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Basic Material and
Asymptotics

The information that will be used in the theory that will be created
in the next chapters is gathered in this chapter. The existence and
uniqueness theorem for contraction-based starting value prob-
lems, along with results from subsequent iterations and growth es-
timates, make up this background information.

The equations that we will investigate have the following general form:

x=f(x,t¢),

where x and f(x, t,€) are vectors, elements of R”. All quantities used
will be real except if explicitly stated otherwise. Often we shall assume
x € D c R" with D an open, bounded set. The variable ¢ € R is usu-
ally identified with time; We assume ¢ = 0 or ¢ = £, with #, a constant.
The parameter ¢ plays the part of a small parameter which characterizes
the magnitude of certain perturbations. We usually take ¢ to satisfy ei-
ther 0 < e < g, or |g| < €y, but even when € = 0 is not in the domain, we
may want to consider limits as € | 0. We shall use D, f(x, t,¢) to indi-
cate the derivative with respect to the spatial variable x; so D, f(x, t,€)
is the matrix with components 0f;/0x;(x, t,€). For a vector u € R" with
components u;, i =1,...,n, we use the norm

ull =) lul. (1.1)
i=1



Basic Material and Asymptotics

For the n x n—matrix A, with elements a;; we have

n
AIl= ) lal.

i,j=1

Any pair of vector and matrix norms satisfying || Ax|| < || Al| [|x|| may be
used instead, such as the Euclidean norm for vectors and its associated
operator norm for matrices, || Al| = Supf{||Ax|| : ||x]| = 1}.

In the study of differential equations most vectors depend on vari-
ables. To estimate vector functions we shall nearly always use the sup
norm. For instance for the vector functions arising in the differential
equation formulated above we put

I flsup = sup I f(x, £, 8)ll.
xeD,0<t<T,0<e=<g

A system of differential equations on R*" is called a Hamiltonian system
with n degrees of freedom if it has the form

0H
qi ) — apl

( pi _O0H |
04,

where (q1, ..., Gn, P1, ..., Pn) are the coordinates on R*" and H : R*" — R is

a function called the Hamiltonian for the system 1. In particular, when
dealing with Hamiltonian systems we often use special coordinate changes
(g, p) © (Q, P) that preserve the property of being Hamiltonian, and trans-
form a system with Hamiltonian H(qg, p) into one with Hamiltonian K(Q, P) =
H(q(Q, P),p(Q, P)). Such coordinate changes are associated with sym-
plectic mappings but were known traditionally as canonical transforma-
tions.

The initial value problem: Existence, Unique-

ness and Continuation

The vector functions f(x, t,€) arising in our study of differential equa-
tions will have certain properties with respect to the variables x and ¢
and the parameter €. With respect to the ‘spatial variable’ x, f will al-
ways satisfy a Lipschitz condition:
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The initial value problem: Existence, Uniqueness and Continuation “

Notation 1 Let G=D x [ty, ty+ T] x (0, &g].

It is well known that if f is of class C' on an open set U in R", and
D is a subset of U with compact and convex closure D, f will satisfy
a Lipschitz condition on D with < Ay = max{Df(x) : x € D}. (The proof
uses the mean value theorem for the scalar functions g;(s) = f;(x;+s(x2—
x1),t,€) for 0 < s < 1.) The following lemma shows that convexity is not
necessary. (This is a rather technical issue and the reader can skip the
proof of this lemma on first reading.)

Lemma 1 Suppose that f is C' on U, as above, and D is compact
(but not necessarily convex). Then f is still Lipschitz on D.

Proof 1 For convenience we suppress the dependence on t and e. Since D
is compact, there exists M > 0 such that f(x1) — f(x2) < M for x;,x; € D.
Again by compactness, construct a finite set of open balls Bi with centers
pi; and radii r; (in the norm || ||), such that each B; is contained in U
and such that the smaller balls B; with centers p; and radii r;/3 cover
D. Let A be a Lipschitz constant for f in B;, let A} = max;\}, and let
0 = min;r;/3. Observe that if x,, X, € D and ||x; — x| <6, then x;, and x,
belong to the same ball B; (in fact x, belongs to some Bl'- and then x, € B; ),
and therefore || f (x1) — f(x2)]] < A?cllxl — X,||. Now let Ay = max{A%, M16}.
We claim that || f (x1) — f(x2) || < A‘}lel — Xo|| for all x;,x, € D.

Ifllxy = x| < d, this has already been proved (since )L?p <Ap). If x1—x2 >
0, then

M6
I1f(x1) = fl)ll =M = 5 < A6 < Agllx = x|
This completes the proof of the lemma.

We are now able to formulate a well-known existence and uniqueness
theorem for initial value problems.
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Basic Material and Asymptotics

Theorem 1 (Existence and uniqueness) Consider the differential
equation
x=f(x1t5¢),

We are interested in solutions x of this equation with initial value
x(ty) = a. Let D = {x e R"| ||x— al| < d}, inducing G by Notation 1,
and f : G — R". We assume that

1 fis continuous on G,
2 fsatisfies a Lipschitz condition as in Definition 1.

