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A forced pendulum equation without stable
periodic solutions of a fixed period

Rafael Ortega*

Abstract. The pendulum equation is forced by a continuous and T-periodic function
with zero average. In these conditions it is well known that there exist at least two T-
periodic solutions. We construct some examples where there are exactly two T-periodic
solutions and both are unstable.
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1. Introduction
Consider the differential equation
&+ fsinz = f(t) (1)

where 3 > 0 is a real parameter and f : R — R is a continuous and T-periodic
function satisfying

/0 F(#)dt = 0. )

Many authors have discussed different properties of this equation and an extensive
list of references can be found in the survey paper [3]. In a recent paper [5] I
discussed the existence of T-periodic solutions that are stable in the Lyapunov
sense. It was proved in [5] that if

B < (T)2
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then there exists a stable T-periodic solution for a large class of forcings satisfying
(2). Two examples of non-existence of stable periodic solutions will be constructed
in the present paper. They show that, in some aspects, the result obtained in [5]
is sharp.

Theorem 1.1. Assume that

2m 4
B> (?TT) .
Then there exists a real analytic function f: R — R satisfying
fE+T) =f(t), f(-t)=—f(), teR (3)

and such that the equation (1) has no stable T-periodic solution.

The function f(t) in the above result is odd and, in particular, the condition
(2) holds. This shows that the conclusion of the theorem in [5] cannot hold for
every forcing. Therefore, the phrase for almost every forcing employed in [5] is
essential, at least for parameters lying in the interval

() <5< ()

Let us recall the precise meaning in our context of a property that holds almost
everywhere. The space X of continuous and T-periodic functions with mean value
zero has infinite dimensions. It becomes a Banach space with the norm

111 = max | £(2).

We say that a property holds for almost every forcing if it holds for every f € P,
where P is a prevalent subset of X. The definition of prevalence is analyzed in
[6]. We just recall this definition: a subset P of X is prevalent if there exist a
Borel measure p on X, a Borel subset N/ C X and a compact set K C X such
that X \ P C N, u(K) > 0 and p(N + g) =0 for every g € X. Prevalent sets are

dense in X and so the next result shows that the number (7)2 is optimal for the
theorem in [5].

Theorem 1.2. Assume that -
2
> (=)
5> (%)
Then there exist a number € > 0 and a real analytic function f: R — R satisfying
the conditions in (3) and such that the equation

i+ Bsinz = g(t)

has no stable T-periodic solution if g : R — R is a continuous and T -periodic
function satisfying

T
A gDt =0, ||f —gll <
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The rest of the paper is dedicated to the proof of these results. The proof of
Theorem 1.1 is based on the phenomenon of strong resonance at the third root
of unity, as described in Section 2. This explains the restriction on 3 imposed in
Theorem 1.1. Perhaps the analysis of resonances at higher roots of unity could
help to improve this result. I do not know if the conclusion of Theorem 1.1 is valid
for arbitrary 8 > 0. In my experience with the pendulum equation, I have found
that an useful strategy to produce examples with special properties is to assume
first that (1) is an autonomous equation with impulses, that is f = > ;¢ Déj,
where Dd; is the derivative of a Dirac measure. Once a preliminary example of
this type has been constructed, one can try to change f by an authentic function
via perturbation arguments. In this process weak topologies play an important
role. This explains why two sections of the paper, 3 and 6, are devoted to study
the effect of the weak™ topology on equations of pendulum type. The examples
proving the two theorems are presented in sections 4 and 5. The period T > 0 is
arbitrary in both theorems but, after a re-scaling of time, it is not restrictive to
assume that T has a fixed value. To simplify computations we will choose T' = %’T
in the first theorem and T = 27 in the second one.

With respect to the notations employed in the paper, I think they are more
or less standard. In particular LP(R/TZ) and C?(R/TZ) are spaces of T-periodic
functions.

2. Resonance at the third root of unity
Let R3 be the class of 2 x 2 matrices L € R?2*2 satisfying
I?=1, L#I.

These matrices are conjugate to the rotation of angle 120° and they play a sin-
gular role in stability theory. Assume that L is in Rs and consider the difference
equations

Tp+1 = an (4)

and
Tnt1 = Ly + N(zp), (5)

where N is a nonlinear map satisfying NV(0) = 0, N’(0) = 0. For the linear equation
(4) all non-trivial solutions are 3-cycles and the origin = 0 is stable. However,
for a typical nonlinear perturbation (5) the origin is unstable. The purpose of this
section is to describe this phenomenon in precise terms. The exposition will be
inspired by the book [7].

Let U be any open subset of the plane containing the origin and assume that

F:UCR? - R?
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is a C? map with F(0) = 0. The origin o = 0 is stable with respect to F if given
any neighborhood V there exists another neighborhood W such that the iterates
F™(W) are well defined for the future and

F*W) CV ifn>0.

