PMA324 Chaos 2009-10
Question Sheet 1

To be handed in on Thursday 8 October.

. Sketch the graphs of the following functions of x: 2sin(2sinx), cos(cosx), 1 — (1 —22)2, 1 — (1 —
(1—22)?)2. (Only sketch graphs are required. Use the fact that these are iterative powers of easy
functions to think out, directly, how they vary as x runs from —oo to +oo. Please do not use
graphics calculators/MAPLE.)

. Let X be the four-point set {0, 1,2,3} and define f : X — X by f(0) =1, f(1) =2, f(2) = 3,
f(3) = 0. Show that 0 is periodic for each of the functions f, f2, f2 and f*, and find its order
(i.e. least period) in each case.

. As in the lectures, let S' = {z € C: |2|] = 1} and let f : S' — S! be defined by f(z) = 22
(z € SY). Using the characterization of periodic points of period n given in the lectures, list
the periodic points of order n for n = 1,2,3,4. How many periodic points of orders 6 and 8 are
there?

For each n, the set of all periodic points of order n is a disjoint union of orbits. List the orbits
for the periodic points you have found above for n = 1,2, 3, 4.

. Let f: X — X be any mapping on a set X. Suppose that p € X is a periodic point of order a
for f and that n is a positive integer. Show that p is periodic for f™ of period r if and only if nr is
a common multiple of a and n. Deduce that p is periodic for f™ with order a/(a,n) where (a,n)
denotes the highest common factor of a and n. (Remember that the lowest common multiple of
a and n is an/(a,n).)



PMA324 Chaos 2009-10
Question Sheet 1: Solutions

1. Sketch the graphs of the following functions of z: 2sin(2sinz), cos(cosz), 1 — (1 —z%)%, 1 — (1 —
(1—a?)?)2.

This will be discussed in lectures using Maple.

2. Let X be the four-point set {0,1,2,3} and define f : X — X by f(0) = 1, f(1) = 2,f(2) =
3, f(3) = 0. Show that 0 is periodic for each of the functions f, f2, f> and f*, and find its order
(i.e. least period) in each case. We have f(0) = 1, f2(0) = 2, f3(0) = 0, f4(0) = 0, so 0 is periodic
of order 4 for f and is a fixed point (periodic point, order 1) for f*. Moreover, f2(0) = 2, f(0) = 0,
so 0 is periodic of order 2 for f2. For f3, we have f3(0) = 3, f6(0) = 2, f2(0) = 1, f12(0) = 0, so
0 is periodic of order 4 for f3.

3. As in the lectures, let St = {z € C: |z| = 1} and let f : St — S* be defined by f(z) = 2% (z € S1).
Using the characterization of periodic points of period n given in the lectures, list the periodic
points of order n for n =1,2,3,4. How many periodic points of orders 6 and 8 are there?

For each n, the set of all periodic points of order n is a disjoint union of orbits. List the orbits
for the periodic points you have found above for n =1,2,3,4.

The periodic points of period n are the (2" — 1)th roots of unity:

ki
exp<2n7_ml> (k=0,1,2,...,2" —2).

n = 1 There is just one fixed point, namely z = 1: its orbit is just a single point {1}.

n = 2 There are 22 — 1 = 3 periodic points of period 2, namely

I eXp(Zm’) exp <4m’)
v 3 )7 3 )

Of these, only the point 1 is fixed; the remaining points,

Z = exp (27”) exp (47TZ>
- 3 ) 3 )

are of order 2. These points are in orbits of size 2, so we have a single orbit

(o () ()}

n = 3 There are 22 — 1 = 7 periodic points of period 3, namely

21 exp<27ri> exp (471'1') eXp(Gﬂ'i) eXp(Sﬂ'i) eXp(lOﬂ'i) eXp(l?m’)
T 7 ) 7 ) 7 ) 7 ) 7 ) 7 )

Of these, only the point 1 is fixed; the remaining points,

e (Y e (4T e (5 e (577 ey (107 12ri
z=exp| — | exp | — |.exp | — J,exp | — Jexp | —— |, exp | —— |.

are of order 3. These points are in orbits of size 3. We trace the action of f on these points

and find that,
o 21 . 411 . 8mi . 271
— | = — | — — | — —
XPp 7 Xp - Xp 7 Xp 7 )




so we have an orbit

o (5 o (5 o (5}

Likewise (or just because it’s all that’s left), the other orbit is

671 1274 107
exp 7 , €XP T , €XP 7 .

n = 4 There are 2* — 1 = 15 periodic points of period 4, namely
z=1,exp (271'2) , €Xp (47”) , €Xp (271'2) , €Xp <8m> ,
15 15 5 15
27 47 147 16me 6
exp (3) , €XP <5> , €XP (15) , €Xp (15> , eXp (5> ,
47 22 8mi 267 287i
e () e (22 (3 e (85 cxp (2.

