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Abstract

Let g, be a one-parameter family of one-dimensional maps with a cascade of
period doubling bifurcations. Between each of these bifurcations, a superstable
periodic orbit is known to exist. An example of such a family is the well-known
logistic map. In this paper we deal with the effect of a quasi-periodic perturbation
(with only one frequency) on this cascade. Let us call € the perturbing parameter. It
is known that, if € is small enough, the superstable periodic orbits of the unperturbed
map become attracting invariant curves (depending on « and ¢) of the perturbed
system. In this article we focus on the reducibility of these invariant curves.

The paper shows that, under generic conditions, there are both reducible and
non-reducible invariant curves depending on the values of & and €. The curves in
the space (a,¢) separating the reducible (or the non-reducible) regions are called
reducibility loss bifurcation curves. If the map satifies an extra condition (condition
satisfied by the quasi-periodically forced logistic map) then we show that, from
each superattracting point of the unperturbed map, two reducibility loss bifurcation
curves are born. This means that these curves are present for all the cascade.

1 Introduction

The results in this paper are motivated by the study of period doubling bifurcation cas-
cades of invariant curves in a family of autonomous 1D maps under a quasi-periodic
perturbation, which is one of the classical routes to chaos. In these maps, the unper-
turbed (autonomous) part has a period doubling bifurcation cascade and we focus on the
effect of the perturbation. Numerical experiments show that, for a fixed value of the per-
turbing parameter, these maps only have a finite cascade of period doubling bifurcations
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of invariant curves ([Kan83, Kan84]), and this seems related to the possible existence of
strange nonchaotic atractors (see [FKP06] and references therein). Our goal is to study
the dynamical properties of the invariant curves along the cascade.

1.1 Basic definitions and concepts

Let us start with some basic definitions and concepts. A quasi-periodically forced one
dimensional map is a map of the form

F: TxR — TxR
(+) = (as) )

where T=R/Z, f € C"(T x R,R) with r > 1 and w € T\ Q. A quasi-periodically forced
map determines a dynamical system on the cylinder, explicitly defined as

(2)

A continuous function u : T — R is an invariant curve of (2) if and only if u(0 + w) =
f(0,u(0)), for all § € T. The value w is known as the rotation number of the curve. An
equivalent way to define an invariant curve is to require the set {(0,z) € TxR | z = u(0)}
to be invariant by F', where F is the function defined by (1). On the other hand, note that
F™ is also a quasi-periodically forced map. The rotation number is said to be Diophantine
if there exist v > 0 and 7 > 1 such that

|qw—p\2l for all (p,q) € Z x Z\ {0}.

g™
Given a function u : T — R, we say that u is a n-periodic invariant curve of F if u is
invariant by F" (and there is no smaller n satisfying such condition).
Given x = ug(0) an invariant curve of (2) of class C" (r > 1), its linearized normal
behaviour is described by the following linear skew product:

~ oy } (3)

where a(0) = D, f(0,u0(0)) is of class C"™', x € R and 6 € T.
A linear skew product like (3) is called reducible if, and only if, there exists a change
of variable x = ¢(0)y, continuous with respect to 6, such that (3) becomes

= 0+w,
= by,
where b does not depend on #. The constant b is called the multiplier of the reduced

system. An invariant curve is called reducible if its linearized normal behaviour (3) is
reducible. An n-periodic invariant curve is reducible if it is reducible for F™.
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In the case that a(-) is a C*° function and w is Diophantine, the skew product (3) is
reducible if, and only if, a(-) has no zeros [JT08|. Due to this property, the reducibility
loss can be characterized as a codimension one bifurcation.

Let us consider a one-parametric family of linear skew-products

= 0+ w,
= a(f,p)z, } (4)

where w is Diophantine, ;1 belongs to an open set of R and a is a C'*° function of # and
p. We say that the system (4) undergoes a reducibility loss bifurcation at g if

8
|

1. a(-, 1) has no zeros for pu < po,

2. a(-, ) has a double zero at 0y for p = pyg,

3. %a(emﬂo) # 0.

