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Parabolic Perturbation of the family \tan z

Linda Keen and Shenglan Yuan

ABSTRACT. In this paper we study parabolic bifurcation in holomorphic dy-
namics and apply our result to the family Atan z to complete the proof that there
are infinite cascades of non-standard period doubling bifurcations along the imagi-
nary axis.

1. Introduction

In conformal dynamics one is interested in describing the equivalence classes
of topologically conjugate functions in natural one parameter families such as
{Py = 22 + )\, A € C}. In this family, examples of such classes are the compo-
nents of the interior and exterior of the Mandelbrot set where the dynamics are
characterized by the combinatorics of the super attracting periodic cycle of the
function at the center of the component. These components, are called the hyper-
bolic components. These components come in pairs: the pair shares a common
boundary point at which the orbits of the asymptotic values land on a pole. The
boundary of a hyperbolic component also contains many other points that are
shared with another component. At such a boundary point there are one or two
parabolic periodic cycles; in one of the components at this point, called the root,
the parabolic cycle becomes attracting and in the other, called the bud, it becomes
repelling and another attracting cycle of a higher period develops. There are other
special boundary points called cusps. At these there are parabolic cycles, but they
are not boundary points of any other component.

Another natural one parameter family of transcendental meromorphic functions
is the family {Th = Atanz, A € C\ {0}}. The dynamical properties of this family
were first studied by Devaney and Keen in [3, 4] and pursued by Keen and Kotus in
[7, 8] whose work was motivated by the computer pictures of the parameter plane
created by W. Jiang in his unpublished thesis [6]. These pictures indicate that
pairs of hyperbolic components share a common boundary point with a parabolic
cycle. In [6], bud components were observed at points of rational argument on the
unit circle.

On the imaginary axis a new period doubling phenomenon called non-standard
bifurcation was observed: instead of a single parabolic cycle bifurcating into an
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attracting cycle of double the period, one saw a parabolic cycle bifurcating into two
distinct attracting cycles of the same period. The question of whether a parabolic
cycle that is not at a cusp always has either a standard or non-standard bifurcation
was proved only under the assumption that the multiplier of the cycle is a monotone
function of the parameter as it passes through the parabolic point.

In this paper we prove this assumption is unnecessary; we give an independent
proof of the existence of the bifurcation. As a corollary, we deduce that for A on the
imaginary axis there are infinite cascades of period doubling analogous to those for
quadratic polynomials on the real axis. This also completes the discussion in [8] of a
Sharkovskii-like ordering for the hyperbolic components intersecting the imaginary
axis. In particular, the inequalities in [8] on the number of components of given
period become equalities and we obtain a complete description of the deployment
of the hyperbolic components on the imaginary axis.

The main tool we use is the local normal form for a function in the neighborhood
of a parabolic fixed point of (Atanz)°? (see [1, 5, 9]). This gives us bifurcations
at rational points on the unit circle, theorem 1. The arguments for the imaginary
axis are more delicate. To prove the main result, theorem 4, we first prove a
local theorem, theorem 3 to obtain the properties of a perturbation of the form
(1+d)Atanz. Then we apply this theorem to the two types of root components,
those with two attracting cycles of period 2n and those with a single attracting cycle
of period 4n, n > 1, to obtain standard and non-standard bifurcations respectively.

The paper is organized as follows. In section 2, we give the basic results about
perturbation near a parabolic fixed point zg. In section 3 we discuss the basic
facts we need about the dynamics of the tangent family. In section 4, we study
the bifurcations on the unit circle. In section 5, we study the bifurcation along the
imaginary axis and prove theorems 3 and 4. In section 6, we apply our results:
we prove that there exists an infinite cascade of non-standard period doubling
bifurcations along the imaginary axis; we also obtain the full description of the
ordering of components on the imaginary axis.

2. Parabolic Points

In holomorphic dynamics, a cycle (z) = {z, f(2), f2(2),..., " X(2), f"(z) =
z}, of period n, of a holomorphic or meromorphic function f has a multiplier
p = (f™)(2). This multiplier is independent of the point of the cycle. The cy-
cle is called attracting if |p| < 1; it is indifferent if |p| = 1, and it is repelling if
|p| > 1. An indifferent cycle is rationally indifferent if p is a root of unity, otherwise
it is irrationally indifferent. A rationally indifferent cycle is called parabolic if f? is
not the identity map for any 1.