Of these, only the point 1 is fixed, and the points

(27ri> <47Ti>
z=exp| — |,exp| — |,
3 3

are of order 2. The remaining 12 points fit into 3 disjoint orbits, each or size 4, as follows

271 4 8mi 1672
o (55) o0 (55) o () o0 (55) )
671 127 2479 671
o (5 ) o (55) o0 (55 o (5) 1
147 2871 2671 2271
o (55) o (557 o (57 o0 (557 -

n = 6 There are 26 — 1 = 63 periodic points of period 6. Of these, 1 is fixed, 2 are of order 2,
and 6 are of order 3. That leaves 54 of order 6, which split into 9 disjoint orbits.

n = 8 There are 28 — 1 = 255 periodic points of period 8. Of these, 1 is fixed, 2 are of order 2,
and 12 are of order 4. That leaves 240 of order 8, which split into 30 disjoint orbits.

4. Let f : X — X be any mapping on a set X. Suppose that p € X is a periodic point of order a
for f and that n is a positive integer. Show that p is periodic for f™ of period v if and only if nr is
a common multiple of a and n. Deduce that p is periodic for f™ with order a/(a,n) where (a,n)
denotes the highest common factor of a and n. (Remember that the lowest common multiple of a
and n is an/(a,n).)
We have

(f")"(p)=p

") =p

p periodic for f period nr

p periodic for f™ period r <
<
—
<= nris a multiple of a.

Since nr is already a multiple of n, the last line is equivalent to nr being a common multiple of a

and n.

Thus p is a periodic point for f™. Its periods are the r such that nr is a common multiple of a
and n. Its order is the least such r. Now all the common multiples of a and n are of the form nr
for some r, so the order of p for f™ is the r such that nr is the least common multiple of a and n.
Thus

order = an/(a,n) ——
n (a,n)




PMA324 Chaos 2009-10
Question Sheet 2

To be handed in on Thursday 15 October.

1. Let f: X — X be a continuous function on a set X C R.

(a) Show that the set Fix(f) of all fixed points of f is closed. (Recall that a set S C R"™ is closed
if and only if every sequence in S that converges to a point in R™ has its limit in S.)

(b) Hence, or otherwise, show that, for each positive integer n, the set Per, (f) of all periodic
points of period n is closed. (You may use without proof the fact that the composition f o g
of two continuous functions is necessarily continuous.)

(¢) By considering the function f : R — R defined by f(z) = —z, or otherwise, show that it is
not necessarily true that the set of periodic points of order n is closed.

(d) Show that, for a continuous f : X — X, if the orders of the periodic points of f are all
less than or equal to some fixed number K, then the set Per(f) of all periodic points of f is
closed. You may use without proof the fact that finite unions of closed sets are necessarily
closed.

2. Give an example of a set X C R” for some n and a continuous function f : X — X such that
Per(f) is not closed.



PMA324 Chaos 2009-10
Question Sheet 2: Solutions

1. Let f : X — X be a continuous function on a set X C R.

(a)

Show that the set Fiz(f) of all fixed points of f is closed.

Let (x,) be a sequence of fixed points of f with x,, — . We must show that z is a fixed
point of f. Since f is continuous, f(z,) — f(z). Therefore x,, = f(z,,) — f(z) and z,, — x.
Hence f(z) = z;i.e. x is a fixed point of f.

Hence, or otherwise, show that, for each positive integer n, the set Per,(f) of all periodic
points of period n is closed. (You may use without proof the fact that the composition f o g
of two continuous functions is necessarily continuous.)

Since f is continuous and compositions of continuous functions are continuous, the nth
iterative power f" is continuous. Now Per, (f) = Fix(f"), so the result just proved, applied
to f™ in place of f, shows that Per, (f) is closed.

By considering the function f : R — R defined by f(x) = —x, or otherwise, show that it is
not necessarily true that the set of periodic points of order n is closed.

For the function f: R — R given by f(x) = —z, the point 0 is fixed and all other points are
periodic of order 2. Thus the set of points periodic of order 2 is R \ {0}, which is not closed
in R.

Show that, for a continuous f : X — X, if the orders of the periodic points of f are all
less than or equal to some fized number K, then the set Per(f) of all periodic points of f is
closed. You may use without proof the fact that finite unions of closed sets are mecessarily
closed.

We have

K
Per(f) = U Per,,(f),

so Per(f) is a finite union of closed sets and is therefore closed.

Alternatively, we may observe that

Per(f) = Perki(f),

because K is a multiple of every number less than or equal to K Therefore Per(f) is closed.