Then the initial value problem has a unique solution x which exists
forto<t<ty+inf(T,dIM) where M = supg||fll =l fllsup

Note that the theorem guarantees the existence of a solution on an in-
terval of time which depends explicitly on the norm of f. Additional as-
sumptions enable us to prove continuation theorems, that is, with these
assumptions one can obtain existence for larger intervals or even for all
time. In the sequel we shall often meet equations in the so called stan-
dard form

i=eg'(x,1),

where the superscript reflects the e—degree. (We often use integer su-
perscripts in place of subscripts to avoid confusion with components of
vectors. These superscripts are not to be taken as exponents.) Here, if
the conditions of the existence and uniqueness theorem have been sat-
isfied, we find that the solution exists for to < t < to + inf(T,d/ M) with

1
M= Sup.XEDsupt[to,t0+T)”g ||

This means that the size of the interval of existence of the solution is of
the order C/e with C a constant. This conclusion, in which ¢ is a small
parameter, involves an asymptotic estimate of the size of an interval.

The Gronwall Lemma

Closely related to contraction is the idea behind an inequality derived by
Gronwall.
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The Gronwall Lemma

Lemma 2 (General Gronwall Lemma) Suppose that for ty < t <
to+ T we have

t
@(t) < af Bs)p(s)ds,
fo

where @ and B are continuous and B(t) > 0. Then

t
p(t) < aexpf B(s)ds,
lo
fortg<t<ty+T.

Proof 2 .
d(t) = a+f B(s)p(s)ds.
Io
Then ¢(t) < ®(t) and O (1) = B(1)P(1), so (since B(t) > 0) we have D(t) —
B()D(t) < 0. This differential inequality may be handled exactly as one

would solve the corresponding differential equation (with < replaced by
=). That is, it may be rewritten as

%(d)(t) effoﬁ“)ds) <0,

and then integrated from t, to t, using ®(ty) = «, to obtain
O(H)eln P9 _ g <,
which may be rearranged into the desired result.

Remark 1 The lemma may be generalized further to allow a to depend
on t, provided we assume « is differentiable and a(t) = 0, &(t) > 0.

Lemma 3 (Specific Gronwall lemma).
Suppose that for ty <t < to+ T

t
(,b(l') Saz(t— t()) +61f (P(S)d8+63,
Ip

with ¢(t) continuous for ty < t < ty+ T and constants 6, >0, 6, =0,
03 =0 then
(p(t) < (6,/6; +53)e61(t_t°) —0,10,

fortOStStO+T.

Proof 3 This has the form of Lemma 2 with a = 6,/6, + 03 and B(t) = 6,
for all t, and the result follows at once (changing back to ¢(t).)

Course Averaging Theory Master 2



Basic Material and Asymptotics

Concepts of Asymptotic Approximation

In the following sections we shall discuss those concepts and elemen-
tary methods in asymptotics which are necessary prerequisites for the
study of slow-time processes in nonlinear oscillations. In considering a
function defined by an integral or defined as the solution of a differen-
tial equation with boundary or initial conditions, approximation tech-
niques can be useful. In the applied mathematics literature no single
theory dominates but many techniques can be found based on a great
variety of concepts leading in general to different results. We mention
here the methods of numerical analysis, approximation by orthonormal
function series in a Hilbert space, approximation by convergent series
and the theory of asymptotic approximations. Each of these methods
can be suitable to understand an explicitly given problem. In this book
we consider problems where the the- ory of asymptotic approximations
is useful and we introduce the necessary concepts in detail. One of the
first examples of an asymptotic approximation was discussed by Euler
[6], or [[7], pp. 585-617], who studied the series

Y (=D"nlx"
n=0

with x € Z. This series clearly diverges for all x = 0. We shall see in a
moment why Euler would want to study such a series in the first place,
but first we remark that if x > 0 is small, the individual terms decrease in
absolute value rapidly as long as nx < 1. Euler used the truncated series
to approximate the function given by the integral

o0 )
f ¢ ds
o l+sx
Poincarée ([[21], Chapter 8]) and Stieltjes gave the mathematical foun-
dation of using a divergent series in approximating a function. The the-
ory of asymptotic approximations has expanded enormously ever since,
but curiously enough only few authors concerned themselves with the
foundations of the methods. Both the foundations and the applications
of asymptotic analysis have been treated by Eckhaus [?]. We are inter-

ested in perturbation problems of the following kind: consider the dif-
ferential equation

%= f(t,x,€) (1.2)
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Concepts of Asymptotic Approximation

As usual, let x,@ € Z", t € [y,00) and € € (0,&y] with ¢y a small positive
parameter. If the vector field f is sufficiently smooth in a neighborhood
of (a, ty) € Z" x R, the initial value problem has a unique solution x,(t)
for small values of € on some interval [#y, f);

Some of the problems arising in this approximation process can be
illustrated by the following examples. Consider the first-order equation
with initial value

x=x+¢, x:(00=1.

The solution is x,(7) = (1 + €)e’ — &. We can rearrange this expression
with respect to €:

x()=e'+ele' -1).