The fixed point z = 0 is unstable when the previous condition does not hold. The
notions of stability and instability are topological, meaning that they are invariant
under conjugacy by homeomorphisms.

The map F is C? and so it can be expanded as

F(x) = Lz + Q(x) + o(|z]?) as |z| — 0
where L € R?*? and @ is a quadratic polynomial of the type
Q(x1,22) = o + fryzy +ya5, o,f,7 € R
Let us assume that L € R3 and define
Qf () = L*Q(z) + LQ(Lx) + Q(L x).

This is a new quadratic polynomial. Sometimes we will write Qr and QI} to
emphasize the dependence on F.
The 2-jet of F' at the origin will be described as

JOF = (Ly o, 3,7).

To measure the distance between jets we fix some norm | - | in the space R?*2 x
R? x R? x R2.
Proposition 2.1. Given F in the previous conditions, assume that QuF is not

identically zero. Then there exists e > 0 such that the origin x = 0 is unstable
with respect to any C? map G : U C R? — R? satisfying

G(0) =0, G'(0) € R3, |JZF — J2G| < ep.

Later we will present some examples on how to apply this result. By now we just
concentrate ourselves on the proof. As a first step we mention two straightforward
properties of the polynomial Q.

e Given F' in the conditions of the above proposition, there exists ex > 0 such
that Q% # 0 if G : U C R? — R? is a C? map with G(0) = 0, G'(0) € Rs
and |J3F — J2G| < ep.

* Assume that L = PRP~! where P is a non-singular matrix and R is one of
2m

the two rotations of angle % (with positive or negative orientation). If we

define F,(z) = P71F(Pz) then F/(0) = R and QﬁF (x) = P’lQiﬂ(Px).
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After these remarks the above proposition becomes equivalent to the following
simplified result: Given a C? map F : U C R? — R? satisfying

F(0)=0, F'(0)=R, Q% +#0,

the origin is unstable with respect to F.

The use of complex notation is very convenient for the proof of this result. We
identify C and R? with z = 21 + ix2. The map F : i/ C C — C can be expressed
as

F(2,Z) =wz + Q(2,2) +o(|z]*) as|z| — 0
with w? +w+1=0and Q(z,%2) = A2? 4+ Bzz+ (%2, A, B,C € C. The polynomial
Q" becomes
Q*(2,%) = 3wC7?,
and the assumption Q* # 0 is equivalent to C' # 0. For simplicity we assume that

3wC = 1. This is always the case after a change Z = Az for appropriate A\. The
third iterate of F' has the expansion

2 =2+ Q2,7) +o(|2*) = 2 + 2 +of|2),
and a direct computation leads to
Re(23) = Re(23) 4 3|2 + o(|2|Y).
Let us fix 7 > 0 such that if |z| < r then
Re(23) > Re(2%) + 2|2/ (6)

We are going to prove that no forward orbit with Re(z3) > 0 can remain in the
disk D = {z € C: |z| < r}. This proves the instability of z = 0.
We proceed by contradiction and assume that the positive orbit {z, }n>0 is well
defined and satisfies
lzn| <7, n>0

for some zy in the above conditions. From the inequality (6) we deduce that

N
2 Z 230" < Re(23n43) — Re(z) < 2r°.

n=0

This implies that the series > |23,|* converges and, in particular, |23,| — 0. This
fact is not compatible with another consequence of (6), namely

o+ > Re(23,) > Re(23,_3) > -+ > Re(23) > Re(z5) > 0.

Once we have completed the proof of Proposition 2.1 we apply it to an example
that will be important later. Consider the differential equation

J+y+t)y* =0
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where v € L'(R/TZ). Further assume that the period is

o
o

We will prove that the trivial solution y = 0 is unstable if

T

2n

/0 ’ y(t)e*tdt # 0. (7

The equation is understood in the Carathéodory sense. Solutions are well defined
on the interval [0,7] for small initial conditions and the Poincaré map can be
defined as

F:UCR® =R F(yo,vo) = (¥(T5y0,v0), 9(T5 90, v0))

where U is a neighborhood of the origin and y(T'; yo, vo) is the solution with initial
conditions y(0) = yo, ¥(0) = vo. This is a C* map and the origin yg = 0, vg = 0
is a fixed point corresponding to the trivial solution y = 0. Note that the two
notions of stability, for the map and the differential equation, are equivalent. The
variational equation at y = 0 is

y+y=0

and so

—sinT  cosT

F'(0,0) = (

This matrix is precisely the rotation of angle %’r in the clockwise sense. To compute
the quadratic polynomial @ it is useful to employ complex notation. Letting w =
y + iy and z = yg + ivg, the equation is written as

cosT sinT )

w +w
2

Using the formula of variation of constants we transform the initial value problem
in the integral equation

w = —iw — iy(t)( )2, w(0) = z.

w(t) =e "z — i/o e_i(t—s)fy(s)(M)st.