On the other hand, consider a system like (2) with f a C'* function, which depends
(smoothly) on a one dimensional parameter ;1 (we denote this dependence as f = f,),
having an invariant curve u = u,. We will say that the invariant curve undergoes a
reducibility loss bifurcation if the family of linear skew-products (4), where a(f, ) =
D, f,.(0,u,(0)), undergoes a reducibility loss bifurcation. Note that the reducibility loss
takes place when the number of zeros of 6 — a(f, 1) goes from 0 to 2 when p crosses .

The number of zeros of a is invariant under linear changes of variables (for more details
see Section 3 in [JT08]).

Definition 1.1 For a given value of p, if the number of zeros (counting their multiplicity)
of 0 — a(0, ) is finite, this number is called degree of non-reducibility.

In what follows, we will refer to degree of non-reducibility simply as degree. Note that,
as a is C'*° and w is Diophantine, degree zero is equivalent to reducibility.
In this paper we focus on maps of the form

Foo.: TxR — TxR

(i) "~ (f(ee,zz,g)) (5)

where w is Diophantine, o and e are real parameters and f is of the form
fl,z,a,¢) = g(z,a) + eh(0, x, v, €),

where g and h are C'*° functions. The function g is assumed to have a cascade of period
doubling bifurcations. This means that we also have a sequence of superstable periodic
orbits. We recall that a superstable periodic orbit is a periodic orbit with a critical point,
i.e., a point with zero derivative.

If ¢ is an attracting fixed point of x — g(x, o) then for | — | and |e| small enough
there exists a unique invariant curve z = (6, o, ) of (5) such that it is smooth w.r.t. all
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its arguments and z(0, ap, 0) = ¢ for all € T (see Section 2 in [JT08]). Moreover, the
function

a(f,a,e) = g—i(&,x(&a,s),a,a),

describing the linearized normal behaviour around the invariant curve satisfies, for e = 0,
a(f, g, 0) = %(wo,ao). Hence, if %(mo,ao) # 0, the map 6 — a(f, «, ) has no zeros so
the curve is reducible. In general, if {%(mo, ap)| # 1 (i.e., the point is hyperbolic), the
implicit function theorem can be applied to prove the existence of an invariant curve close

to xq for « close to ag and ¢ close to 0.

1.2 Summary of results

One of the goals of this paper is to describe the reducibility of the invariant curves that
appear as a perturbation of a superstable fixed point. We have just mentioned that this
point can be continued to an invariant curve x = z(6,q,¢) for |a — ap| and |e| small
enough. However, the reducibility in this case is not clear: as a(f, o, 0) = 0 (for all ),
it is not immediate to predict in general the number of zeros of 8 — a(6, i, ¢) (note that
this can depend on the values of o and ).

In general, one should expect curves in the parameter space (a,e) where the degree
changes (these curves correspond to values of («,¢) for which 6 — a(6, o, ) has a double
zero). We will refer to them as curves of change of degree. Among them, the most
interesting ones are the curves corresponding to a transition between degree 0 (no zeros)
and degree two (two zeros): when w is Diophantine and a is C'*, this is a transition from
reducible to non-reducible. In this case, we will refer to these curves as reducibility loss
bifurcation curves. In this paper we prove, under very general conditions, the existence
of curves of change of degree.

Next, we focus on the application of the previous result to the superstable orbits that
appear along a cascade of period doubling bifurcations. The main difficulty is to check
the hypohteses for the iterated map F?". Here we give suitable conditions on F' such that
the hypotheses are satisfied by F?" (for all n) and for a set of full Lebesgue measure of
values of w. These results are illustrated with the quasi-periodically forced logistic map.

In previous works [JRT12, RJT13] we have considered the role of reducibility in the
behaviour of the period doubling cascade. The reason is that, while the bifurcations of
reducible curves are studied with very standard tools (they are similar to the bifurcations
of periodic orbits), the bifurcations of non-reducible curves are completely different. For
instance, in some situations a non-reducible invariant curve is destroyed giving rise to a
SNA or a chaotic attractor [GOPY84, PNRO1, FKP06]. Hence, it is natural to consider
the role of non-reducible curves in the finite character of the cascade.