This result suggests that the function e’ is an approximation in some
sense for x.(¢) if ¢ is not too large. In defining the concept of approx-
imation one certainly needs a consideration of the domain of validity.
A second simple example also shows that the solution does not always
depend on the parameter € in a smooth way:

. EX
xX=————, x:(0)=1.
E+t

The solution reads
8 &
x=(—)
et
To characterize the behavior of the solution with € for £ = 0 one has to
divide 2" into different domains. For instance, it is sometimes possible
to write

X (f) =1+¢€loge+elogt+ O(el1).

where O(g/t) is small compared to the other terms. (O will be defined
more carefully below.) This expansion is possible when ¢ is confined
to an e-dependent interval I, such that €/¢ is small. (For instance, if
I, = (V€,00) then t € I, implies £/t < v€.) Of course, this expansion
does not satisfy the initial condition. Such problems about the domain
of validity and the form of the expansions arise in classical mechanics.
To discuss these problems one has to introduce several concepts.

Course Averaging Theory Master 2
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1. Basic Material and Asymptotics

Basic Material and Asymptotics

In all problems we shall consider ordering in a neighborhood of € =0
so in estimates we shall often omit ‘fore | 0’.

Example 1 The following show the usage of the symbols O(-) and o(-).
1. e"=0(™) fore | 0 ifn>m;
2. esin(1/€) = O(e) fore | 0;
3. ’loge = o(e*log’¢) fore | 0;
4. e Ve=o0(") fore |0 andallne N .

Now 6, () = 0(62(g)) implies 6;1(€) = O(62(¢)); for instance £ = o(¢)
and €* = O(¢) as € | 0. It is useful to introduce the notion of a sharp
estimate of order functions:
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Concepts of Asymptotic Approximation

Example 2 One has € sin(1/€) = O4(€), eloge = O4(2eloge + £°).

The real variable ¢ used in the initial value problem (2) will be called
time. Extensive use shall also be made of time-like variables of the form
T =0(¢g)t with 6 (€) = O(1). We are now able to estimate the order of mag-
nitude of functions ¢(t, ), also written ¢.(¢), defined in an interval [,
€€ (0,&g].
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Of course, one can give the same definitions for spatial variables.

Example 3 We wish to estimate the order of magnitude of the error we
make in approximating sin(t + € t) by sin(t) on the interval I.. If I, is
[0, 2I1] we have for the difference of the two functions supeo,2m|Sin(t+
et)—sin(t)| = O(e).

Remark 2 Anadditional complication is that in many problems the bound-
aries of the interval I, depend on € in such a way that the interval becomes
unbounded as € tends to 0. For instance in the example above we might
wish to compare sin(t + €t) with sin(t) on the interval I, = [0,2n/e]. We
obtain in the sup norm

1. Basic Material and Asymptotics

sin(t+et)—sin(t) =04(1)

Course Averaging Theory Master 2



c
.2
s}
(1)
£
X
o
o
o
o
<
.2
s}
o
-
Q
£
>
0
<
G
(@]
0
-
Q
(o))
Q
c
o
@)

1. Basic Material and Asymptotics

Basic Material and Asymptotics

(with Gy as defined in Definition 4).
Suppose 6(€) = o(1) and we wish to estimate ¢, on I, = [0, L/ (g)] with
L a constant independent of €. Such an estimate will be stated as ¢, =
O(6g(€)) as e | 0on I, or else as @ () = C(dy(€)) as € | 0 on I,. The first
form, without the t, is preferable, but is difficult to use in an example
such as

sin(t+et)—sin(t) =0()

as € | 0 on I.. We express such estimates often as follows:

An analogous definition can be given for 0(dy(¢))-estimates. Once we
are able to estimate functions in terms of order functions we are able to
define asymptotic approximations.

In general one obtains as approximations asymptotic series (or ex-
pansions) on some interval /.. An asymptotic series is an expression of
the form

Pe(t,€) ~ Y 5;()pl (1,€) (1.3)
j=1

in which § () are order functions with ;1 = 0(6;). Such a series is not
expected to converge, but instead one has

@e(t,6) =) 5! (t,€)+0(6m(€) on I,

j=1

Master 2 Averaging Theory Course



Concepts of Asymptotic Approximation

for each m in N, or, more commonly, the stronger condition

Pe(t,6) =Y 8;(©)p! (1,€) + OB i1 (€)) on I,
j=1

)

often stated as “the error is of the order of the first omitted term.’

Example 4 Consider, on I = [0,2m],
Q:(t) =sin(t+eg),
e (1) = sin(t) +etcos(t) — %gztzsin(t).
The order functions are5,(e) ="', n=1,2,3,... and clearly
Pe(1) = P(t) = 0(e”) on I,

so that ¢ (t) is a third-order asymptotic approximation of @.(t) on I.
Asymptotic approximations are not unique.
Another third-order asymptotic approximation of @.(t) on I is

Ye(t) = sin(t) + e@ae(t) — %eztzsin(t),

with @ (t) = sin(e)cos(t)/e. The functions ¢, = (t) are not determined
uniquely as is immediately clear from the definition.