The variational equation leads to the first order approximation
w(t) =e 2+ 0(z]*) as|z| — 0,

uniformly in ¢ € [0,7]. Combining the previous identities we obtain the expansion
F(z,Z) =wz+ Q(2,Z) + - - - with Q given by

27 27 27
iw (3. iw [ o [ .
—E(/ e Sy(s)ds)z* — E(/ ey(s)ds)zz — E(/ €35y (s)ds)z>
4 Jo 2°Jo 4 Jo
and w = e 7%, From (7) we deduce that Q # 0 and the conclusion follows.
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3. Weak convergence and number of periodic solutions

Let ¢(t) be a T-periodic solution of the forced pendulum equation (1). The change
of variables x = y + ¢(t) transforms the original equation in

i+ Bsin(y + () = Bsinp(t). (8)

When ¢ is non-smooth or even discontinuous this equation still makes sense, even
if it does not come from an equation of the type (1). Due to the properties of the
sine function, this equation can be rewritten as

i+ Beosp(t)siny 4+ Bsinp(t) cosy = Bsinp(t).
We will work with the more general class of equations
i+ a(t)siny + b(t) cosy = c(t) 9)

with a,b,c € L°(R/TZ). This equation is understood in the Carathéodory sense.
Given a T-periodic solution (t), the linearized equation is

€+ (alt) cosv(t) — b(t) sinp(£))E = 0. (10)

We say that ¢ (t) is simple when 1 is not a Floquet multiplier of (10). The equation
(9) will be called simple if all T-periodic solutions are simple.
As an example consider the pendulum equation

Y+ Asiny =0
corresponding to a(t) = A > 0, b(t) = 0, ¢(t) = 0. This equation is simple whenever

2w

/\<(T)2.

To prove this we first recall that the closed orbits of this autonomous equation

have minimal period 7 > % Hence they do not produce T-periodic solutions

if A < (2%)2 Under this condition the only T-periodic solutions are y = 0 and
y = m. A direct computation shows that y = 7 is always simple and y = 0 is also
simple excepting for A = (%)2, n=12...

Note that, given a solution y(t) of (9), new solutions can be produced by
adding 27. The family y(¢) + 27n, n € Z, is interpreted as a single solution. This
identification, already employed in the previous example, will apply in the rest of

the paper. Next we present an important property of simple equations.

Lemma 3.1. Assume that the equation (9) is simple. Then the number of T-
periodic solutions is finite.

From now on this number will be indicated by N (a, b, ¢). In particular N(X,0,0) =
2if A < (25)2
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Proof. Given a T-periodic solution ¢(t), there exists some 7 € [-Z, Z] such that

¥(r) = 0. Thus

T

5:0

0
[¥(0)] = |/ Y(s)ds| < (l|al| L ®/Tz) + bl ®/TZ) + llcl| L0 (R/TZ))
Let F': R? — R? be the Poincaré map associated to (9),

F(yo,v0) = (y(T;90,v0),9(T; y0,v0))-

This is a real analytic diffeomorphism whose fixed points are in correspondence
with T-periodic solutions. Moreover, if (1(0),%(0)) = (yo, vo) then the eigenvalues
of F'(yo,vo) are precisely the Floquet multipliers of (10). In particular 1 is not an
eigenvalue if}/}(t) is simple. The inverse function theorem applied to id — F' implies
that (1(0),(0)) is an isolated fixed point of F. Summing up, we can say that the
set of fixed points

F ={(yo,v0) € [0,21] x R: F(yo,v0) = (yo,v0)}
is closed, bounded (|vg| < C) and discrete, and so it is finite.™.

Assume now that (9) is simple and consider sequences {a,}, {b,} and {¢,} in
L>*(R/TZ) with a,, — a, b, — b and ¢,, — ¢ in an appropriate topology. We will
prove that for large n the number of T-periodic solutions of

J+ an(t) siny + by, (t) cosy = ¢, (t) (11)

is independent of n. This is a more or less standard result if the convergence of the
sequences ay, by, ¢, is strong, the main point of this section is that it also holds
when the convergence is understood in a weak sense. To be precise we recall the
notion of weak* convergence in L.

Given a sequence { f,,} in L*>°(R/TZ), we say that it converges to f € L>*(R/TZ)

in the weak™ sense if
T T
| o [ g0
0 0

for every ¢ € L'(R/TZ). Sometimes we will employ the notation f — f to indicate
this convergence.

Weak™* convergence in L (R/TZ) can be characterized by the two properties
below,

® sup, ||fn||L°°(R/TZ) <o
. fOT fnX(ap) — fOT fXla,p) for every compact interval [a,b] C [0,T7].