In this paper we prove the existence of reducibility and non-reducibility regions near
values of the parameters for which there exist superstable periodic orbits.



2 Curves of change of degree

In the following theorem we deal with the existence of curves of change of degree. As
it has been mentioned before, when the maps are C*° and w is Diophantine, the curves
corresponding to a transition between degrees 0 and 2 are also reducibility loss bifurcation
curves.

Theorem 2.1 Consider the map
Foe: TxR — T xR
0 o 0+ w
x f0,z,a,e) )’
where w is 1rrational, o and € are real parameters, and f is of the form
fl,x,a,¢) = g(z,a) + eh(0, x,a, €),

where g and h are C" (r > 3). Moreover, for a = ay, g has a superattracting nondegen-
erate fived point at xo. In other words,

1. g([L‘O, Oéo) = X2y-

2. 8—x(l’0,040) =0
Pg g g
3. @(Io, Oéo) aa (ZL’(), CY()) + 81'804 (ZL'(), CY(]) 7é 0.
Let H be the function
0?g oh
0 — H(9> = h(& — W, Xo, O, O)@(:CO, Oéo) + %(9, X, X, 0)

Then, for each simple zero 0y of H'(0) and for |e| small enough, there exists a function
a = ale) such that a(0) = o and the curve (a(e),€) is a curve of change of degree for the
unique invariant curve x = z(0, a, €) obtained as the continuation of the invariant curve
2(0, g, 0) = xo. Moreover,
H(6o)
"0) = — . 6
O —T - )

@(Io, 040)8—&(%, ag) + Dr00 (o, ap)

Proof: Without loss of generality, we can assume that xqg = 0 and oy = 0. A straightfor-
ward application of the Implicit Function Theorem ensures that = = g(z, «) defines, for
|a| small, a function z = p(«) such that p(a) = g(p(a), ) and p(0) =0 (i.e., x = p(a) is
the curve of —attracting— fixed points of g w.r.t. the parameter o near v = 0). Moreover,
under these conditions it is known that there exists an invariant curve z = z(6, o, €) such
that z(0, «,0) = p(«).



Let us rescale the parameter o as a = ¢f. It is not difficult to see that z can be
written as

990,06 + 1~ .0,0,0)| < + O=2).

The linearized normal behaviour along this curve is described by a linear skew product

(4), where
af

ox

2(0,a,¢) =

a(f,5,¢) =
It is not difficult to see that

(0,2(0,eB,¢),e0,¢).

2
a(f,B,e) = [h(& wooo)22(0 0)+%

+(F20.020.0 + 72 0.0)) 8] e+ 0

(6,0,0,0)

The condition for a to gain (or lose) a zero in € is to have a double zero. Hence, we ask
for the conditions

8%g oh 8g. g 8%
h(0—,0.0,0)55 90,0+ %(e,o,o,ow(a (0, 0)a (0,0) + a33(,),@(0,0)) B+0(e) =
oh 8% 0%h
55(0 = ,0,0,0 5 90,0 + 555(6.0.0,0) + O(e) =

If Ay is a simple zero of the second equation and [, is given by

2
h(@o—w,OOO)ag(O 0)+@(90,000)
ﬁ(]:_ 82 8833 28
g
52 005, 0.0+ 5

Y

(0,0)

applying the Implicit Function Theorem we have that there exist functions 6 = 6(¢) and
B = B(e) such that 6(0) = by, 5(0) = [y and

for || small enough. [

2.1 A particular class of maps

We are interested in the application of these results to two paradigmatic examples: the
quasiperiodically forced logistic map,

8

= 04w
= ax(l —x)(1 4 ecos(2m0)) }’ (7)
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and the quasiperiodically driven logistic map,

0 = 0+w
T = ax(l—x)+¢ecos(2m0) } (8)

In both cases, w € T\ Q. Therefore, we rewrite the previous theorem for a more concrete
class of maps that includes these examples.