More serious is that for a given function different asymptotic approxi-
mations may be constructed with different sets of order functions. Con-
sider an example given by Eckhaus ([?], Chapter 1]):

0o =(1———p71 1=[0,1].
1+¢

One easily shows that the following expansions are asymptotic approxi-
mations of ¢, on I:

m

nen=) (=) ",

oo l+E€

Vo) =1+ ) "t(r-1)"\.

n=1
Although asymptotic series in general are not unique, special forms
of asymptotic series can be unique. A series of the form (1.3) in which
each ¢, is independent of ¢ is called a Poincaré asymptotic series.

Course Averaging Theory Master 2



Basic Material and Asymptotics

Theorem 2 If ¢(t,€) has a Poincaré asymptotic series with order
functions 61,0,, ... then this series is unique.

Proof 4 First, p(t,€) = 51(8)(p1(t)+0(51(8)). Dividing by 6, we have @/, =
@, +0(1), and letting e — 0 gives

Lom 1 P(5,E)
v _IEIE’% 0:1(€)

which determines @, (t) uniquely. Next, dividing ¢ = 611 + 022 + 0(5,)
by 6, and letting e — 0 give

p(t,€)—0:(e)p, (1)
02(¢)

which fixes ¢*. It is clear how to continue. Because of these formulas,
Poincaré asymptotic series are often called limit process expansions

@*(t) =lim
e—0

Another special type of asymptotic series is one in which the ¢; depend
on ¢ only through a second time variable 7 = €. The next theorem, due
to Perko [20], shows that certain series of this type are unique.

Theorem 3 (Perko[20]). Suppose that the function ¢(t,€) has an
asymptotic expansion of the form

@(t,€) ~@o(t, 1) +epl(T, 1) + 82(/)2(1', H+..., (1.4)

valid on an interval 0 < t < L/ ¢ for some L > 0. Suppose also that
each ¢ ;(7,1t) is defined for 0 < v < L and t = 0, and is periodic in
t with some period T (for all fixed t). Then there is only one such
expansion.

Proof 5 By considering the difference of two such expansions, it is enough
fo prove that if

0~ (po(r, ) +£(p1(r, t) +£2<p2(r, H+...

then each ¢ ; = 0. This asymptotic series implies that ©°(1,1) = 0(1). We
claim that ¢°(1,1) = 0 forany t = 0 and any T with0 <1 < L. Let =
t+jT andej=1/t;, andnotethate; — 0 as j — oo and that0 < t; < L/¢;.
Now

lo° @, 0| = ||¢°(e;t;, 1) || — 0 as j — oo (in view of the definition of ||,
o) (po(r, t) =0. We see that (po drops out of the series,
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Concepts of Asymptotic Approximation

For the sake of completeness we return to the example discussed by Eu-
ler which was mentioned at the beginning of this section. Instead of x
we use the variable € € (0, €y]. Basic calculus can be used to show that we
may define the function ¢, by

o0 e—S
= ds, €€ (0,¢&p].
Qe j(; ltes (0, &o]

Transform €s = 7 to obtain

and by partial integration

1 e—r/s 0 e—r/s
=—|—¢ o —€ dr|,
e [ 1+r|° fo (1+1)2

and after repeated partial integration

-1/€e

=1—-€e+2 dar.
(pg & Sﬁ (1+T)3 T

We may continue the process and define 1 Basic Material and Asymp-
totics

m
@e =) (-1)"nlen.
n=0
It is easy to see that
Pe = Pe+ Ry,
Rpe = (=) (m+ 1)!5’"[ e "F(1+1) A,
0
Transforming back to t we can show that
Rpe =0 (™).

Therefore ¢, is an asymptotic approximation of ¢(g). The expansion is
in the set of order functions {¢"}%’, and the series is divergent. A final
remark concerns the case for which one is able to prove that an asymp-
totic series converges. This does not imply that the series converges to
the function to be studied: consider the simple example

e = sin(e) +e V¢,

Taylor expansion of sin(e) produces the series

Course Averaging Theory Master 2
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1. Basic Material and Asymptotics

Basic Material and Asymptotics

which is convergent for m — oo; @, is an asymptotic approximation of

. as
Pe —Pe =0 (E*™3),YmeN.

However, the series does not converge to ¢,, but instead to sin(e). The

term e~ '/* is called flat or transcendentally small.

In the theory of nonlinear differential equations, this matter of con-
vergence is of some practical interest. Usually, the calculation of one
or a few more terms in the asymptotic expansion is all that one can do
within a reasonable amount of (computer) time. But there are examples
in bifurcation theory that show this flat behavior.
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The Averaging The-

ory for Computing
Periodic Orbits

Preface

A classic tool for studying the dynamics of non-linear differential sys-
tems under periodic forcing is the method of averaging. A long history
of the average technique may be traced back to the classical writings of
Lagrange and Laplace, who gave the average method an intuitive basis.
The first formalization of this theory was done in 1928 by Fatou [18]. A
differential system’s orbits are all homeomorphic to either a point, a cir-
cle, or a straight line. First, it is referred to as a unique point or an equi-
librium point, and a periodic orbit is a term used in the second instance.
There is no name for the third instance. The periodic orbits of a specific
differential system are being studied analytically in the following notes.
We look at differential systems with the form

i = Fy(t,x) + eF,(t,x) + €°R(t, x, €), 2.1)

with x in some open subset D of R”, F; : R x D — R" of class C* for i =
1,2, R:Rx D x (—gp,&0) — R" of class C? with £y, > 0 small, and with
the functions F; and R being T—periodic in the variable ¢. Here, the dot
denotes the derivative with respect to the time ¢.