Here X[q,4) denotes the characteristic function of the set [a,b]. The proof of this
characterization is based on Banach-Steinhaus theorem and the density of simple
functions in L'(0,7). Note that L'(R/TZ) and L'(0,T) can be identified.

We are ready to present the main result of the section.
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Proposition 3.2. Assume that the equation (9) is simple and the sequences {an},
{bn} and {c,} in L=®(R/TZ) satisfy

anp —a, by —=0b, ¢, —c.

Then, for large n, the equation (11) is simple and N(ayn, by, c,) = N(a,b,c).

To illustrate this proposition we present some concrete examples of sequences
in the above conditions.

Example 1. For each n > 2 consider the uniform partition of [0, T

T 2T

tr=0<ti=—<tg=—<---<t, =T

n n

and fix a number 6. Define
on(t) = (—1)%0 if t €]ty tryal.
We consider the equation
§+ Bsin(y + pn(t)) = Bsin g, (1)

and try to apply the above proposition. The sequence a,, = [ cos p,, is constant
and so it converges to A = B cos# in any topology. Next we prove that b, = ¢, =
Bsin ¢, converges to 0 in the weak* sense. Note that ||sinp,||r~ < 1 and so we
can assume ¢ = X[q,5- Lhen

T tr
/ SIN P X[a,b] = / sin ¢, +
0 a

where r and s are the indexes such that

s—1

— tht1 b
Z/ sin ¢, + / sin ¢n,
tr t

k=r s

tr71<a§tr§ts§b<ts+l~

All the integrals inside the sum have the same value up to an alternating sign.
Hence they cancel in pairs and the sum is either zero or it reduces to one single
integral, depending on the parity of s—1 —r. In both cases we obtain the estimate

3T

n

T
|/ sin onX(ab| <
0
The limit equation is § + Asiny = 0 and so, for large n, N(an,bp,c,) = 2 if
A< (35)2

Example 2. Consider a function f(t) satisfying

feL'(R/TZ), /T f(t)dt =0
0
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and let h(t) be the unique solution of
. T
h = f(t), hisT — periodic, / h(t)dt = 0.
0

The change of variables x = y + h(t) transforms the pendulum equation (1) into
i+ Bsin(y + h(t)) = 0.

When this equation is simple and has N periodic solutions of period 7', the above
proposition can be applied. In particular there exists € > 0 such that for any
function ¢ satisfying

T
g€ L\(R/TZ), / g0yt =0, [|f — glluswjzz) < ¢
0

the equation
I+ Bsinz = g(t)
has exactly N periodic solutions of period T

Example 3. Consider the equation of a pendulum of variable length
i+ a(t)siny = 0.

We fix two positive numbers M and A\ < (2%)2 The above result can be applied to
deduce that there exists € > 0 such that the equation has exactly two T-periodic
solutions if a € L (R/TZ) satisfies

HaHLm(R/Tz) < M, Ha—/\HLl(R/TZ) < €.
The key for the proof of Proposition 3.2 is the following result on continuous
dependence with respect to weak topologies.

Lemma 3.3. Assume that {a,}, {bn} and {c,} are sequences in the conditions
of Proposition 3.2 and let F,, : R? — R? be the Poincaré map associated to (11).
Then, for each a = (ay, ) € N2,

aaFn(y07’U0) - 8QF(907U0)7

and the convergence is uniform on (yo,vo) € K for each compact set K C R2.

We are using the multi-index notation 0% = %. The proof of this

lemma is unrelated to the rest of the paper and we postpone it to Section 6.

Proof of Proposition 3.2. Consider the sets of fixed points

Fn = {(¥0,v0) € [0,27] x R: F,(yo,v0) = (y0,v0)}-

From the proof of Lemma 3.1 we know that the sets F,, are compact and contained
in a common rectangle R = [0, 2] x [-C, C]. Assume that the set F associated to
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(9) has N points, that is §F = N. By assumption these fixed points are simple. Let
us fix closed disks Dy, ..., Dy centered in these fixed points and pairwise disjoint.
The maps F,, converge to F' in C'(D;) and so F,, N D; is a singleton for large n.
Moreover, the points in these intersections are also simple as fixed points of F,.
We are lead to the inequality

N(anabnacn):ﬁfn Zﬁf:N(avbaC):N

To prove the reversed inequality we proceed by contradiction. If N(ag, b, ck)
were greater than NV for some subsequence, then Fj, should have a point lying in
R\ UND;. By a passage to the limit we conclude that the same should occur to
the set F and this is absurd.™®

Remark. The previous proof shows that the set F,, converges to F in the Haus-
dorff topology on the space of compact subsets of R2. Later this fact will be
combined with a consequence of the proof of Lemma 3.3. The general solution
of (11), denoted by y, (t; yo, vo), satisfies that (yn(¢; Yo, vo), Un(t; Yo, vo)) converges
to (y(t; yo,vo), ¥(t; Yo, vo)) uniformly in ¢t € [0,T], (yo,v0) € K, where K is any
compact subset of R2.