We recall some standard facts about parabolic periodic points. Suppose that
in some neighborhood of the parabolic fixed point zp, which we assume to be the
origin, f is given by a power series of the form

f(z2) =z — 2" 4+ O(z™F?)

with m > 2. Then, [1, 2, 9], f is locally holomorphically conjugate to a map of
the form

f =5 — Zm+1 4 b22m+1 =+ O(Z2m+2)
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If 2y is a periodic parabolic fixed point with period p and multiplier p, then in a
neighborhood of zy, f can be expressed as

f(z) = p(z = 2™ 4 227 + O F2)

The dynamics in a neighborhood of zg are described in the Leau Flower theorem,
(see for example, [2, 9]) which says that there are m disjoint simply connected
domains, called attracting petals, with common boundary point zy, that fall into
k = ™ distinct forward invariant cycles under f.

The following lemmas give the basic local picture of perturbations of parabolic
points.

LEMMA 1. Assume that « is a real number and that f(z) has normal form
f(z) = z—2mH @22 4 O(22™F2) in a neighborhood of zg = 0. For any € such
that ﬁ > e > 0, the perturbation of f(z) defined by fi1.(z) = (14 ¢€) - f(z) has a
repelling fized point at zg and m attracting fized points near zg.

PROOF. Clearly f(z) has a fixed point at zg with multiplicity m+ 1 and simple
fixed points close to the m** roots of é It is also obvious that f14.(z) has a simple

fixed point at zo. Let z; denote the m®" ¢ where i =1,2,...,m. Set

roots of T

F(z)=e— (14 €)z2™+ (1+ e)az®™

Then when o > 0, we have F(z;) > 0 and when a < 0 we have F(x;) < 0. Let

y; denote the m'" roots of l%:e where i = 1,2,...,m so that F(y;) = —e + a(14—f:6).
Either @ > 0 or a < 0 and, by hypothesis € < ﬁ; in either case we see that

F(y;) < 0. Since F(0) > 0, we deduce that F(z) has m simple zeros inside the disk

with center zp and radius %/ 12;. Let z; denote the m zeros of F'(z) inside the disk

which are the simple fixed points of fii.(z). Then,

1
faocz) =0+ (1= (m+1)z" +(2m+1)az?™) = (1+¢ 1—m+maz»2m
14+e€ 7 7 1+6 7
and 22™ < (12;)2; therefore f{ . (z;) < 1. O

LEMMA 2. Assume again that for some real o, f(z) has the normal form f(z) =
2z — 2 4 a2?m 4 O(22™F2) in a neighborhood of zo = 0. If a > 0, choose any
€ such that 1 > € > 0, whereas if « < 0 choose any € such that 0 < € < ﬁ. Then
the perturbation of f(z) given by fi—.(z) = (1 —¢€) - f(2) has an attracting fized
point at zg and m repelling fized points near zg.

PRroOOF. Clearly f(z) has a fixed point at zp with multiplicity m + 1 and a
simple fixed point close to each of the m'" roots of é Also, fi—c(z) has a simple
fixed point at zy. Let z; denote the m** roots of

L—e—/(1—6?2+4e(l —e)
2(1 — 6

where ¢ = 1,2,...,m. Then

fi_(@) =14+ me+ (1 — e)max?™
Now when a > 0, 1 —€ > 0 so that 27 is real and (1 — €)maz?™ > 0.

Therefore f{_.(z;) > 1. On the other hand, when o < 0, ¢ < 12—, so that
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V1 =€+ /1 —¢€+4ea > /1 — €. Computing the multiplier at z; we have

21 —€)? +4e(1 —e)a—2(1 — €)\/(1 — €)2 + 4e(1 — e)ax
4(1 — €)2a?

—2ey/1 —¢€
(V1 =€+ V1 — €+ dea)
so that again f]__(z;) > 1. O

fi_(z;) = 1+me+(1—e)ma

=142me+m

LEMMA 3. Assume that f(z)is given in normal form near a periodic parabolic
point zg = 0 with period p and multiplier p, a primitive p — th root of unity so that
for some real «,

f(z)=p(z - Zmtl a22m+1)

For any sufficiently small e > 0 satisfying |1—me| <1 and e < io:z, where & depends
on m,p and o, there exists a perturbation f11.(z) = (14¢€)- f(2) of f(z), such that
f1+e(2) has a repelling fized point at zy and k = % attracting periodic points of

period p near zg.

