are the fixed points of N, ,(z).

e The derivative of the damped Newton’s method has the following form:
Nip(2) = (1= A) + ALy(2),

where
Ly(z,) = — g (8)

e If r is a simple root, then p(r) = 0 and p/(r) # 0 we have:

N{,(r)=1=A\



If 7 is a root of multiplicity m > 2, p(z) = (z — 7)™q(2), q(r) # 0 we have:
Nyp(r) =,

A
N)/\7p(7“) =1- E

The critical points of N, , are the solutions of the equation

A—1
Ly(z) = 2=,

where L, is given in (8).

1
NA,p(%)'

oo is a fixed point of N, , if and only if 0 is a fixed point of Q(z) =

If p is a polynomial of degree n: Q'(0) = 5.

3 Study of the dynamics

In this section we will study the influence of the damping factor A and the multiplicity
of the roots in the dynamics of the damped Newton’s method applied to a polynomial
p(z) = (z —a)"(z —b)™, a, b € C, n, m € N. The study has been divided in
two different cases depending on the multiplicity of the roots. First of all we will
see the case when both roots has the same multiplicity. Afterwards we will study the
case when the multiplicity of one root is greater than the multiplicity of the other root.
Some pictures will illustrate this study.

From the study of this kind of polynomials we have proof the following result,
which is a generalization of the theorem given by Yang in [11]:

Theorem 3.1 Let p(z) = (2 — a)"(z — b)" with a # b, n > 1 and let N, be the
damped Newton’s method defined by:

p(2)
Ny,y(z)=2— A , 0< )\ < 2n.
7p( ) p/(z)
Then J(Ny,(2)) is a straight line. This straight line is the bisector of the segment
joining a and b.

Proof We begin supposing that n = m, so p(z) = (z — a)"(z — b)", and we want to
see that J (N, ,(#)) is a straight line. First of all, the method has the following form:

B A (z—a)(z—0)
Nl2) =2 = o= o)




And now applying the Mobius transformation (4) we have :

Fanle) = Ba(2) o Moo () = 2 LS JEE L

Let be:
A = {z|Re(z) > 0}
0

B ={z|Re(z) < 0}
C = {z|Re(z) = 0}
and we want to proof that ¥ = A(JBand J = C.

ANV

e ACF
Ifz€ A, z=a+bi, a >0 then ]VA,p(z) € A. Indeed,

7 C2@2n =N+ A (a+b)?’2n— N+ X (a®+b7)(2n — N)(a+ bi) + Aa — bi)
ap(2) = 2nz B 2n(a + bi) B 2n(a® + b?) '

And so, for all A < 2n, we have:

a((a® +b*)(2n — \) + \)
2n(a? + b?)

Re(Nyp(2)) = >0

and, therefore B
N >\7p(2’ ) € A

Moreover we have that from the fixed point theorem f is contractive and N ap(2) C
A, hence, there exists only una fixed point z = 1 € A and lim,, Nﬁp(z) =1:

n(z—=1)+n(z+1) = Az+1)
n(z+1)+n(z—1)

|ﬁm@w—u=kz—n

n—\+n=
S [ e =4 PR T
e BCF
If z € B,z =a+0bi, a <0, then NMD(Z) € B. Since function Kf,\,p(z) is
symmetric:
~ 22(2n — ) + A ~
Nyp(—2) = “ons = —Np(2)

we can ensure that B C F and

|Nap(2) +1] < |2+ 1

e Cis invariant, N, ,(C) = C = N;;(C)
C={z€Clz=Ul, beR}



— 2 € C, then Ny (z) = =E@AX _ (BN, g6 Re(N,y ,(2)) = 0
and N, ,(z) € C
22(2n—N)+)) — Bi.

3 Now rear-
nz

- Nk,p(z) € C, as a consequence NA,p(z) =
ranging terms we have that:

22(2n — \) — 2Bniz + A =0
and so z € C.

In addition 0 € C, and 0 belongs to the inverse orbit of co and so 0 € 7,
then C = 7. This is due to a theorem given in [2] and ensures that there is
no exists any subset of the Julia set totally invariant.

On the other hand let’s suppose that J (V) ,(z)) is a straight , then its comple-

mentary (N, ,(z)) has exactly two components. If p(z) had only one root, p(z) =
(z—a)?, ¢ > 1. From Yang’s theorem, [ (N, ,(z)) = oo and so, F (N, ,(z)) wouldn’t
be a straight line.