4. The first construction

We fix the period T = %’T and assume (3 > 1. For each integer n > 3 consider a

partition of the interval [0, %] of the type

=0< < = < —3T< < —T
T0 — T1 T2_2’/l T3—2n Tn—2.

There are two differences with respect to the partition considered in Example 1
after Proposition 3.2, now the interval has length % and one of the knots is not
fixed. Indeed 71 can be interpreted as a parameter lying in the interval |0, % [. Let
6 be the number in ]0, 7| satisfying

1
cost = —.

We define the function p, € L*(R/TZ) by

pn(_t) = _pn(t)7 pn(t + T) = Pn(t)7 a.e.t € R,
pu(t) = (=1)%0 if t €], Trga[, 0<k <n.

Note that the function p,, depends upon the choice of 7. We will use this freedom
to select a value of 77 such that the condition

T
/ 3 sin p, (t)dt # 0 (12)
0
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holds. To prove that this choice is possible we observe that e3% is T-periodic and

so the integral can be translated to the interval [— 2, Z],
T z 0 7. .
/ 3 sinp,, (t)dt = / +/ = / (€3 — e73 ) sin p,, (t)dt =
0 0 -z 0
n—1 Thk+1 4
2i(sin 0) Z(—l)k/ sin 3tdt = ——isinf cos 31, +
k=0 Tk 3

where ~ is a complex number depending on n and 6 but independent of 7. The
condition (12) will hold for all numbers 7; €]0, Z[ excepting perhaps for a finite
number of choices.

Once 7 has been fixed we observe that

cospp(t) == ae. teR

| =

and
sinp, — 0

in the weak™ sense. The proof of this fact is almost the same as the proof given
in Example 1 after Proposition 3.2. This proposition can be applied to conclude
that the equation

§+ Bsin(y + pn(t)) = Bsinpn(t) (13)

has exactly two T-periodic solutions, y = 0 and z,(t). Moreover z,(t) converges
uniformly to w. At this point the remark after the proof of Proposition 3.2 is
useful. We will prove that both solutions are unstable if n > ng for some ng. Let
us start with y = 0 and expand the equation to obtain

i+ Bleospa(t))y — 2 (snpu(D)y? +-- =0,

where the remainder is of order y3. In consequence this equation has a contact of
order two with

J+y+mt)y? =0

and

Yn(t) = fg sin py, (t).

Note that the condition (12) implies that (7) holds. Let F, : R? — R? be the
Poincaré map associated to (13). The expansion of F,, around the origin coincides,
up to second order, with the expansion computed in Section 2. Then Proposition
2.1 is applicable to F,, and y = 0 is unstable as a solution of (13). To prove the
instability of z,(t) set z =y — 2z,(¢) in (13) to obtain

54 Bsin(z + 2a(t) + pa(t)) — Bsin(za(t) + pa(t)) = 0.
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The linearization at z = 0 is

g"’ B cos(zn(t) +pu(t))§ = 0. (14)

Since z,(t) — 7 uniformly, this equation converges to
E-e=o0.

The Floquet multipliers of the limit equation are 0 < u; = e™7 <1 < puy = e’. By
continuous dependence, the Floquet multipliers of (14) also satisfy 0 < g1 < 1 < po
for large n. The first Lyapunov method says that z,(t) is unstable as a solution of
(13).

If the function p,(t) were real analytic, the proof of Theorem 1.1 would be
complete, since it would be sufficient to define x = y + p,,(¢) and f(t) = Pn(t) +
Bsinp,(t). Of course this is not right and our strategy will be to perform this
change of variable after approximating p, by an appropriate analytic function.

Lemma 4.1. For each n > ng and 6 > 0 there exists q, € C*(R/TZ) satisfying
(1) qn is odd

(@) |lpn — QnHLQ(R/TZ) <4é
(i4i) the linear equation

i+ Bcosg,(t)y=0 (15)
has Floquet multipliers p; = w, ps = @ with w? +w+1=0.

Before proving this result let us discuss how to complete the proof of Theorem
1.1. We claim that there exists a sequence d,, | 0 such that the equation

§+ ﬂSin(y + Qn(t)) = [(sin Qn(t) (16)

has exactly two T-periodic solutions and both of them are unstable if n is large
enough. Here ¢, is the function given by the previous lemma when § = §,,. First
note that

1
sin g, — 0 weak™ in L*°(R/TZ), cosq, — 3 in L*(R/T7Z)

for any sequence d,, | 0. Indeed, to justify the first convergence, we take a charac-
teristic function x(4,;) and observe that

T T T
| / (51 @) X(ag] < | / (sin )Xoy + | / (sin g — 50 pn)X(ag)] <
0 0 0

T
| / (5inp)X(ay] + VT Pn — Gl — 0.
0

The second convergence is obtained in a similar way. The next step is to select d,,
in an appropriate way. The Poincaré maps associated to (13) and (16) are denoted
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by F,, and F, and, by Lemma 3.3, they are close in the C? topology on compact
sets. According to Proposition 2.1 we adjust ¢,, so that

|J2F, — J2F,| < ep, .