PRrROOF. There exists a holomorphic conjugation h such that ¢ = h='fh =
2—2" 42?1022 2 and gP = h™ L fP(2)h = z—pz™ T 4a2?mH 40 (22m12).
We see easily that zp = 0 is a parabolic fixed point of fP(z) with multiplicity m + 1
and there are simple fixed points close to the m!”* roots of %.

Let us look at the perturbation g = (1 + e)% - g where we take the positive real
pt" root. Set f = hgh~! We compute that:

3P =(1+e)z—((1+e)+(1+e) 7 g 4 (14 5 T zmHl L G22mH L O(2m+2)

where & is real. Since (§7)'(0) = (=1 fPh)'(0) = 1 +¢, zp = 0 is a simple repelling
fixed point of fP. Arguing as we did in lemma 1, we set

Gz)=e—(1+)+A+e)7 T+ . +(14+m 7)™ 4+ a2 4+ 0>z

We let x;, i =1,...,m be the m** roots of

€
(1+e€)+ (14e)btl+. .+ (1+e)k—Dptl

and y;, i = 1,...m be the m* roots of

2e
(1+e€)+ (14 e)ktl ...+ (14 ¢)k-Dptt
where as above, k = . We compute that for € satisfying e < io:z, G(x;) and G(y;)

have opposite signs and we conclude that there are m simple roots of G(z) in a disk
centered at zg with radius depending on e. ~

These roots closely approximate the roots z;, ¢ = 1,...,m of f? that lie in a
perhaps slightly bigger disk. We compute (fP)(z;) = 1—me+O(e?). If [1—me| < 1,
the z;,4 = 1,...,m are attracting periodic points. Thus f bifurcates into a function
with one simple repelling fixed point at zg and m attracting periodic points that
split into k cycles of period p. O
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3. Basic facts about the Tangent Family

Let us recall some definitions and basic facts about the dynamics of meromor-
phic functions in general and the tangent family in particular.

For a complex analytic function f, the Julia set carries the interesting dynam-
ical information and is defined by any of the following equivalent conditions:

1. The Julia set J(f) is the complement of the set on which the iterates of f
form a normal family in the sense of Montel; its complement is called the Fatou
set.

2. J(f) is the closure of the set of repelling periodic points of f.

3. In addition, if f is meromorphic, there are points whose forward orbit lands
on a pole and are thus preimages of co. Such points are called prepoles and J(f)
is the closure of the set of prepoles of f.

It is well known that the parameter plane of the quadratic family P.(z) = 22 +c¢
is decomposed into the Mandelbrot set M = {c¢ € C|J(P.) is connected} and its
complement C\ M where J(P,) is a Cantor set. Let

M’ = {c € C|P. has a finite attracting periodic cycle}

The hyperbolic set is the union of M" and C\ M.

The orbits of critical points and asymptotic values play an important role in
the study of Julia sets. The quadratic polynomials P, have two critical points: one
at infinity, which is fixed, and one at the origin. For P, € C\ M, the critical point at
zero is attracted to infinity and the Julia set is a Cantor set. Thus, the Mandelbrot
set is the same as the set of ¢ for which the orbit of the critical point zero remains
bounded. In the connected components of M’ the dynamics are determined by the
combinatorics of the orbit of the critical point at zero.

For the tangent family 75 (z) = Atan z, there are no critical points; there are
two asymptotic values, £Ai and the dynamics are controlled by the orbits of these
values. Recall that these values are omitted but that

lim Th\(z+iy) = £\
y—+oo

Since any attracting or parabolic cycle must attract the orbit of an asymptotic value,
[4], there are either two distinct cycles, each attracting one asymptotic value, or a
single cycle attracting both. Note that the symmetries in this family

Th(—z) = =Ta(2) and T_»(z) = =T (2)
T}(~2) = T4(2) but T_r() = ~T}(2)
imply that if there are two cycles they are symmetric and both are attracting or
parabolic with the same multiplier, if there is just one attracting or parabolic cycle,

the points of the cycle are symmetric in pairs.
The hyperbolic set for this family is defined as

H = {X\ € C|T), has a finite attracting periodic cycle}

In analogy with quadratic polynomials, the connected components of H can be
characterized by the combinatorics of the orbits of the asymptotic values (see [7]).
The unit disk minus the origin is the only hyperbolic component of H for
which Atanz has only one attracting fixed point at 0. The multiplier at 0 is
T%(0) = Asec?(0) = . Both asymptotic values are attracted to 0 and the connected
component of the attracting basin of 0 is the full Fatou set; the Julia set is a
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Cantor set, [3]. The set {0 < |A] < 1} is thus analogous to the complement of the
Mandelbrot set.