2. Give an example of a set X C R™ for some n and a continuous function f : X — X such that
Per(f) is not closed.

Example 1.7 in the notes (the function f : S' — S! given by f(f) = 26 (mod 27) provides a
suitable example. We have already observed that Per(f) is dense in S' and that not every point
of St is periodic (some, such as § = 7 are eventually periodic but not periodic). These two facts
imply that Per(f) is not closed.



PMA324 Chaos 2009-10
Question Sheet 3

To be handed in on Thursday 22 October.

1. For each of the following functions, use a calculator to iterate the function from a (small) selection
of initial values. Use graphical iteration, again from a small selection of initial values, to illustrate
the dynamics of the function. Proofs are not required — the idea is to get the ‘feel’ of graphical
iteration. (Remember to have your calculator in radians mode.)

(a) C(x) = cos(z), (b) S(z) =sin(z), (c) E(z) =¢% (d) F(z)=¢"""', (e) F(z) = arctan(z).

2. For each of the following functions f, find all the fixed points and classify them as attracting,
repelling or non-hyperbolic.

_ 3 _ 1.
(a) flzx) =" —gx;
(b) f(z) =23 — .
3. Prove Theorem (4.6): that if p is a repelling fixed point of a continuously differentiable function

f:R =R, (ie. |f'(p)| > 1), then there is an open interval U = (p — J,p + §) such that, for every
x € U\ {p}, there is a positive integer n such that f"(z) ¢ U.



PMA324 Chaos 2009-10
Question Sheet 3: Solutions

1. For each of the following functions, use a calculator to iterate the function from a (small) selection
of initial values. Use graphical iteration, again from a small selection of initial values, to illustrate
the dynamics of the function. Proofs are not required. (Remember to have your calculator in
radians mode.)

(a) C(x) = cos(x), (b)S(x)=sin(z), (c)E(zx)=e", (d)F(x)=e""", (e)F(z)= arctan(x).

The graphical iterations are given on a separate sheet. Note that for the functions C, S and A,
the first application of the function produces a value in [—1,1]. Thereafter, in the cases of S and
A, subsequent iterations converge to the fixed point 0 from above or from below. In the case of
C, the second iteration produces a value in [0, 1]; subsequent iterations converge to a fixed point
0.739... alternating above and below. The function E has no fixed points: from all initial values,
iterates tend to +o00. The function F' has a fixed point 1: from initial values less than or equal
to 1, iterates converge upwards to 1; from initial values greater than 1, iterates tend to 4oc0.

2. For each of the following functions f, find all the fixed points and classify them as attracting,
repelling or non-hyperbolic.

(a) flz) =2~ gu;
Solving = = 3 — %x, we find the fixed points at x = 0, +/10/3. Since f’(z) = 322 — %,
we have: f/(0) = —35, making 0 attractive; f(+v/10/3) = 29/9, making the points +v/10/3
both repelling.

(b) f() =" — .
The fixed points are at x = 0, +v/2, f'(0) = —1, making 0 non-hyperbolic, and f’(£v/2) = 5,
making the points ++v/2 both repelling.

3. Prove Theorem (4.6): that if p is a repelling fixed point of a continuously differentiable function
f:R =R, (ie |f'(p)] > 1), then there is an open interval U = (p — §, p+ 9) such that, for every
x € U\ {p}, there is a positive integer n such that f™(z) ¢ U.

Suppose that p is a fixed point of f and |f/(p)] > 1. Let k = (1+|f'(p)])/2 and e = (|f'(p)| —1)/2.

Since f’ is continuous, |f’| is continuous, so there exists & > 0 such that

L<k=|f'(p)l —e </ WI<If()+e

forally € (p —d0,p+ 9).
By the Mean Value Theorem, if 0 < |x — p| < d, then there exists y between = and p such that

IC*p _f/(y)7
" F@) = @) .
R RO
Thus
|f(x) = f(p)| = klz —p|  (x€(p—3d,p+9)),
iLe. |f(z) —p|l Z klz—p]  (z€(p—90,p+0)).

So,if x € (p—0,p+9) and |f(x) — p| <4, then

[f2(2) = pl > Kl f(z) — pl = K|z — pl;



et cetera. Thus we have
|f"(x) = p| = k"2 —pl,
provided that
z, f(x), (@), ") € (p = 6,p +9).

Since k > 1, if 2 # p then k" |z — p| — oo as n — co. Consequently, there must exist n such that
f™(x) ¢ U. This is the desired result.

PMA324 Chaos 2009-10
Question Sheet 4

Not to be handed in. Solutions will be posted on Thursday 29 October.

1. Let f : R — R be defined by f(z) = 22® — 2% — 2 + 1, find all the fixed points and classify them
as attracting, repelling or non-hyperbolic.

2. By definition, a periodic point p of a function f is hyperbolic if and only if |(f™)'(p)| # 1 where m
is the order of p for f. Show that this is equivalent to requiring |(f*)'(p)| # 1 where M is any
period of p for f;i.e. that p be a hyperbolic fixed point of fM. (Hint: use the ‘Note’ in lectures
about derivatives of iterates.)