Supposing that m < n, then:

(z—a)(z—0b)

Naplz) =2 = /\m(z —a)+n(z—0b)

And now applying the Mobius transformation (4) we obtain:

(z—=1)(z+1)
m(z—1)+n(z+1)

]V,\,p(z) =2z—\

We will proof it by contradiction.

n(z+1)+m(z—1) = A(z+1)

[Nap(2) =11 = n(z+1)+m(z—1)

(z—1)

n— A+ mi=

(2= ——
n—l—mz+1

<|z—1]

e Letbe A = {z|Re(z) > 0} then:

(n—A)+ mzjr}

z—1

z+1

<1:>’N z —1‘< z—1

— (@) =1 <le=1]

Then the closed set A is a subset of the Fatou component that contains the fixed
point z = 1.

e Letbe B = {z|Re(z) < 0}. Using symmetry we obtain that it is a subset of the
Fatou component that contains the fixed point z = —1. Taking into account that
AUB = Cand F(N) ¢(z)) wouldn’t be a straight line. So this is a contradiction.



As the only critical points are z =+ , /ﬁ. It is well-known that there exist al least a
critical point associated to each invariant Fatou component. As z = 1,y 2z = —1 are
super-attractor fixed points of NV ,, each gives a Fatou component. |

3.1 Thecasep(z)=(z—a)"(z—b)",a#b, neN

If we apply the Newton’s method to the above polynomial, we obtain the following
expression:

(a—2)(b—2)A
n(a+b—2z)

Nyp(z) =2+

Now using the transformation M;, we have:

z(n+nz—N\)
S = —<

ro(2) n+nz—zA

For the sake of simplicity we will call o = ”T’A, and now our rational function turns
to:
a+z

Sa(z) = . 9
(2) Zl + az ©)

Notice that this function only depends on the multiplicity of the roots and the damp-
ing factor. If we focus our attention in calculating fixed points, we have that the fixed
points are z = 0, z = 1 and 2z = oo. The points z = 0 and z = oo are related to
the roots of the polynomial p and z = 1 is related to oo. The multipliers associated to
every fixed point are:

[ Mo = C.
2
[} /,1,1 = 1+—Ol
® [l = (v
So we have that the character of z = 0 and z = oo is the same for every value of
a. If we take values of A € R we can see the changes of character in Table 1, on the

other hand if we take o € R we see changes in Table 2, where A means attractor, S A
super-attractor, R repulsor and [ indifferent.

If we now study values of oo € C, we have the following result:

Theorem 3.2 The rational function S,(z) defined in (9), with « € C, has 3 fixed
points: z =0, z = 1 and z = oo. The character associated to each fixed point is the
following:

1. Ifa € B(0,1)



Intervalof A\ 0 1 o0
(—>,0) R A R
0 1 1 I
(0,n) A R A
n SA R SA
(n,2n) A R A
2n I R 1
(2n,4n) R R R
4n R I R
(4n, 00) R A R

Table 1: Character of the fixed points for different values of A € R

Intervalofa 0 1 o0
(—00,-3) R A R
-3 R I R
(—3,-1) R R R
-1 I R 1
(—1,0) A R A
0 SA R SA
(0,1) A R A
1 I T 1
(1,00) R A R

Table 2: Character of the fixed points for different values of & € R

e Z— O, Z = OO are attractors.

o z =1 is repulsor.

2. When o € 0B(0,1)

e 2 =0, z = oo are indifferent .

e 2z = 1 is repulsor.

3. Ifa € B(~1,2) — B(0, 1)

o 2 =0, 2 =00, z=1are repulsor.

4. When a € 0B(—1,2)

o 2 =0, 2 = oo are repulsor.

o z = 1 is indifferent.



5. Ifa ¢ B(—1,2)
e 2 =0, z = oo are repulsor.

e z =1 is attractor.

In Figure 1 we can see the basin of attraction of the damped Newton’s method applied
to a polynomial with two different roots and the same multiplicity.

Np Sp

Figure 1: In the right hand basins of attraction of N,, applied to p(z) = 2% — 1 are
shown and in the right hand appear the basins of attraction of .S,,.

Finally, if we calculate the critical points we obtain that when a # 0 it appears two
new free critical points:

1—a2-—1
o .

.2,'1:

—/1—a?-1

.22: o

Notice that when o« = 0
Si(z) =2z

and so z = 0 1is the unique possible critical point, but it is related to the root of the
function. So in this case we can conclude that the damping factor introduces two free
critical points.