Corollary 2.1 Consider the map
Foo: TxR — T xR

0 . 0+ w
x fll,z,a,e) )’
where w 1s 1rrational, o and € are real parameters, and f is of the form
f(07x7 a7€> = g(x7a) +€h(07x7 a7€)7

where g and h are C™ (r > 3), g has a critical point xo that does not depend on «.
Moreover, xq is a fixed point for a = ag and h is of the form

h(0,x,a,¢) = ho(x, @) + he(z, @) cos 2m0 + hg(x, ) sin 270 + O(e).

More concretely, we ask for the conditions

dg 0%g
1. a(xg,a) =0, @(xo,a) #0, for all .
2. glwn,00) = 70, 22 (w0,00) # 0
- 9\ Zp, &g) = To, Dor Zo, g .
3 haan, 00| + 1, )] + 52 )| + |G )| 0.

Then, except may be for two values of w, there exist exactly two functions o = o™ (e) and
a = a(e), for || small enough, such that a*(0) = o and (a=(e), ) are curves of change
of degree between degrees 0 and 2.

Proof: As hypotheses 1, 2 and 3 of Theorem 2.1 can be easily checked, we only have to
look for the zeros of H'. So, as

2
HO) = [ho(xo, @) + he(wo, ap) cos 2w (0 — w) + hy(xg, ap) sin 27 (60 — w)] %(l’g, ap)
oh Oh, Ohs :
+8_x0(x0’ ap) + 8_x(x0’ ) cos 26 + a—x(xo, ap) sin 276,
we have that H'(6) = 2ma.(w) cos 210 + 2mas(w) sin 276, where
2
ac(w) = (he(xo, ) sin 2w + hy(xg, o) cos 2mw) @(:cg, ap) + 8—;<SL’0, ap),
as(w) = (—he(zo, ap) cos 2mw + hg(xg, ) sin 2 w)@(:c ap) —%(:c ap)
s = c\L0, Qo Q s\:Lo, o Wax20,0 O 100



The hypotheses of the theorem ensure that a.(w) and as(w) cannot be both zero except,
may be, for two values of w. Therefore, there exist two simple zeros of H'(f) and then
Theorem 2.1 implies the existence of two curves of change of degree. |

The two values of w excluded in the statement of Corollary 2.1 correspond to common
zeros of a.(w) and as(w). In a general example it is very unlikely to have values of w that
are, at the same time, zeros of a.(w) and as(w). For instance, the next result is valid for

allw e T\ Q.

Corollary 2.2 Fora=ay=2 and x = xg = %, both the quasi-periodically forced logistic
map (7) and the quasi-periodically driven logistic map (8) have two curves a™*(g), defined
in the parameter space (¢, ) for || small enough, such that

1. a®(0) = ap = 2.
2. These curves are curves of change of degree, between degree 0 and 2.
3. For the quasi-periodically forced logistic map (7), % T a®(0) = £2.

4. For the quasi-periodically driven logistic map (8), La*(0) = +4.

’da

2

Proof: To apply Corollary 2.1 we check that %(mo,ao) = 0, ng (0, n9) = —4 and

ga(xo,ao) = %. Moreover, 88 a=(x0,9) = 0. For the quasi-periodically forced logistic
map (7), we have that ho(zo, ag) = 0, he(xo, ap) = 5 and h, (a:o,ozo) = 0. Then, H(f) =
—2cos(2m(# — w)) and H' has the two zeros § = w and § = w + 3, and using (6) we
obtain iai(O) = £2. For the quasi-periodically driven logistic map (8), we have that
ho(xo,ao) =0, he(zo,0) = 1 and hs(zg,a9) = 0. Then, H(A) = —4 cos(27(0 — w)) and

H' has the two zeros # = w and § = w + 3, and using (6) we obtain £a*(0) =+4. H

We note that the values £a®(0) have been computed in [RJT13] by means of purely
numerical methods.

3 Cascades of reducibility loss bifurcation curves

In this section we focus on the effect of a quasi-periodic perturbation on the superstable
points that appear along a bifurcation cascade and, more concretely, on the reducibility
of the invariant curves that are born at these points as a response to the quasi-periodic
excitation. The main difficulty to apply the previous results to a superstable periodic
point is that the hypotheses have to be verified on F2_ (for all n).