3. Show that, if p is a hyperbolic fixed point of a continuously differentiable function f : R — R,
then there is an interval (p — e,p + €) about p which contains no other fixed points of f; i.e.
the hyperbolic fixed points are isolated. Deduce that if f has no periodic points of order greater
than N, for some finite N, then, for every hyperbolic periodic point p of f, there is an interval
(p — €,p + &) about p which contains no other periodic points of f; i.e. the hyperbolic periodic
points of f are isolated. (Hint: find a common period for all the periodic points of f and use
question 2).



PMA324 Chaos 2009-10
Question Sheet 4: Solutions

1. Let f : R — R be defined by f(x) = 2% —2? —x + 1, find all the fized points and classify them as

attracting, repelling or non-hyperbolic.

To find the fixed points, we solve f(x) —x = 0, i.e. the cubic 223 — 2% — 22 + 1 = 0. The roots
are © = +1,—1,1/2. Then f'(z) = 62% — 2z — 1, so f'(1) = 3, f/(-=1) = 7 and f'(1/2) = —1/2.
Therefore +1 and —1 are repelling and 1/2 is attracting.

. By definition, a periodic point p of a function f is hyperbolic if and only if |(f™)'(p)| # 1 where m
is the order of p for f. Show that this is equivalent to requiring |(f™)'(p)| # 1 where M is any
period of p for f;i.e. that p be a hyperbolic fixed point of f». (Hint: use the ‘Note’ in lectures
about derivatives of iterates.)

Following the ‘Note’: if p is periodic for f, order m, and M = km is some period, then, by the
Chain Rule,

FUMp) (F1Y ()

FUM ) M2 0)) (P2 (p)

F UM ) £ M2 W) (FP) £ (D)
= (') f'Pir) - [ (02) f < ok
(™ )"

where {p1,p2,...,Dm} is the orbit of p. Hence |(fM)'(p)| # 1 if and only if |(f™) (p)| # 1.

() (p)

. Show that, if p is a hyperbolic fixed point of a continuously differentiable function f : R — R,
then there is an interval (p — €,p + €) about p which contains no other fixed points of f; i.e. the
hyperbolic fixed points are isolated.

Suppose the desired conclusion is false; suppose that for every € > 0 there is a point g € (p—e,p+
e) \ {p} with f(¢) = q. Then, by the Mean Value Theorem, there exists z € (p,q), (or = € (¢, p)

if ¢ < p) such that
flo—fp) _a-p

q—p q—p
Thus, for all € > 0, there is a point « € (p —&,p + €) with f/(z) = 1. Since f’ is continuous, it
follows that f’(p) = 1, contradicting the hypothesis that p is hyperbolic.

fl(x) = =1.

Alternatively, one may argue that if p is hyperbolic, then p is either attracting or repelling. If p
is attracting, then there exists ¢ > 0 such that, for every © € (p—¢,p+e¢), f*(z) > p asn — oo.
Thus there can be no fixed points in (p — &,p + ¢) \ {p}. Likewise, if p is repelling, then there
exists € > 0 such that, for every z € (p —e,p+¢) \ {p}, f"(z) € (p — €,p + ¢) for some n. Thus,
again, there can be no fixed points in (p —e,p+¢) \ {p}.

Deduce that if f has no periodic points of order greater than N, for some finite N, then, for every
hyperbolic periodic point p of f, there is an interval (p —e,p+€) about p which contains no other
periodic points of f; i.e. the hyperbolic periodic points of f are isolated. (Hint: find a common
period for all the periodic points of f and use question 2).

If f has no periodic points of order greater than N, then M = N! is a period of all the periodic
points of f. Thus, the periodic points of f are just the fixed points of f*. By question 2 the
hyperbolic periodic points of f are just the hyperbolic fixed points of f». The result follows by
applying the first part of the question to f*.



PMA324 Chaos 2009-10
Question Sheet 5

Not to be handed in. Solutions will be posted on Thursday 5 November.

1. For x> 0, let g, : R — R be defined by

I

9ulr) = T

Show that g, has one and only one fixed point p. (You will find that p is given, in terms of pu,
by a certain cubic equation. Fortunately, this question can be done without solving that cubic.
Alternatively, use MAPLE.)

Show that p is attracting for p < 2, non-hyperbolic for ;. = 2 and repelling for p > 2.

2. Show that the value of ;1 beyond which the 2-cycle for F, born at u = 3 is repelling (i.e. the next
bifurcation point beyond 3) is 1 4+ v/6.