3.2 Thecasep(z) =(z—a)"(z—0)", a#b, n>m
Using the same ideas as in the previous section we will make a similar study but

changing the multiplicities. In concrete the polynomial will be p(z) = (z —a)?(z — b)
with a # b. We begin by using the transformation M :

10



—2—z+ A

‘$@>:Z—2+4—1+Ay

(10)

The new rational function Sy(z) has three fixed points z = 0, z = 1 and z = oc.
The character of these fixed points depends on the damping factor:

[ /,LO = 1 — %

[ J [1,1 = 3_%

® o =1—A\

Table 3 shows the character of the fixed points for different values of A € R. We
observe that there exists problems with some values of the parameter. When A = 0
the iterative function is the identity so every point is a fixed point. When A = 4 the

iterative function S;(z) = —z and so the iterations of every point, except 0 and oo,
goes to a 2—cycle. When A\ = 3 we have that:

—Z
S3 = 5
and z = 1 is not a fixed point of that function.

A-Interval 0 1 oo
(-00,0) R A R

0 -
(0,1) A R A
1 A R SA
(1,2) A R A

2 SA R 1
(2,3) A R R

3 A - R
(3,4) A R R

4 I R R
(4,6) R R R

6 R I R
(6,00) R A R

Table 3: Character of the fixed points of .S for different values of .

If we now focus our attention in values of A € C we obtain the following result:
Theorem 3.3 The rational function S,(z) defined in (10), with A € C, has 3 fixed

points: z =0, z = 1 and z = oo. The character associated to each fixed point is the
following:

11



1. If e B(1,1)

® Z = 0, 2 = 0OCQ are attractors.

o z =1 is repulsor.

2. If A€ dB(1,1)

e 2 = 0 is indifferent.
o 2 = 1is repulsor.

® z = 00 IS attractor.

3. IfAe B(2,2) - B(L1)

® 2 = 00 IS attractor.

o 2 =0, 2 =1 are repulsors.

4. If \ € 0B(2,2)

o 2 =0, z =1 are repulsors.

e 2z = 00 is indifferent.

5. IfA€ B(3,3) — B(2,2)

o 2 =0,2=1, 2 = o0 are repulsors.

6. If A € OB(3,3)

o 2 =0, z = oo are repulsors.

e 2 = 1 is indifferent.

7. IfA & B(3,3)

e 2 =0, 2 = oo are repulsors.

e 2 =1 is attractor.

In Figure 2 it is shown the regions of the plane where fixed points changes its charac-
ters.

Finally we study the existence of free critical points of .S) and we obtain the fol-
lowing:

12



Figure 2: Regions of the plane where the character of the fixed points of S change.

o If \ =3:

- Si(z) = ﬁ, and so there is no critical points.

e When ) # 3 we obtain two free critical points:

- = —3+2+2v2V3X3-)?
1= 329 :

— = _ —=342A+2v2V3A-)?
2= 32—9 :

So we can conclude that the damping factor \ introduces two new free critical
points.

Finally we will see some pictures of the basins of attraction for different values of
A € R to study the influence of the damping factor in the form of the Julia set. If we
use the transformations defined in (4) and (5) we can define two new rational maps:

B —2—z+ A
$(z) T o (L (1
A — 22\
Ry(2) :z+ﬁ. (12)

If we observe Figure 3 and Figure 4 we can observe that the damping factor has
a clear influence in the Julia set of the function (11). When A = 0.5 the Julia set
seems to be like a cloud, but when the damping factor is near to 2 the Julia set is a
Mandelbrot-like set.

On the other hand in Figure 5 and Figure 6 we observe the influence of A in (12).
We observe that when A = 0.5 the Julia set is like two rays and the basin of attraction
of the double root is greater that the basin of the simple root. When A\ = 1.9 the

13



A=05 A=1.0 A=19

Figure 3: Basins of attraction of S, for different values of A

A=20 A=21 A=22

Figure 4: Basins of attraction of S, for different values of A

Julia set becomes a Mandelbrot-like set. And for A > 2 we have that there is no
convergence to the simple root. So we can conclude that the damping factor has an
important influence in the dynamics of the damped Newton’s method.

A=0.5 A=1.0 A=19

Figure 5: Basins of attraction of R, for different values of A

14



A=2.0 A=21 A=22

Figure 6: Basins of attraction of R, for different values of A

4 Conclusion
From the study the following conclusions are clear:

o Ifp(z)=(z—a)"(z—b)™
— A does not modify the appearance of the Julia set.

— ) modifies the character of the fixed points.

— A introduces free critical points.
o If p(2) = (2 —a)*(z — b):

— The multiplicity modifies the form (symmetry) of the Julia set.

— In addition \ modifies even the form, is a Mandelbrot-like set instead of a
set limited by two rays approximately.

— ) also modifies the character of the fixed points.

— ) also introduces free critical points.
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