The eigenvalues of the matrix F!.(0) are the Floquet multipliers of (15); that is, w
and w. This implies that FT’L (0) € R3. Now Proposition 2.1 also says that y = 0 is
unstable as a solution of (16). Moreover, from Proposition 3.2 we know that the
equation (16) has exactly two T-periodic solutions y = 0 and Z, — 7. As before
we observe that the equation

€+ Beos(Za(t) + qu(t))E =0

converges, in the sense of L2(R/TZ), to € — ¢ = 0. This is sufficient to guarantee
that also Z,(t) is unstable for large n. The proof of Theorem 1.1 is complete, we
just define f(t) = §n(t) + O sin g, (¢).

Proof of Lemma 4.1. Let us recall some well known facts on the discriminant
of Hill’s equation. Given a € L?*(R/TZ) consider the linear equation

j+alt)y=0 (17)
with Floquet multipliers p1 and pe and pq - 2 = 1. The discriminant is defined as
A=y + po

and so the condition (#i¢) on the multipliers is equivalent to A = w+w = —1. The
discriminant can be thought as a functional

A L*(R/TZ) — R, a— Alal.

It is well known that A is continuous. We will be interested in the discriminant
of the equation (17) with a(t) = Scosq(t). For this reason we define the new
functional

D: L*(R/TZ) — R, Dlq] = A[Bcosq].

It is also continuous because it can be expressed as the composition D = Ao N
where N is the Lipschitz-continuous operator

N : L*(R/TZ) — L*(R/TZ), N(q) = Bcosgq.

To work with odd functions we introduce the subspace of L?(R/TZ),
L ={q € L*(R/TZ) : q(—t) = —q(t) a.c.t}.

It is a Hilbert space with the dense subspace of odd analytic functions

V =CYR/TZ)NLE.
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To prove the density of V' we expand every function ¢ € Li in a Fourier series of

sines,
27Tnt
E Qp Sin ——

converging to ¢ in the L? sense. The partial sums 25:1 gn sin 222 belong to V
and ¢ is the L2-limit.
Define

C*={qeV:|lq —pn||L2(1R/TZ) < 0}.

This is a non-empty convex set whose closure in LE is the ball

={qe Lt : |lg—pullL2w/rz) < 0}

To prove the lemma we must show that the functional D takes the value —1 at
some function in C*. Note that D[p,] = —1. We proceed by contradiction and
assume that

Dlq] # -1 ifgeC”.

Since C¥ is convex, we can assume that that D + 1 does not change sign on this
set. The two possible cases are D+ 1 > 0 and D+ 1 < 0 and both can be handled
similarly. From now on we assume D + 1 > 0. By a density argument

Dlg] > -1 ifgeC. (18)
Next we compute the variations of D. Given f € Lg and A € R, define
D(A) = Dlpn + Af].

This is a smooth function and

0) =0 / ) (sin pn (1)) £ (£)dt

with
3 3 3
x(t) = —g sin?t — gcoszt = —g.

For this computation we refer to [5]. In particular, for the choice f(t) = sinp,(t),

T
D'(0) = ﬂ?/ sin? p,, (t)dt > 0.
0

Hence D(\) < —1 for A negative and small. This is incompatible with (18) because
Pn + Asinp, belongs to C when |)| is small.®
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5. The second construction

In this section we assume that 7' = 27 and § > i. The key for this construction will
be the notion of hyperbolicity. Let us first consider the linear equation (17). This
equation is called hyperbolic if the Floquet multipliers satisfy 0 < |u1] < 1 < |ps2].
In terms of the discriminant A = Ala] this is equivalent to |A] > 2. Given a
nonlinear equation and a periodic solution ¥(t), we say that 1 is hyperbolic if
the linearized equation satisfies the above condition. We recall that hyperbolic
solutions are unstable in the Lyapunov sense. Next we present examples for the
linear and nonlinear cases.