(This question is messy because it involves computing
(F2)'(q) = (F)(r) = Fl(a)F,(r),

where ¢, r are two of the roots of the quartic Flf (z) = x, the other two being 0 and p = (u—1)/p.
Since you know two roots of this quartic, it is not too difficult to solve it; but it is neater to get
at sums and products of roots and solve the whole problem without ever finding ¢, r themselves.
Alternatively, use MAPLE.)

What is special about the parameter value = 1 + v/5?



PMA324 Chaos 2009-10
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1. For >0, let g, : R — R be defined by g,(x) = p/(1 + x2). Show that g, has one and only one
fized point p. (You will find that p is given, in terms of u, by a certain cubic equation. Fortunately,
this question can be done without solving that cubic.)

Show that p is attracting for p < 2, non-hyperbolic for = 2 and repelling for pu > 2.
Here is the manual solution; a MAPLE solution will be posted on the course web page.
A point p is a fixed point of g,, if and only if

1

p:ﬁpz’

i.e.
P’ +p=p. (1)

This is a non-trivial cubic and so has at least one real root. To see that it has only one, we observe
that p3 + p is a strictly increasing function of p and so can take the value y at most once. Note
that, since 2 + 2 is increasing and is zero and at = 0, we have 4 >0 = p > 0.

To test whether p is attracting or repelling, we must look at |g;,(p)|. Differentiating g,,, we obtain

g/ (p) — _2/*617 — _2p2
g (1+p?)?2  (1+p?)

on substituting for p from (1). Therefore

2p2

s — <1
(1+p?)

& 2p? < (1+p?)

&

p <1, since p > 0,

p is attracting

&S p<2

The conditions for p to be repelling and non-hyperbolic follow by changing < to > and =, respec-
tively.

2. Show that the value of pu beyond which the 2-cycle for F,, born at p = 3 is repelling (i.e. the next
bifurcation point beyond 3) is 1 + /6.

(This question is messy because it involves computing
2\/ _ 2\/ _ / /
(Fp,) (q) - (FM) (T) - FM(Q)FM(T)’

where q,r are two of the roots of the quartic Fi(m) =z, the other two being 0 and p = (u—1)/p.
Since you know two roots of this quartic, it is not too difficult to solve it; but it is neater to get at
sums and products of roots and solve the whole problem without ever finding q,r themselves.)

What is special about the parameter value =1+ /57
Again, this is the manual solution; a MAPLE solution will be posted on the course web page.

The fixed points of F}, are 0 and p = (1 —1)/p. These are therefore two of the fixed points of F;.
Let the other two be ¢,7. Then 0, p, g, are the roots of the quartic Fi(m) = x. Writing out this
quartic, it becomes
el —x)(1 - pz(l - x)) =z,
ie.
pirt —2p323 + 2 (14 p)a? + (1 — )z = 0.



Therefore the cubic

1 1-—
m3—2x2+ﬂx+ K
I

has roots p,q,r. Therefore p+q+r=2,80q+r=2—p= (u+1)/p, and pgr = —(1 — p?)/u?,
so qr = (1+p)/p’.
By the Chain Rule,

11
S (1—z“++4 j:“)
) M

= —pu*+2u+4.

Elementary calculations show that the quadratic —u? + 2u + 4 is a decreasing function of j for
= 1 and that, within this region,

1 at p=3

2

— 2 4=

o {—1 at u =1+ 6.

It follows that ¢, r are attracting periodic points of F), for 3 < u <1+ V6 and repelling periodic
points for > 1+ V6.

When g =14 /5,
(F2)(p) = (F)'(q) = —p*+2u+4=0.

The 2-cycle is superattracting.



PMA324 Chaos 2009-10
Question Sheet 6

To be handed in on Thursday 12 November.

. Using the Intermediate Value Theorem, show that if f : R — R is a continuous function with a
periodic point, then f has a fixed point.

. The ‘doubling construction’.
Given a continuous function f : [0,1] — [0, 1] we define the double F of f by

241fB32) (0O<z<)
Fz)={ az+p (3<z<?)
x—% (§<x<1)7

where the constants «, 3 are chosen to make F continuous at 1/3 and 2/3.
(a) Draw sketch graphs of a typical f (draw a random squiggle) and the corresponding F to
illustrate this construction.
(b) Show that F' has a fixed point in the interval (1/3,2/3). Call it x9. By observing that

[F(z) —wo| = 2|z — x| (x€(1/3,2/3)),

or otherwise, prove that F' has no periodic points in (1/3,2/3) except zg.
(¢) Show that there are no periodic points of odd order in [0,1/3] U [2/3,1].

(d) Show that if p € [0, 1] is a periodic point of order n for f, then the points p/3 and (p +2)/3
are periodic of order 2n for F.

(e) Show that all the periodic points of F in [0,1/3] U [2/3,1] are of the above form.

To summarize: you have shown that the orders of the periodic points of F' are twice the orders of
the periodic points of f, together with 1.