In general, it is very difficult and usually impossible to discover ana-
lytically periodic solutions to differential systems. As we’ll see when we
can use the averaging theory, this challenging problem for differential
systems (2.1) is reduced to finding the zeros of a nonlinear function with



The Averaging Theory for Computing Periodic Orbits
at most n dimensions, which means that the problem now has a similar
level of difficulty to that of locating the singular or equilibrium points

of a differential system. A significant challenge for researching periodic
solutions to differential systems of the form

x=F(t,x), or x=F(x), (2.2)

using averaging theory is to convert them into systems represented as a
system eqrefkl, which is the standard form of the averaging theory;, i.e.,
as a system (2.1). Note that systems (2.2), in general, are not periodic in
the independent variable  and do not have any small €. In order to write
the differential systems of form (2.2) into (2.1), where F0 may eventually
equal zero, we must find changes in variables.

Introduction: the conventional theory
A first-order averaging method for periodic orbits
We consider the differential system
x=¢eF(t,x)+€°R(t,x,¢), (2.3)

with x € D c R, D a bounded domain, and ¢ = 0. Moreover, we assume
that F(¢,x) and R(t, x,€) are T—periodic in ¢. The averaged system asso-
ciated to the system (2.3) is defined by

V=€fy), (2.4)

where

1 T
fo(y)=—f F(s,y)ds. 2.5)
T Jo

The next theorem says under what conditions the singular points of the
averaged system (2.4) provide T—periodic orbits for the system (2.3).
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Theorem 4 We consider system (2.3) and assume that the vector
functions F, R, D.F, Di F and DR are continuous and bounded by
a constant M (independent of €) in [0,00) x D, with —¢, < € < &.
Moreover, we suppose that F and R are T—periodic in t, with T in-
dependent of €.

(i) If p € D is a singular point of the averaged system (2.4) such
that

det(D,f°(p)) #0 (2.6)

then, for | € |> 0 sufficiently small, there exists a T—periodic
solution x(t, €) of system (2.3) such that x(0,€) — p as€ — 0.

(ii) If the singular point y = p of the averaged system (2.4) has all
its eigenvalues with negative real part then, for | € |> 0 suffi-
ciently small, the corresponding periodic solution x(t, €) of sys-
tem (2.3) is asymptotically stable and, if one of the eigenvalues
has positive real part x(t,€), it is unstable.

For each z € D we denote by x(;, z, €) the solution of (2.3) with initial
condition x(0, z, &) = z. We consider also the function { : D x (—&g, &) —
R" defined by

T
((z,€) = f [eF(t,x(t,z,€) + €°R(t, x(t, z,€),€)1d t 2.7)
0

From (2.3) it follows that, for every z € D,
{(z,€) =x(T, z,€) — x(0, z, €). (2.8)
The function ¢ can be written in the form
{(z,€) =€fy(2) + O(e?), (2.9)
where f; is given by (1.5). Moreover, under the assumptions of Theorem
4 the solution x(t, ), for | € | sufficiently small, satisfies that z, = x(0, &)
tends to be an isolated zero of {(-, ) when € — 0. Of course, due to (2.8)

the function ¢ is a displacement function for system (2.3), and its fixed
points are initial conditions for the T—periodic solutions of system (2.1).
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Other first order averaging methods for periodic orbits

We consider the problem of bifurcation of T—periodic solutions from
the differential system

i = Fy(t,x) + eFy(t, x) + €2R(t, x, €), (2.10)

with € = 0 to € # 0 sufficiently small. Here, the functions Fy, F; :Rx D —
R"” and R:R x D x (—¢&y, &) — R" are C? functions T —periodic in the first
variable, and D is an open subset of R”. One of the main assumptions is
that the unperturbed system

X = Fy(t,x) (2.11)

has a submanifold of periodic solutions.

Let x(t, z) be the solution of the unperturbed system (2.11) satisfying
that x(0,z) = z. We write the linearization of the unperturbed system
along the periodic solution x(z, z) as

y =D, Fy(t,x(¢,2))y. (2.12)

In what follows we denote by M, (f) some fundamental matrix of the lin-
ear differential system (2.12), and by ¢ : R* x R""* — R the projection of
R" onto its first k coordinates, i.e., E(xy, -+, X)) = (X1, -+, Xp).

Theorem 5 Let V < R* be open and bounded, and let By : CI(V) —
R"* be a C? function. We assume that

(i) Z =1{zq4 = (a, Po(a)) : a € CL(V)} € Q and that for each z, € Z
the solution x(t, za) of (2.11) is T—periodic;

(ii) foreach z, € Z there is a fundamental matrix M, (t) of (2.12)
such that the matrix M Z’al 0)-M z_al (T) has in the right up cor-
ner the k x (n — k) zero matrix, and in the right lower corner a
(n—k) x (n— k) matrix A\, with det(A,) #0.