In [6, 7, 8] the deployment of the remaining components of H are studied. We
summarize the results we need from those papers here. The results in [7, 8] confirm
the computer pictures of W. Jiang in [6].

Because there are no critical points, there are no superattractive cycles; thus
the components have no centers. Instead, they occur naturally in pairs (£2,,)
where in €, there are two distinct attractive cycles of period p and in €, there
is one attractive cycle of period 2p. By symmetry, the two cycles in €, have
the same multiplier. These paired components share a boundary point called the
virtual center. At a virtual center, the asymptotic values are prepoles; that is
TY(£Ai) = oo. The asymptotic values may be thought of as images of infinity
(along paths whose imaginary parts tend to infinity). In this sense, the asymptotic
values belong to a wvirtual cycle. The multiplier of this cycle is the limit of the
multipliers of the attractive cycles in the hyperbolic component as the parameter
approaches the virtual center, and it is zero — hence the name virtual center.

In Q, the attracting periodic points of the cycle are holomorphic functions of
A. As X passes from (2, through the center into the paired component Q;, in each
cycle, one of the periodic points passes through a pole and its image changes sign.
The two cycles thus intertwine and become a single cycle of double the period.

In [8] it is proved that for each hyperbolic component € there is a holomorphic
conjugation ¢ :  — H to the upper half plane H such that if M () is the multiplier
of the attractive cycle(s) then M = exp(i¢). It follows that along ¢~ !(nm + iy)
the multipliers are real and at the boundary points lim,_.q ¢~ (nm + iy) there are
parabolic cycles.

4. Bifurcations on the Unit Circle

The computer pictures of the A-plane by W. Jiang show the component pairs
bud off the unit circle along the endpoints of rational internal rays where the argu-
ment of \ is a root of unity. We prove here that the bifurcations at these endpoints
actually occur as shown in the pictures.

If X\ is real, it is easy to see, [3], that for A > 1, Atanz has a repelling fixed
point at zero and two attracting fixed points *ti, ¢ real, while if A < —1, zero is a
repelling fixed point and the points +ti form an attracting cycle of period two.

First let us state a lemma that we need.

LEMMA 4. Let Th(z) = Atan z, where X is a primitive n-th root of unity, n > 2.
Then in a neighborhood of zero we can write

TP = 2 + ap 22"+ 4 O(220+2)
when n is an odd number and

TP = 24 ap2™ ™ + O(z" )
when n is an even number.

PROOF. We know that, since the tangent is an odd function, in a neighborhood
of zero,
Ta(z) =Mz +a12° +ap2® +a32” + ...+ a2 +..)
When n is even,

TH(2) = A"z + (N2 + M+ A%)a 2 + O(2h).
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The multiplier at the fixed point 0 is 7% (0) = Asec?(0) = A. Set n = 2k We have
the identity

() = 1= (2 = 1)) 4+ (24 1) =0,

and since A # +1
AL +1=0

Thus A2 + A+ ...+ A" = 0.

By a similar calculation we can show that, when ¢ < n/2, a; has a factor of
14+ X2+ X+ ...+ 2" 2 we conclude a; = 0 for all i < 5

When n is odd, we again have a similar calculation, and we can show that a;
has a factor of 1 + X + A2 4+ ...+ A”~! and this must also be 0. Thus a; = 0 when
1< n. O

PROPOSITION 1. Let Ty = Atan z and suppose A = i. If € < 0, the perturbation

of T given by T/\(H_ ¥ has an attracting fived point at 0 and repelling periodic
€

points of period 4. If € > 0, the perturbation T14c) has a single repelling fived
point at 0 and an attracting periodic cycle of period 4.

PROOF. By lemma 4, we have T;(z) = z + a52® + O(2%); that is, T(z) has a
parabolic fixed point at zero with multiplicity 5.
For ¢ < 0, applying lemmas 2 and 3, we deduce that T ;1 1 has a single

(1+e)1
attractive fixed point at 0 and a repelling point of period 4 near 0.
If e > 0 we apply lemmas 1 and 3 to deduce that T;(z) bifurcates into a repelling
fixed point at zero and an attracting periodic cycle with period 4. O

In general, we have the following:

THEOREM 1. Let Ty = Atanz and A = 627”%, where (p,q) = 1. If e < 0

the perturbation T,\(1+ 1 has an attracting fixed point at 0 and a repelling periodic
€)4

point of period q and if € > 0, T/\ 1 has a repelling fized point at 0 and an

(1+e)q
attracting periodic point of period q. That is, the unit disk is a root component with

bud components at all the points on the circle with rational argument.