Theorem 3.1 Consider the map

F,.:

)

— T x R
—

( 0+ w )
fl,z,a,e) )’



where w 1s 1rrational, o and € are real parameters, and f is of the form
fl,z,a,¢) = g(z,a) + eh(0, x, v, €),

where g and h are C" (r > 3), g is a unimodal map with a (unique) critical point xo that
does not depend on «, and h is of the form

h(0,z,a,€) = ho(z, &) + he(z, @) cos 2m0 + hy(x, ) sin 276 + O(e).

We assume that there is a sequence of values of the parameter {oy, }n>o such that, for each
n, g(-,a,) has a superattracting periodic orbit of period 2" (and not 2"~1). Let us write
gn to denote g*". More concretely, we ask for the conditions

dg g
1. %(:Eo,a) =0, @(xo,a) # 0, for all a.

Ign
2. gn(xo, ) = o, %(xg,an) # 0, for alln > 0.

3. |he(xo, an)| + |hs(zo, an)| # 0, for alln > 0.

Then, there exists a set Q C T\ Q such that, if w € ), for each n there exist exactly

two functions a = a;f (¢) and o = a, (), for |e| small enough (depending on n), such that

+

at(0) = o, and (aE(e),e) are curves of change of degree between degrees 0 and 2. The

set 0 is of full Lebesgue measure, more concretely the set (T \ Q) \ 0 is countable.

To prove the theorem we will show first (in Lemma 3.1) that if F, . has a special form
the result holds. The proof will be completed showing that the 2"-th iterate of the map
in the Theorem has this special form.

Lemma 3.1 Consider the map

Foe: TxR — T xR
0 . 0+ 2"w
T fll,z,a,e,w) )’
where w is 1rrational, o and € are real parameters, and f is of the form
fll0,z,a,e,w) = g(x,a) + eh(0, x,a,e,w),

where g and h are C" (r > 3), g has a critical point zo that does not depend on «, and h
15 of the form

h(0,z,a,e,w) = ho(x, a,w) + by o(z, a,w) cos 278 + hy, s(z, @, w) sin 270 + O(e),

where hg, hy. and h, s are trigonometric polynomials in w, satisfying
on_1
hpe(z, ,w) \ [+ ' , he(, o)
< e 0 w) ) = (b(x,oz)IJr Zl b;(x,oz)R;(—w)) ( ha(z,0) )
=

where I is the identity matriz and R;(p) is a rotation of angle 2mjp. Moreover, xq is a
nondegenerate critical point and fixed point for a = aq of the map g,
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2
g
(xo,) =0, @(:co,a) #0, for all a,

0
2. 9(1’0,040) = Xo, a—z(fb’o,ao) # 0,

99
ox

3. b(l’o,Oéo) ?é 0,
4 [he(wo, 0)| + (w0, 0)| # 0.

Then, except may be for a finite number of values of w, there exist exactly two functions
a=at(e) and a = a=(g), for |g| small enough, such that a*(0) = ag and (a*(e),€) are
curves of change of degree between degrees 0 and 2.

Proof: To apply Theorem 2.1 we have to construct the function H of its statement: in
this case, H reads as

H(0) = [ho(xo, ap, w) + hye(T0, g, w) cos 2m(0 — 2"w) + hy, (0, v, w) sin 2m(6 — 2"w)]

0? oh Ohu . n,s :
xa—ng(:cg, ap) + a—xo(a:o, ap, w) + 81:7 (o, v, w) cos 2wl + ax’ (w0, (g, w) sin 276,
We note that H' is of the form H'(0) = 2ma.(w) cos 2w + 2mas(w) sin 276, where
a.(w) B @(x o) sin 272"%w  cos 2m2"w hn.e(0, 0, w)
as(w) T 92V OV cos 22w sin 2727w hons (o, co, w)
Ohn.s
+ < e (w0, g, w) )
— 52 (@0, g, w)
To simplify the notation, we call S,,(¢) to the matrix
- sin 2mmep  cos 2mmyp
Smlp) = ( —cos2mmy  sin 2wmep ) ’
and note that Sy, (¢)Rm,(—¢) = Sm,—m,(¢). Hence,
ac(w) g — he(zo, )
() = Py [bm, WS (o) + 3 b ao>s2n_j<w>] (et )