. Find a continuous function f : [0,1] — [0, 1] with at least one fixed point, but no periodic points
of order greater than 1. Using the doubling construction, deduce that, for every n > 0, there is a
continuous function F,, : [0, 1] — [0, 1] with at least one periodic point of order 2", but no periodic
points of orders other than 1,2,4,8,...,2".
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1. Using the Intermediate Value Theorem, show that if f : R — R is a continuous function with a
periodic point, then f has a fized point.

If f(x) > x for all o, then for every p € R the sequence p, f(p), f2(p), ... is strictly increasing, so
we cannot have f"(p) = p with n > 1; p cannot be periodic. Likewise, if f(z) < « for all z, then f
has no periodic points. Therefore, if f has a periodic point, then there must exist z,y such that
f(z) <z and f(y) <y;ie f(x)—xz<0and f(y) —y > 0. By the Intermediate Value Theorem,
there is a point p between x and y with f(p) —p = 0; i.e. p is a fixed point of f.

2. Given a continuous function f :[0,1] — [0,1] we define the double F' of f by

345G (0<a<y)

azr + 3 (3<z<?2)

xf% (%gxgl),

F(x)

where the constants a, B are chosen to make F continuous at 1/8 and 2/3.

(a) Draw sketch graphs of a typical f and the corresponding F to illustrate this construction.

1l : 1

0 1 0

(b) Show that F has a fized point in the interval (1/3,2/3). Call it xg. By observing that
|F(z) — zo| = 2|z — x0] (x €(1/3,2/3)),

or otherwise, prove that F' has no periodic points in (1/8,2/3) except xq.
The function F' is continuous in [1/3,2/3] and
1 1 1 2 2

F(f)_7>7>o>—7=F(§)_§.

By the Intermediate Value Theorem, F(z) — z has a zero in (1/3,2/3); i.e. F has a fixed
point, zq, say.
In (1/3,2/3), F has the form F(x) = az + 5. We have

1 1.2
> = F(z =z o
g +s (3) =3
2 2

2 - F(5 =
3a+ﬁ (3) 0

Hence a < —2. Writing F' in the form

F(z) = xo + a(z — zo) (



we see that,
[F(x) — ol = laf |z — mo| = 2]z —xo|
Repeated application of this shows that, for z € (1/3,2/3),
|F"(x) — xo| = 2" |x — o],

provided F(z),..., F"~Y(z) € (1/3,2/3). It follows that, for x € (1/3,2/3)\{z¢}, the iterates
F™(z) eventually leave (1/3,2/3). Since F maps [0,1/3]U[2/3,1] into itself, the iterates can
never return to (1/3,2/3) having once left it. Therefore, no such 2 can be periodic.

(c) Show that there are no periodic points of odd order in [0,1/3] U[2/3,1].
Since F : [0,1/3] — [2/3,1] and F : [2/3,1] — [0,1/3], we see that if n is odd then F™ :
[0,1/3] — [2/3,1] and F™ : [2/3,1] — [0,1/3]. Therefore F™ has no fixed points in [0,1/3] U
[2/3,1]; hence F' has no periodic points of odd order in this set.

(d) Show that if p € [0,1] is a periodic point of order n for f, then the points p/3 and (p+2)/3
are periodic of order 2n for F.
If p € [0,1], then (p +2)/3 € [2/3,1] and

F(lp+2)/3) = p/3,
F(p/3) = (fp)+2)/3.

Hence

F*((p+2)/3) = (f*p)+2)/3,
F*(p/3) = fp)/3. (1)

Thus, if p is periodic of period k for f, then p/3 and (p + 2)/3 are periodic of period 2k
for F, and if either p/3 or (p + 2)/3 is periodic of period 2k for F', then p is periodic of
period k for f.

If, now, p is periodic of order n for f, then p/3 and (p+ 2)/3 are periodic of period 2n for
F and if either had a smaller order, say 2m < 2n, (it has to be even, by the previous part),
then p would have period m < n for f, contradicting the assumption that n is the order of p.

(e) Show that all the periodic points of F in [0,1/3] U [2/3,1] are of the above form.
If ©/3 € [0,1/3] or (z+2)/3 € [2/3,1] is periodic, then its order must be even and so, by
(1), x is periodic for f and so these points are of the above form.

3. Find a continuous function f : [0,1] — [0,1] with at least one fixed point, but no periodic points
of order greater than 1. Using the doubling construction, deduce that, for every n > 0, there is a
continuous function F, : [0,1] — [0, 1] with at least one periodic point of order 2™, but no periodic
points of orders other than 1,2,4,8,...,2".

The function f(z) = x has every point fixed and therefore no periodic points of higher order.

Defining Fy = f starts an inductive construction of the desired functions F,. Given F,, with a
periodic point of order 2™ but none of orders other than 1,2,4,8,...,2™ we define F, 11 to be
the double of F;,. Then F,,; has a periodic point of order 2"*!, but none of orders other than
2,4,8,...,2" and 1.