PRrROOF. First apply lemma 4 to conclude that 7Y (z) = z 4 agz??t! + O(z242)
and hence that 7Y has a parabolic fixed point at zero with multiplicity 2¢ + 1.
Now applying lemmas 1 and 3, we deduce that for ¢ > 0, the perturbed function
(1 + €)T has a repelling fixed point at zero and an attracting periodic cycle near
zero with period q. O

5. Bifurcations along the imaginary axis

For the family T the imaginary axis & in the parameter plane plays an impor-
tant role which is analogous to the role the real axis plays for the quadratic family.
Here we summarize the results we need from [KK2].

PROPOSITION 2. If A € & and z € R, then for every n € N, we either have
T#(z) €R, and Ty € G, or TR (2) = o0.

PROPOSITION 3. If A € & belongs to a hyperbolic component, then the period
of the attracting cycle (or cycles) is even.
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PROPOSITION 4. If A € S, then the multiplier M(\) of any parabolic or at-
tracting periodic cycle of period 2n is always real and

(1) sgn(M(X)) = sgn(A*") = (=1)"
A direct corollary of equation (1) is

PROPOSITION 5. Let A € & belong to a hyperbolic component. If there is a
single cycle of period 4n, then 0 < M(\) < 1, while if there are two cycles of period
2n, then either n is odd and —1 < M(\) <0, or n is even and 0 < M(X) < 1.

In the components €, with a single cycle of period 4n, note that we can choose
a particular square root of the multiplier as follows. We set

m() = T ).

Another immediate corollary of equation (1) is

COROLLARY 2. If A € Q,, N then sgnm(A) = (—1)".
We call m(\) the half multiplier; note that it is well defined independent of i.

PROPOSITION 6. Suppose a hyperbolic component 2 intersects the imaginary
axis . Then it has a unique virtual center on the imaginary azis, and QNS is an
interval whose endpoints are the virtual center Ao and a parameter \1 such that

lim M(\) = +£1,
A— A1
where the limit is taken inside ().

We call A\ the real parabolic boundary point
We have the following proposition (corollary 8.5 of [8]) that characterizes at-
tracting petals at the real parabolic boundary points.

PROPOSITION 7.

i) Suppose A1 is the real parabolic boundary point of a component Qg inter-
secting the imaginary axis. If M(\1) = 1, then there is exactly one attracting
petal at each periodic point in the parabolic cycle, whereas if M (A1) = —1,
then there are two attracting petals at each periodic point in the parabolic
cycle.

ii) Suppose A1 is the real parabolic boundary point of a component Qb inter-
secting the imaginary azis. If m(A1) = 1, then there are two attracting petals
at each periodic point in the parabolic cycle, whereas if m(A1) = —1, then
there is only one attracting petal at each periodic point in the parabolic cycle.

We now turn our attention to the local behavior in the neighborhood of the real
parabolic parameter A\; on the imaginary axis when there are two attracting petals.
In theorem 8.8 of [8], it is proved that standard and non-standard bifurcations
occur at such points under the assumption that the multiplier is monotonic there.
The following theorem shows that such an assumption is unnecessary.

THEOREM 3. Suppose A1 is a real parabolic boundary point of a hyperbolic
component intersecting the imaginary axis and suppose further that

there are two invariant attracting petals at each point of the single parabolic
cycle of period 2n. Then for small e > 0, the perturbed function ((1—1—6)%)\1 tan z)2"
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has a repelling fized point and two attracting fixed points, close to, and on opposite
sides of it. In addition, for € < 0, the perturbed function ((1+ €)27 Ay tan z)2" has
a single attracting cycle of period 2n.

REMARK 1. We have made the assumption that there is a single periodic cycle
to avoid dealing with two cases in the proof. If there are two periodic cycles of
period n and two attracting petals, the nt" iterate also fizes the periodic point, but
interchanges the attracting petals. The 2nt" iterate, however, maps each attracting
petal into itself as in the other case. The argument below will apply to this doubled
iterate. When € > 0 it will show that there are two new attracting fixed points of
the 2nt" iterate. Since in this case the multiplier of the parabolic cycle is negative,
the multiplier of the attracting cycle(s) is negative. It follows that both new points
belong to the same attracting cycle; this is a standard bifurcation.