Given € € [0, 1[, we consider the even and 2m-periodic function a. € L>(R/TZ)

defined by
(A+e2 li<3
t) = ’ 2
ac(?) { (; —€)?, 7 <lt] <m.
This function is piecewise constant and the associated Hill’s equation §+a.(t)y = 0

can be integrated explicitly. After some computations that can be found in chapter
5 of the book [1], it can be checked that the discriminant satisfies

Ala.] < —2

if € > 0 is small enough. The equation §j—a.(t)y = 0 is hyperbolic for any € € [0, %[
This can also be checked by direct integration. In this case

Al—ac] > 2.
Next we consider the nonlinear equation
i+ ac(t)siny = 0. (19)

The sequence a. converges to the constant i in a strong sense,
lim [|ac — ! I 0
m ||ja co = U.
o flae = 7l ®/T2)

We are in the conditions of the third example after Proposition 3.2 and so, for
small ¢, the equation (19) has exactly two periodic solutions with period T = 2.
These solutions are y = 0 and y = w. The above discussion on linear equations
implies that these two solutions are hyperbolic. Up to this point the construction
is essentially the same as in the last section of [4]. From now on we fix a number
€ positive and small. In addition to the previous conditions we also assume that it
satisfies

8> (% +e)%

This new condition is employed to find numbers 6+ in ]0, Z[ with

1
Bcosfy = (5 + ¢)2.
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Next we take uniform partitions of the intervals [0, 7] and [Z, 7],

tm 0t =ty 2 g =

0 — 1—2n 2—2n n—27

T T T T 27
h==-<ti=ct+_—<th=—+_—<---<tr=m.
0=y Sh=5 g, <h=5to, n =T

Let H,, be the odd periodic function in L>°(R/TZ) defined by

[ (=Dkoy, if tEJtr, traa]
H,(t) { (_1)k077 if tG]tzytZ.H['

We observe that §cos Hy,(t) = ac(t) almost everywhere and Gsin H,, — 0 in the
weak* sense. The equation

§J+ Bsin(y + Hp(t)) = Bsin Hy (t) (20)

converges to (19) in the sense of Proposition 3.2. Since the equation (19) is simple
we deduce that for large n the equation (20) has exactly two periodic solutions with
period T' = 2w. We label them as y; = 0 and y2,,(t). In view of the remark at the
end of Section 3 we know that ys ,,(t) converges to = uniformly. The linearization
at y1 = 0 is precisely (19) and we know that this equation is hyperbolic. The
linearization at ys ,(t) is

€+ Beos(yan(t) + Ha(t))E = 0.

It is easily checked that § cos(yz,, (t) + Hy (1)) +ae(t) converges to 0 uniformly. The
properties of continuity of the discriminant functional imply that the discriminant
of the above equation converges to A[—ac] > 2. From now on we fix n large enough
so that (20) has exactly two periodic solutions of period 2w. Moreover both of them
are hyperbolic. Once again we have used Proposition 3.2.

Our next step will be to expand H,,(t) in Fourier series

H,(t) ~ Z i sin kt.
k=1

For large N the trigonometric polynomial

N
Kyn(t) = Z'yk sin kt
k=1

is such that the equation
§+ Bsin(y + Kn(t)) = fsin Ky (t)

has exactly two T-periodic solutions, both of them hyperbolic. The change of
variables x = y+ Ky (t) leads to an equation of the type (1). In view of the second
example after Proposition 3.2 we can conclude that this is the searched equation
for the proof of Theorem 1.2.
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6. Proof of Lemma 3.3

We divide the proof in five steps.

6.1. A remark on uniform convergence. Let A be a compact metric space.
Convergent sequences in A will be denoted by A, — A, where A is the limit.
Given a sequence of functions

X, :[0,T] x A = R? (t,\) — X, (t,\), n=1,2,..., 00,

we say that there is c-convergence if the following property holds: for each A\, —
)\OO’
Xon(t, An) = Xoo(t, As)
uniformly in ¢ € [0, T.
This notion is related to the so-called continuous convergence (see [2]). We will

employ the notation X, = X.

Lemma 6.1. In the previous setting assume that X,, = X and X is continu-
ous. Then X,, converges to Xoo uniformly in [0,T] x A.

Proof. By contradiction assume the existence of a number ¢ > 0 and sequences
t, and \,, such that
|X<7(n) (tna /\n) - Xoo (t'ru A'rL)‘ 2 )

for some integer o(n) > 1 with o(n) — oo. After extracting a subsequence we can
assume that \,, — A\s. Then

|Xo(n) (tnv )\n) - Xoo(tn» )\n)| <

‘Xa(n)(tnvAn) - Xoo(tna)\oo)‘ + |Xoo(tna)\oo) - Xoo(tna)\n”

The assumption on c-convergence and the uniform continuity of X, imply that
the two terms in the sum tend to zero. This is incompatible with the existence of
the number §. ®

6.2. Convergence of the solution. We prove that the solution of equation (11)
converges to the solution of (9) in the following sense,

yn(t§y071’0) - y(ta y07UO)a yn(t§yOaU0) - y(tQiUO;UO)

uniformly in ¢ € [0, 7], (yo,v0) € K, where K is a compact subset of R?.