We consider the function % : CI(V) — R* defined as

T
F(a) :0:5([ M, ()F (¢, x(t, 2a)) . (2.13)
0

If there exists a € V with &% (a) = 0 and det(d% /da)(a)) # 0, then there
is a T—periodic solution x(t,€) of system (2.10) such that x(0,&) — z, as
e—0.
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Proof 6 It follows immediately from Theorem5 taking k = n.

We assume that there exists an open set V with CI(V) < Q such that for
each z € Cl(V), x(t, z,0) is T—periodic, where x(t, z,0) denotes the solu-
tion of the unperturbed system (2.11) with x(0, z,0) = z. The set CI(V)
is isochronous for the system (2.10), i.e., it is a set formed only by peri-
odic orbits, all of them having the same period. Then, an answer to the
problem of the bifurcation of T—periodic solutions from the periodic
solutions x(t, z,0) contained in C/(V) is given in the following result.

Corollary 1 (Perturbations of an isochronous set). We assume that there
exists an open and bounded set V with Cl(V) < Q and such that, for each
z € CI(V), the solution x(t, z) is T—periodic; then we consider the func-
tion F:Cl(V) — R",

T
g(z):f Mz_l(t,z)Fl(t,x(t,z)). (2.14)
0

Ifthereexistsa€ V with % (a) = 0 and det(d % | dz)(a)) # 0, then thereisa
T —periodic solution x(t,€) of system (2.10) such that x(0,€) — a as€ — 0.

Proof 7 It follows immediately from Theorem 5 taking k = n.

Another first order averaging method for

periodic orbits

The next result extends the result of Theorem 5 to the case n = 2m and
when the matrix A, is the zero matrix. Here, £ :R" = R™ x R™ — R™ is
the projection of R” onto its second set of m coordinates, i.e., £+ (x1, ..., X,,) =
(xm+1» ceey xn)-
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Theorem 6 Let V < R™ be open and bounded, let B, : C'(V) —
R™ be a Ck function and Z = {z, = (a, Bo(a))|a € Cl(ov) c Q its
graphic in R*™. Assume that for each z, € Z the solution x(t, z,) of
(2.10)¢=¢ = 0 is T—periodic and that there exists a fundamental ma-
trix M, (t) of (2.3) such that the matrix Mz‘a1 0) - Mz"w1 (T) has in the
upper right corner the mxm matrix Q, with det(Q,) = 0, and in
the lower right corner the mxm zero matrix. Consider the function
G:C' (V) — R™ defined by

T
G(a) = 5l(f0 M (0 F (¢, x(t, za))dt), (2.15)

If there is ay € V with G(ay) =0 and det((0G/0a)(ag)) # 0 then, for
€ # 0 sufficiently small, there is a unique T—periodic solution x(t, )
of the system (2.10) such that x(t, €) — x(t, z4,) as € — 0.

Proof of Theorem 4

Proof 8 (Proof of statement (i) of Theorem 4) The assumptions guaran-
tee the existence and uniqueness of the solutions of the initial valued prob-
lems (2.3) and (2.4) on the time-scale 1/e. We introduce

t
u(t,x)=[ [F(s,x) — f2(x)]ds. (2.16)
0

Since we have subtracted the average of f (s, x) in the integrand, the inte-
gral is bounded, i.e.,

lu(x, || <2MT,t=0,x€ D.
We now introduce a transformation near the identity
x(t) = z(t) + eu(t, z(1)). (2.17)

This transformation will be used for simplifying equation (2.3). Differen-
tiation of (2.17) and substitution in (2.3) yields

0 0
X = z'+£& u(t, z) +£a—u(t, 2)z=€F(t,z+€u(t, z)) +£2R(t,z+£u(t, Z),€).
z
(2.18)
Using (2.16), we write this equation in the form

0 .0
(I+£au(z‘,z))z—ef (2)+S
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with I the n x n identity matrix, and where
S=¢€eF(t,z+€u(t,z)) —eF(t, z) +82R(t,z+£u(t, 2),E). (2.19)

Since 0u/0z is uniformly bounded (as u) we can invert to obtain

0 -1 0 )
(I+g—u(t,z)) —I—e—u(t,2)+0(?), t=0, ze D.  (2.20)
0z 0z
From the Lipschitz continuity of F(t, z) we have
[|F(t,z+€u(t,z))—F(t,z2)|| < Lel|lu(t,z)|| < Le2MT,

where L is the Lispchitz constant. Due to the boundedness of R it follows
that, for some positive constant C independent from €, we have

I1S|| < €2C, t=0,z€ D. (2.21)

From (2.20) and (2.21) we get that
z=¢ef=2) +S—ezg—Zf°(z) +0(e%), z(0) = x(0). (2.22)

AsS = O(e%) by introducing the time-like variable T = €t, we obtain that
the solution of
4 W, y(0) = z(0), (2.23)
dt
approximates the solution of (2.17) with error O(¢) on the time-scale 1 in
T, i.e., on the time-scale 1/ € in t. Due to the near identity transformation
(2.17) we obtain that

x(8) = y() = O(e) (2.24)

in the time-scale 1/ €.