PROOF. We need only consider local behavior in the neighborhood of a periodic
point. The parameter \; is fixed in the discussion so we simplify our notation and
set T'(z) = Artanz. Let (z0,21,...22,—1) be the periodic cycle. Because A; is on
the imaginary axis, the points in the cycle alternate between the real and imaginary
axes; that is, if we assume zq is real, then for k even, z; € R and 21 € 3.

Now let hi(z) = 2z — 2z and note that hg, = hg. Define

Sk(¢Q) = hggroT oyt =T(C+ 2k) — zk41

Each Sy has 0 as a fixed point.
Set
S=S89,1089, 90...58 = hgT?"hy*
Because there are two attracting petals at each fixed point of 72" the same is true
for S. Introducing another conjugation if necessary, we can expand S about 0 as

(2) S(Q) = ¢ = ¢ +a¢® +0(¢%)
Consider the derivatives, S}, (0) = T"(zx) = pr. We know that
(3) "y =1

but each pi # 1. In fact, since the multiplier is independent of the point in the
cycle,
H?n71+j mod 2n]uk _ (_1)271 =1
Also although S”(0) = 0, the second derivatives S}/(0) are not 0. We have the local
expansion
Sk(€) = p€ +viC? + pir¢® +0(¢Y)
Note that if k is even and ¢ € R then Si(¢) € & whereas if k is odd and ¢ € < then
Sk(€) € R. It follows that the derivatives px and vy also alternate between the real
and imaginary axes.
Let a denote (1 4 €)27. Set

Sap = aSk = a(purC + veC® + ppC® + O(¢Y)

and write
Sa = Saz,-1 ©Sazn_© -+ Say

To get a local expansion for S, (¢) set

Sap = AoC + BoC? + Co® + O(¢*)
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where
Ag = apg, By =avy, Co=apy
Recursively set ay = apy, by = avg, cx = apg and
Say © -+ Sag = ApC + Bp(® + Ci(® + O(¢h)
and find
Ay = arAp—1, Br=brAj_y +apBy_1, Cip=crAi_; +2A41Bp_1+ arCr1
Using equation 3 we find
(4) Agp-1=(1+¢)
Expanding, we have

4n71( 4n72(

Bop_1=a Ho - - - uzn—2)2U2n—1 +a Ho - - - ,u2n—2)2'U2n—1N2n + ...

+a*™vop1 - . . Pan—1
By the symmetry of the cycle, for k = 0,...n — 1, we have uy = pigtn, and vy =
—VUg+n- Using this observation we obtain

n—1

1 k=1 Uk4n 1
(5) Bon1=(1+e)((1+€¢)2=1) ) (I+e) =
kzzo Hk+n Kk4n - - - H2n—1

It follows that Ba,—1 = O(e). Applying equations (4) and (5) we deduce that
Con_1 = O(ll + 6‘)
Now comparing

(6) Sa(¢) = (1 + €)¢ + Ban—1¢> + Can—1¢* + O(¢Y)

with equation (2), and using equation (5), we see that as € — 0, Ba,,—1 = O(e) — 0
and Co,_1 — —1. Moreover, since S,(¢) is real for ¢ real, we deduce that Bs,_1
and C5,,_1 must be real.

Note that for € < 0, ¢ = 0 is an attracting fixed point and for € > 0 it is
repelling.

Now consider the function

Sa —
Sa —¢ =€+ By 1¢ + Oz 1C* +0O(C?)

which has two roots u; 2 near zero. These are approximate roots of € + Bg,_1( +
Can—1¢% = 0 and, since for e suitably small we have Ca,—1 < 0, the roots are real
and close to 0.
Computing the multipliers at u;, i = 1,2, we have
M(ul) =1+¢€—2e+ an_l(ui)2 =1—€+ an_l(ui)z <1

Thus, for € > 0, these real roots are both attracting fixed points for S, and so the
repelling fixed point at 0 must be between them. Therefore S, is a perturbation
of S in which the parabolic fixed point at 0 has become repelling and two new

attracting fixed points u; have appeared.
We now need to compare S, with (aT)?". Set § = a — 1 ~ ¢/2n and denote

Ri(¢) = aT(zk + €) — 21 = hu1 (aT)hy ' = Sag(C) + S2k41
We can write
Ri(¢) = 6z111 + purC + v + O(¢?)