To prove this assertion we take A = K with A = (yp,vo) and prove that there is
c-convergence of X,, = (yn, yn) towards X, = (y,y). By continuous dependence
with respect to initial conditions we know that X, is continuous and so Lemma 6.1
will imply that X,, converges to X, in the uniform sense. Let us take a sequence
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A = (Yon, Yon) € K converging to Moo = (Yooo, Voso ). We abbreviate the notation
to

Yn(t) = y(t; Yon, von)-
We must prove that

uniformly in ¢ € [0,7]. The sequences {a,}, {b,} and {c,} are bounded in
L>(R/TZ) and so the same can be said for the sequence {§,} in L>(0,T). From
here it is easy to deduce that the sequences {y,} and {g,} are uniformly bounded
and equi-continuous so that Ascoli theorem can be applied. Let {yx} be a sub-
sequence of {y,} converging to some y, in C[0,T], we will prove that y., = ys.
This is sufficient to guarantee the convergence of the whole sequence {y,} 10 Yoo-

Given a test function ¢ € C*°[0,T], »(0) = ¢(T) = 0, we deduce from (11)
that

T T
—/ UrP + / {ag sinyg + by cosyi, — ¢k} = 0.
0 0

The sequence sin y converges uniformly to siny,, hence ay sinyr — asiny,. This
type of argument allows a passage to the limit when k — oo, showing that y, is a
solution of (9). This solution must be understood in a weak sense but, since we are
dealing with ordinary equations, it is also a solution in the Carathéodory sense.
The initial conditions satisfied by yo, and y. coincide at ¢ = 0 and 80 Yx = Yoo-

6.3. Linear equations depending on parameters. Consider the Cauchy prob-
lem
24+ G(t, )z =g(t,A), 2z(0) =wo, £(0) =wy (21)
where G, g : [0, T] x A — R satisfy the following conditions:
e For each A € A, G(-, ), g(-,\) € L=(0,T)
o If A\, — A then G(-, M) = G(, Ax), 9(-,A\n) = g(-, Aso) in the weak*
sense.

The solution of (21) will be denoted by z(¢,A) and we claim that it depends con-
tinuously on A. More precisely,

(t,A\) €[0,T] x A — (2(t, N), 2(t, \))

is continuous. The proof of this fact uses again Ascoli theorem and an argument
of uniqueness. We omit the details.

6.4. Successive derivatives of the solution. The derivatives 0%y,, with 0% =
%, |a] = a1 + ag, can be computed by differentiating the equation (11)
with respect to initial conditions. They satisfy a linear Cauchy problem of the
type

2+ Tn(t;90,v0)2 = Yn(t; Yo, v0), 2(0) = wo, 2(0) = wy (22)
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where
'y, = ancosy, — by siny,

and +,, depends upon a,,, b, and the derivatives 9’y,, with |3| < |a|. For instance,
Yo =0, wg =0, wy =1if a =(0,1) or v, = (ansiny, + by, cos yp ) Y I Yn,
wo=w; =0 if « =(1,1) and e; = (1,0), e2 = (0, 1).

The same can be said about the solution of (9). To unify the discussion we
employ the notation y., for the solutions of (9). We claim that for each n =
1,2,...,00 the map

(t;y0,v0) € [0,T] x R? = (9%yn(t; Y0, v0), 0*Yn(t; Yo, vo)) € R?

is continuous. This is proved by induction on N = |a|. We assume that the map is
continuous for each § with |8] < N and prove that the same holds for a. We can
apply the previous remark on the linear problem (21) where A is a closed ball in
R2 G =T, and g = 7,. Given a convergent sequence A\, = (Yom, Vom) — Moo =
(Y0oo, Voo ), the continuity of y, implies that Ty, (-, A,n) converges, as m — 0o, to
(-, Ao) in the weak™® sense. The same can be said about v, (-, \p) and v, (-, Axo)
but now the inductive assumption has to be invoked.

6.5. Convergence of the derivatives of the solution. To complete the proof
we show that the solution of equation (11) converges to the solution of (9) in the
CN topology on compact sets, that is

O%Yn (t;y0,v0) — 0%y(t;y0,v0), O%Yn(t; yo,v0) — O%Y(t; y0,v0)

uniformly in ¢ € [0, 77, (yo,vo) € K for each |a| < N.

Again the proof is by induction on the order of a. We consider the solution
of (22), Z,(t;90,v0) = (2n(t;y0,v0), 2n(t; Yo, v0)) and prove that it converges to
Z o (t; Yo, vg) uniformly on [0, 7] x K. To this end we apply again Lemma 6.1 with
A = K. We already know that Z., is continuous and so it remains to prove that
Zn = Zso. This is more or less a repetition of previous arguments based on Ascoli
theorem and the uniqueness of the initial value problem.
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