NOTE: in order to get a similar example g with g : R — R it suffices to take f as above and
define
f(0), =<0
g(x) =4 f(z), 0<z<1;
f, z=z>1
Because g maps R — [0,1] and [0,1] — [0, 1], iterates of a point outside [0,1] go into [0,1] and
remain there, so points outside [0, 1] can never be periodic. Inside [0,1], g"(z) = f™(x) for all n,
so g has the same periodic points as f, with the same orders. Therefore g : R — R has precisely
the same set of orders of periodic points as f : [0,1] — [0, 1].
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Not to be handed in. Solutions will be posted on Wednesday 25 November.

1. Show that there is a continuous function f : R — R with a periodic point of order 7 and no
periodic points of order 5. (Hint: make f(0) = 3, f(1) = 6, f(2) = 5, f(3) = 4, f(4) = 2,
f(5)=1, f(6) =0.)

2. Show that there is an everywhere differentiable function f : R — R which has a periodic point
of order 5, but no periodic points of order 3. You need not define the function explicitly, but
you should explain how it is constructed. It will be a smoothed version of the example given in
lectures, but you need to specify what properties are preserved in the smoothing in order that the
proof still works.
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1. Show that there is a continuous function f : R — R with a periodic point of order 7 and no
periodic points of order 5. (Hint: make f(0) = 3, f(1) = 6, f(2) =5, f(3) =4, f(4) = 2,
f(6)=1, f(6)=0.)

Let f: R — R be defined as suggested, with f linear between the points 0,1,...,6 and f(t) =3
for t <0, f(t) =0 for t > 6. Then 0,1,2,3,4,5,6 are periodic points of f of order 7, and there are
no periodic points outside [0, 6], since f : R\ [0,6] — [0, 6].

We may show how intervals are mapped under f by writing:

2,3 L [4,5] L [1,2] L [5,6] L [0,1] 2> [3,6] 2> [0,4] > [2,6] L [0,5] > [1,6] L [0,6].

Hence
£(2.3) = [3.6],
£(45) = [0.4],
f5([1,2]) = [276}’
fs([556]) = [075}7
£(0,1]) = [1,6],

so there are no fixed points for f° outside [3,4], except possibly the points 0,1,2,3,4,5,6, but they
are periodic points of f of order 7 and so cannot be fixed points for f°.

But on [3,4] we have

3,4] L [2,4] L [2,5] L [1,5] L [1,6] L [0, 6],

all of these being monotonic decreasing functions. Hence f° is monotonic decreasing on [3,4].
Therefore, f? has at most one fixed point in that interval, and this must be the fixed point p of f.
There are no periodic points of f outside [0,6], since f(R) C [0,6]. Thus f has no periodic points
of order 5.

2. Show that there is an everywhere differentiable function f : R — R which has a periodic point of
order 5, but no periodic points of order 3.

We need only modify the example given in the lectures, “rounding off the corners” of the graph,
so as to produce a differentiable function f such that f(x) = 2 for x < 0, f(0) = 2, f(1) = 4,
f(2)=3, f(3) =1, f(4) =0, f(z) =0 for > 4 and f is monotonic on [0,1] and on [1,4]. The
proof given for the example treated in the lectures uses only these properties of the function, and
so the same proof shows that f has periodic points of order 5 but not of order 3.

A specific (rather slick) example of such a function is

2 (

) 3—cosmz 0<z<1)
fla) = 2+2cos §(x—1) (
0 (
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To be handed in on Wednesday 2 December.

.Let f: X - X and g : Y — Y be topologically conjugate by the homeomorphism A : X — Y.
Show that if p € X is an eventually periodic point for f, then h(p) is an eventually periodic point
for g.

. Show that no two of the following dynamical systems (f;, X;) are topologically conjugate.

(a) X1 =R, fi(x) =22 (z € R);
(b) X3 =R, fo(x) = 23 (v € R);
(c) X3 =R, fs(z) =2 (x> 0), f3(z) =0 (z < 0);
(d) Xy =7, fo(x) =22 (x € Z)

. Show that the dynamical systems (f,RT), (g, R) given by f(z) = 22 and g(z) = 2x are topologi-
cally conjugate. (Here R = {x € R: x > 0}.)

. For A\, 4 > 0 we define Hy , : R — R by
Hy u(2) = pz(l — A\z?) (z € R).

Show that (H» ., R) is topologically conjugate to (H; ,,R), for every A, u > 0. (Try a homeomor-
phism of the form z — az (x € R), for a suitable constant a.)

PMA324 Chaos 2009-10
Question Sheet 8: Solutions

. Let f: X - X and g : Y — Y be topologically conjugate by the homeomorphism h : X — Y.
Show that if p € X is an eventually periodic point for f, then h(p) is an eventually periodic point
for g.