Now set
Ra(¢) = Ran—10 Rap—20... Ro(¢) = ho(aT)*"hy"



PARABOLIC PERTURBATION OF THE FAMILY Atanz 11

Expanding and collecting terms we can compute that

Ra(€) = 8Sa(C) + O(6)

Moreover, since R, (¢) is real for ¢ real, the graph of R, restricted to R? is a small
translation of the graph of S, and both functions have the same dynamics. That
is, if € < 0, R, has an attracting periodic point of period 2n whereas if € > 0
we conclude that R, has a real repelling fixed point, wy, close to 0 and two real
attracting fixed points, ug and vg, on either side of it. Using the conjugacy hg
we find that zg + wp is a repelling fixed point of (a7)?" and z¢ + ug, 20 + vo are
attracting fixed points. O

Now we can prove our main result

THEOREM 4. Suppose n is even and Ay = ¢h,,i is the real parabolic boundary

point of a hyperbolic component Qf,,. Then there is a non-standard bifurcation
at ¢b,i; that is, as |qh,| increases, the parabolic cycle of qb,itanz of period 2n
bifurcates into one repelling cycle of period 2n and two attracting cycles of period
2n so that there is a bud component Q4 off the root component U, at A;.
Next suppose n is odd and A1 = qay1 is the boundary point of a hyperbolic component
Q. Then there is a standard bifurcation at goni; that is, as |qan| increases, each
parabolic cycle of period 2n bifurcates into one repelling cycle of period 2n and
one attracting cycle of period 4n so that there is a bud component Qy4, off the root
component o, at 1.

PROOF. We first need to show that in either of the cases there are two attract-
ing petals at each point of the parabolic cycle.

In the first case, if n is even and the component is €, , then M (g}, i) = 1. By
proposition 7, if zg is a parabolic periodic point of ¢4, i tan z there must be exactly
two attracting petals at zg. This is proved by noting that each attracting petal
must contain the orbit of at least one asymptotic value and these orbits lie either
on the real or imaginary axes. Moreover, since the multiplier is positive, the orbits
of the two asymptotic values lie on opposite sides of the periodic point and the
attracting petals at the periodic points fall into two forward invariant cycles.

In the second case, if n is odd and the component is 25, the multiplier for each
cycle satisfies M(¢,,i) = —1. Again, applying proposition 7, if z is a parabolic
periodic point of go,itan z there must be exactly two attracting petals at zg. This
time, the argument proceeds by observing that since the multiplier is negative, the
orbit of exactly one of the asymptotic values, say g¢o,, lies on both sides of the
periodic point zp (and the orbit of the other value —gs, lies on both sides of —zy).

We now apply theorem 3 in each of these cases:

In the first case zg is a is a parabolic fixed point of (¢},,étan z)*". It is part
of a single parabolic cycle. In the perturbation, by theorem 3, (where we replace
n by 2n), if € < 0, the perturbed function belongs to 5, . For € > 0, however, zy
has become a repelling fixed point wy and two attracting fixed points ug and vg of
((1 + €)37 (g},,i tan z))*" have been created. We may assume these points are all
real and ug < wy < vg.

Suppose, for the sake of argument that the orbit of the asymptotic value ¢j,,
accumulated to zp in the attracting petal on the right and the orbit of —gj,, accu-
mulated to zg in the attracting petal on the the left. By continuity we deduce that
after the perturbation, the orbit of g, (1 + €)= accumulates to vy and the orbit of

)4n
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—¢h, (1 + e)ﬁ accumulates to ug. This implies that vy and ug belong to different
cycles, each of period 4n. Hence the bifurcation is non-standard and the perturbed
function belongs to a component €y,. (See also the proof of theorem 8.8 of [8].)

In the second case (gonitan z)?" has two distinct parabolic cycles of order 2n.
Let 2y be a parabolic fixed point on the real axis of (gg,itan 2)?" with multiplier
—1. We can apply theorem 3 with € < 0 to obtain a perturbed function inside Qs,,.

For ¢ > 0, we can again apply theorem 3, (again using 2n instead of n), to
the doubled iterate (gonitan z)*. The only differences in this case are first, that
Uk = Upin and second, that 27147 mod 4”,uk = —1. These two changes in sign
cancel each other out and the formula for By, _; remains the same.