+ ( Zhr;:,s (CC(), Qp, w) )

oz (ill'o,Oéo,(JJ)
As %(l‘o,ao) # 0, b(xg,p) # 0 and, at least, one of the values h,(z, ag), he(wo, )

is not identically zero, then a.(w) and as(w) cannot be both identically zero. As they
are trigonometric polynomials of degree 2" in w, they can only have a finite number of
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simultaneous zeros. To end the proof, note that this implies that H'(f) has two simple
zeros except, may be, for a finite number of values of w. [

Proof of Theorem 3.1: It is enough to prove that, for each n, the number of values of
w for which the functions aif do not exists is, at most, finite. For the case n = 0, this
follows from Corollary 2.1.

For n > 0, we use the following notation,

F2: TxR — TxR
0 o 64 2w
T fu(0,z,08) )

fn(07 x? a? 8’ w) = gn(x7 a) +6hn(97$7 a’ €7w)7
ho(0,2,0,6,w) = hyo(x,0,w) + hyo(x, 0,w) cos 2m0 + hy, o(z, o, w) sin 276 + O(e),

It is not difficult to see that

where

(o)) - (oo s Bsomin) (123

I is the identity matrix, R;(¢p) is a rotation of angle 27wjy and

1:[ i (9;(z, ), ).
a J
=0
It is clear that b, (0, ;) # 0. Then, by Lemma 3.1 we obtain the result. |

Corollary 3.1 In the situation of the previous Theorem, if F, . is C*°, there exists a set
© C T\ Q of full Lebesgue measure such that, if w € O, for each n there exist exactly two
functions o = ot (e) and o = o, (€), for |e| small enough (depending on n), such that
a(0) = a,, and (a(g),e) are reducibility loss bifurcation curves. The set © is a subset
of the Diophantine numbers.

The set © in the corollary appears due to two facts. The first is the equivalence
bewteen reducibility and degree zero when the map is €' and w is Diophantine. The
second fact is that this set of Diophantine frequencies has to be intersected with the set
2 in Theorem 3.1 to obtain ©. Note that © also has full Lebesgue measure.

References

[FKP06] U. Feudel, S. Kuznetsov, and A. Pikovsky. Strange nonchaotic attractors,
volume 56 of World Scientific Series on Nonlinear Science. Series A: Mono-
graphs and Treatises. World Scientific Publishing Co. Pte. Ltd., Hackensack,
NJ, 2006.

11



[GOPY84] C. Grebogi, E. Ott, S. Pelikan, and J.A. Yorke. Strange attractors that are

[JRT12]

[JT08]

[Kan83
[Kan84]

[PNRO1]

[RIT13]

not chaotic. Phys. D, 13(1-2):261-268, 1984.

A. Jorba, P. Rabassa, and J.C. Tatjer. Period doubling and reducibility in
the quasi-periodically forced logistic map. Discrete Contin. Dyn. Syst. Ser.
B, 17(5):1507-1535, 2012.

A. Jorba and J.C. Tatjer. A mechanism for the fractalization of invariant
curves in quasi-periodically forced 1-D maps. Discrete Contin. Dyn. Syst.
Ser. B, 10(2-3):537-567, 2008.

K. Kaneko. Doubling of torus. Progr. Theoret. Phys., 69(6):1806-1810, 1983.

K. Kaneko. Oscillation and doubling of torus. Progr. Theoret. Phys.,
72(2):202-215, 1984.

A. Prasad, S.S. Negi, and R. Ramaswamy. Strange nonchaotic attractors.
Internat. J. Bifur. Chaos Appl. Sci. Engrg., 11(2):291-309, 2001.

P. Rabassa, A. Jorba, and J.C. Tatjer. A numerical study of universality
and self-similarity in some families of forced logistic maps. Internat. J. Bifur.
Chaos Appl. Sci. Engrg., 2013. (to appear).

12