Now we shall impose the periodicity condition after which we can ap-
ply the Implicit Function Theorem. We transform x — z with the near
identity transformation (2.17), then the equation for z becomes

z=efy(2) +£°S(t, z,€). (2.25)

Due to the choice of u(t,z(t)), a T-periodic solution z(t) produces a T-
periodic solution x(t). For S we have the expression

oF ou 0
S(t,z,€) = E(t’ 2u(t,z)— g(t, 2) [~ (2) + R(t,2,0) + O(¢). (2.26)
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This expression is T-periodic in t and continuously differentiable with re-
spect to z. Equation (2.25) is equivalent to the integral equation

t t
z(t)=z(0)+£f fo(z(s))ds+£2f S(s, z(s),€)ds.
0 0

The solution z(t) is T-periodic if z(t + T) = z(t) for all t = 0, which leads
to the equation

T T
h(z(0),¢) = f fO(z(s))ds+ sf S(s,z(s),e)ds=0. (2.27)
0 0

Note that this is a short-hand notation. The right hand side of equation
(2.27) does not depend on z(0) explicitly. But the solutions depend con-
tinuously on the initial values and so the dependence on z(0) is implicitly
by the bijection z(0) — z(x).

It is clear thath(p,0) = 0. If € is in a neighborhood of € = 0, then equa-
tion (2.27) has a unique solution x(t,€) = z(t,€). Ife — 0 then z(0,€) — p.
This completes the proof of statement (i).

For proving statement (ii) of Theorem 4 we need some preliminary
results. The first result is Gronwall’s inequality.

Lemma4 Let a be a positive constant. Assume that t € [&y, iy + al
and

t
Q1) < 61f w(s)p(s)ds+ 0, (2.28)
Ip

where y(t) < 0 and @(t) < 0 are continuous functions, and 6; > 0
fori=1,2. Then,
() < 5,671 v s,

Proof9 From (2.28) we get

(1) <1
51 [, w(S)p(s)ds+5,

Multiplying by 6,y (t) and integrating we obtain

ft P(S)y(s)
w 81 [, w(@r)dr +6,

t
ds< 51f w(s)ds,
Ip
therefore

t t
log(élf w(s)p(s)ds+ ) —1log(6,) sélf w(s)ds.
to Io
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Hence, .
51f Y(S)p(s)ds+05, < 62661%‘”(8)“.
Io

From (2.28) the lemma follows.

We consider the linear differential system
X = Ax, (2.29)

where A is a constant n x n matrix. The eigenvalues A,,...,1,, of system
(2.29) are the zeros of the characteristic polynomial det(A—-AId).

If these eigenvalues A are different, with eigenvectors ey for k =1, ..., n,
then ekeﬁkt , for k = 1,..., n, are n independent solutions of the system
(2.29).

Assume now that not all eigenvalues are different, thus suppose that
the eigenvalue A has multiplicity m > 1. Then A generates m indepen-
dent solutions of the system (2.29) of the form

Pye, Pi(HeM, ..., P, (D) eM.

Where P;(t) fori =0,1,...,m—1 are polynomial vectors of degree at most
i.
With n independent solutions x,;(f), ..., x,(#) of system (2.29) we form
a matrix
D(1) = (x1(2), ..., xu (1)),

called a fundamental matrix of system (2.29) . Every solution x(¢) of sys-
tem (2.29) can be written as x(t) = ®(¢)c, where c is a constant vector.
Moreover the solution x(¢) with x(%y) = xg is

x(8) = DD (£y) .

Usually, we choose the fundamental matrix ®(#) in such a way that ®(#y) =
Id. From (2.30) and the explicit form of the independent solutions of
system (2.29), the next result follows easily.

Proposition 1 We consider the linear differential system x = Ax, where A
is a constant n x n matrix with eigenvalues Ay, ..., A,,. Then the following
statements hold:

(i) ifReAdy <0 fork =1,...,n then, for each solution x(t) with x(t,) = xo,
there exist two positive constants C and u satisfying

lx(D)Il < Clxolle"" and Lim x(t);
f— 00
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(ii) if ReAdyx = 0 for k = 1,...,n and the eigenvalues with Rel; = 0 are
different, then the solution x(t) is bounded for t = t,; more precisely,

[1x(0)]] = Cllxoll and C>0;

(iii) if there exists an eigenvalue A, with ReAy > 0, then in each neigh-
borhood of x = 0 there are solutions x(t) such that

Lim ||x(t)|| = oo.
[ —o00
Under the assumptions of statement (i) of Proposition 1, the solution x =
0 is called asymptotically stable. Under the assumptions of statement (i1),
the solution x = 0 is called Liapunov stable. Finally, under the assump-
tions of statement (iii) the solution x = 0 is called unstable.
The next result is also known as the Poincaré—Liapunov Theorem.