If p is an eventually periodic point for f, then there exist 0 < r < s such that f"(p) = f*(p).
Hence

9" (h(p)) = h(f"(p)) = h(f*(p)) = 9°(h(p))-
Therefore h(p) is an eventually periodic point for g.
. Show that no two of the following dynamical systems (f;, X;) are topologically conjugate.
(a) X1 =R, fi(x) 2 (z €R);
(b) Xo =R, fo(x) =2 (x € R);

(
() (
(c) X3 =R, f3(z) =2% (x > 0), f3(x) =0 (x <0);
(d) Xy =17, fs(x) =2° (x € Z).



First we observe that Z and R are not homeomorphic, since, for example, the property ‘every
convergent sequence is eventually constant’ is true in Z but not in R. Now a topological conjugacy
is, amongst other things, a homeomorphism. Therefore there can be no topological conjugacy
between (f4, X4) and any of the other systems.

Next, we count fixed points: (f1, X1) has two (0 and 1), as does (f3, X3), but (f2, X2) has three
(-1, 0 and 1). Therefore, (f2, X2) is not topologically conjugate to any of the others.

Finally, we count eventually fixed points: (fi,X;) has three (-1, 0 and 1), whilst (f3, X3) has
infinitely many, since all points z < 0 are eventually fixed. Therefore these two systems can not
be topologically conjugate. This completes the proof.

. Show that the dynamical systems (f,RT), (g,R) given by f(z) = 2 and g(z) = 2z are topologi-
cally conjugate. (Here Rt = {x e R:xz > 0}.)

Let h : Rt — R be defined by h(z) = logz. Then h is a homeomorphism, since it is a bijection
and both the logarithm and its inverse, the exponential function, are continuous. Moreover

h(f(z)) =log(z?) = 2logz = g(h(x)),
so h is a topological conjugacy.
. For A\, ;n > 0 we define Hy , : R — R by
Hy . (z) = px(l — A2®) (z €R).
Show that (H,,,R) is topologically conjugate to (Hy ,,R), for every A, > 0.
Let h(z) = az (z € R) with a # 0. Then
Hy ,(h(z)) = paz(l — Aa*2?) = apx(1 — 2°) = h(H; ,(z)),

ifa=+\"12

PMA324 Chaos 2009-10
Question Sheet 9

Final homework, not to be handed in. Solutions will be posted on Thursday 3 December.

. Using (a) the fact that a known cardioidal region forms part of the Mandelbrot set M and (b)
the characterization of M in terms of the behaviour of the sequence (Q7(0)), decide whether or
not each of the following points ¢ lies in M:

3 3%
— 0.4 —.
16’ ’ 2

You may use a calculator.

. Let ¢ = 3/16. Find the fixed points of Q. and classify them as attracting/repelling. By considering
inverse images of repelling fixed points, or otherwise, find four distinct points in J,.
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1. Using (a) the fact that a known cardioidal region forms part of the Mandelbrot set M and (b) the
characterization of M in terms of the behaviour of the sequence (Q7(0)), decide whether or not
each of the following points c lies in M :

3 31
— 0.4 —.
16’ ’ 2
You may use a calculator.
The cardioidal region intersects the real axis in the interval (—3/4,1,4), so 3/16 € M.

We calculate (Q7(0)) for ¢ = 0.4 and n = 1,2,3,..., up to the point when |Q%(0)| > 2. The
sequence goes

0.4,
0.56,

0.7136,

0.90922496,

1.2266900278870016,
1.90476842451741276309285823840256,
4.02814275103854676289545387224631 (approx.).
Since |Q7(0)| > 2, we have c ¢ M.

We do the same for ¢ = 3i/2 and find that

9 3
2 _ Y i
Q:(0) = 4+227
SO
81 9 /117 [64
2 — — -_ = —_— _— =
QOI=yE+i=V1s > V=2
soc¢ M.

2. Let ¢ = 3/16. Find the fized points of Q. and classify them as attracting/repelling. By considering
inverse images of repelling fixed points, or otherwise, find four distinct points in J..

To find the fixed points of Q., we solve
3
2 —_— =
z°+ 16 z,
obtaining the two roots z = 3/4 and z = 1/4. The root 1/4 is an attracting fixed point, since
|QL(2)| = |22] < 1. Similarly, the root 3/4 is a repelling fixed point, since |2z| > 1.

The repelling fixed point 3/4 is in J.. So too are iterated inverse images of this point. We find
some of these.

Solving Q.(z) = 3/4, we obtain

12
ST B Y . A -
4 16 16 16 4

This gives us a second point in J., namely —3/4.
Solving Q.(z) = —3/4, we obtain

This gives us two further points in J., as desired.