As indicated in the remark above, zg has become a repelling fixed point wg and
two attracting fixed points ug and vg of ((qun(1+ €)274) tan 2)*™ have been created.
Again we may assume these points are all real and ug < wg < vg. In this case only
one of the asymptotic values, say g2, accumulates to zg; that is, both the right and
left attracting petals of zy contain points of the orbit of ¢o,, and neither contains
points of the orbit of —gs,. The orbit of —¢s, accumulates to —zg. Again, by
continuity we deduce that after the perturbation, the orbit of the new asymptotic
value gap,(1 + e)ﬁ accumulates to both the left side of ug and the right side of
vp so that both the new points belong to the same cycle of period 4n. The point
—wy is also a repelling periodic point and the points —ug, —vy belong to another
newly created attracting cycle. Thus the bifurcation in this case is standard and
the perturbed function belongs to a bud component 4, O

6. Applications

In order to apply our result to obtain the existence of an infinite cascade of
period doubling, and a Sharkovskii type ordering of the components we need some
notation. Although discussion here is for parameters on the upper imaginary axis,
iq,q > 0, by the symmetry of the parameter plane, we obtain results for the full
axis by reflection.

In the discussion below of the ordering of component pairs we will also care
about the order of the components in the pair. We will write (£2,, Q;)) if

sup |\ < inf A
AEQ,NS AEQ,NS
and (2, 9,) if
sup |A| < inf |A|
AeQLNS AEQ,NT

We order the component pairs intersecting the imaginary axis in terms of their

distance from the origin. We say (£,,€,) < (Qq4,)

- if both pairs intersect 3 and

sup Al < inf Al
AE(Q,UQ)NST AE(QqUQ )N T

- or both pairs intersect I~ and

sup A < inf [Al
AE(2,UQ)NS— AE(R24UQ )N

As our first application we obtain the existence of a period doubling cascade.
More precisely, if we denote the interval [i(F + k7),i(5 + (k + 1)7)] by I, we have
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THEOREM 5. If A\p = i(5 + km) then A\ is the virtual center of a component
pair (§25,82) and there exists a sequence of component pairs such that

(., D) < (U, ) < (s, ) < < (o, D) .

such that at each symbol <, the left component is a root and the right component a
bud. Moreover, these pairs accumulate to a point ¢*i with ¢* < (k+ 1)m.

PROOF. The existence of the pairs (Q},Qs) was proved in [8]. The standard
bifurcation at the real parabolic boundary point of {25 and the non-standard bifur-
cations at the real parabolic boundary points of the Q%., n > 2 exist by theorem 4.
The intersection of the closures of these components with & must be a closed in-
terval J. We know, however, that for (k + 1)mitan z, the asymptotic value lands
on a repelling fixed point, the origin. Thus the Julia set is the whole Riemann
sphere and this function cannot be in the interior or a boundary point of a hy-
perbolic component intersecting the imaginary axis. Therefore J C [Ag, (k + 1)7i]
and the component pairs in the cascade accumulate to some point ¢*i such that
Ak < ¢ < (k+ 1)mi. O

Theorem 7.2 of [8] says

THEOREM 6. There exist component pairs of every even period in every Iy.
Moreover, in each Iy, there are at least 2k(2k—1)""2 pairs (Qan, 25,,) (o1 (2, Q2n) ).
In fact, these are ordered inductively: to each of the perhaps more than 2k —1 pairs

of component pairs (Qan,Q5,) ( or (95,,Q2,)), there are at least 2k component

pairs (Ql2n+27 QQ’VH-Q) ( or (Q2n+25 Ql2n+2))
We can now strengthen this theorem as follows

THEOREM 7 (Sharkovskii ordering). There exist component pairs of every even
period in every Ip. Moreover, in each Iy there are exactly 2k(2k — 1)"~2 pairs
(Qan, Q) (or (,,,Q2,)). In fact, these are ordered inductively: to each of the
2k — 1 pairs of component pairs (Qan, 25,,) ( or (Q,,, Qa2y)), there are exactly 2k
component pairs (2, o, Vant2) (01 (Qont2, 25, 40)).

PROOF. The proof of theorem 6, is based on the proof of the existence of
standard and non-standard bifurcations at real parabolic points. This existence
was proved only under the assumption that the multiplier at the real parabolic
point was a monotonic function of the parameter. If this assumption were false,
extra components would exist. Using theorem 4 in the proof for the existence
of the bifurcations, we conclude these extra components do not exist. Hence the
inequalities become equalities. O
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