Theorem 7 Consider the differential system
X=Ax+B()x+ f(t,x), x(t) = Xo, (2.30)

where t € R, A is a constant n x n matrix having all its eigenvalues
with negative real part, and B(t) is a continuous n x n matrix such
that Lim ||B(f)|| = 0. The function f(t,x) is continuous in t and

I — 00
x, and Lipschitz in x in a neighborhood of x = 0. If
L,x . .
im UL =0, uniformlyint,
llx|| — 0 [lx]|

then there exists positive constants C, ty,0 and p such that || xy|| <6
implies

1x(8)]] < Cllxol|e" "™ fort=t,.
The solution x = 0 is asymptotically stable and the attraction is ex-
ponential in a 6 —neighborhood of x = 0.

Proof 10 (Proof of Theorem 5) We consider the function f : Dx(—€y, &y) —
R", given by
f(z,e) =x(T,z,¢) —z. (2.31)

Then, every (z¢, €) such that

f(ze,€) =0. (2.32)
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provides the periodic solution x(:, z¢, €) of (2.10). We need to study the
zeros of the function (2.31), or, equivalently, of

g(z,6) =Y YT, 2) f(z0). (2.33)

We have that g(z,,0) = 0, because x(-,z4,0) is T-periodic, and we shall
prove that

G _ dg( _ -1 _v-1
0= =2(24,0) = Y 1(0) - Y1 (T) (2.34)
dz

For this, we need to know (0x/0z)(:, z,0). Since it is the matrix solution of
(2.12) with (0x/0z)(0, z,0) = In, we have that (0x/0z)(t,z,0) = Y (t,z) Y 1(0, z).
Moreover,

df ox )
—(2,00=—(T1,2,00-1,=Y(T,2)Y (T,2)-1,
dz 0z

and
-1 -1

dg _ vl _y-l Y 0
B0 =Y"0.2-Y T2+ (F 120, 5 —[(z,0)

which, for z, € Z, reduces to (2.34).
We have

0g 1 0x
_(Z)O):Y (T)Z)_(T)Z)O)-
o€ o€
The function (0x/0¢) (-, z,0) is the unique solution of the initial value prob-
lem
¥ =D\Fy(t,x(t,2,0)y + Fi(t,x(¢,2,0)), y(0)=0.
Hence,
0x Lo
E(t’ z,0)=Y(z, Z)f Y7 (s,2) Fi(s, x(s,2,0))ds.
0

Now we have
B T
—g(z,O) =f Y~ Y(s,2)Fy(s, x(s, z,0))ds.
o€ 0

and hence o)
T
5 (20,0) = fila),

where fi is given by (2.13). There exists Qepsiion € V such that g(zq,,€) =0

and, further, f(zq,,€) = 0, which assures that ¢(-,€) = x(-,2q4,,€) is a T-

periodic solution of (2.10).

For the proof of Theorem 6, since the result of Theorem 6 is analogous
to the result of Theorem 5, their proofs are similar.
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Proof 11 (Proof of Theorem 6) Since Z is a compact set and x(t,z,) is
T —periodic for each z, € Z, there is an open neighborhood D of Z in Q,
and 0 < €1 < gy such that any solution x(t, z,€) of (2.10) with initial con-
ditions in D.(—¢€,,&,) is well defined in (0, T). We consider the function
L: Dy(—€1,6) — R*™, (z,61) — x(T,z,€) —z. If (Z,€) € D x (—€1,€1) is
such that L(z,€) =0, then x(t, z,€) is a T—periodic solution of (2.10), = €.
Clearly, the converse is also true. Hence, the problem of finding T— periodic
orbits of (2.10) close to the periodic orbits with initial conditions in Z is
reduced to finding the zeros of L(x, €).

The sets of zeros of L(x,€) and L(z,¢€) = M, YT)L(z,€) coincide, since
M_(T) is a fundamental matrix. Moreover, following the proof of Theorem
1.2.9, we can compute that

T
D.L(z,e)= (M;'(0) - M;"(1)+ Dy f M; (O F (£, x(t,2,0)d e
0

+0(gy).

(2.35)
We note that L'(0) = ("o L)™' (0) n (¢ o L)' (0). From (2.35) we obrain
D,L(24,0) = M '2,(0) = M 'z, (T). If we write z € R*™ as z = (u, v) with
u, v €R™, then D, (EoL)(zq,0) is the upper right corner of M~ ' z(0)—M ' z(T).
Then, from (i), we can apply the Implicit Function Theorem, deducing
the existence of an open neighborhood U x (—¢5,€,) of C'(V) in &(D) x
(—€2,€2), an open neighborhood O ofﬁo(Cl(V)) in R™ and a unique Ck
function f(a, €) : Ux(—¢€3,€2) — O such that (E1oL) 1 O)N(Ux Ox (—¢5,€5))
is exactly the graphic of B(a,€). Now, if we define the function 6 : U x
(—€3,62) = Rasd(a,e) = (ELoL)(a, B(a,¢€),€), then 6 is a function of class
C* and L1 (0) N (U x O x (—¢3,€2)) = {(a, B(a, €),€)|(a, €) € 5 (0)}. There-
fore, to describe the set L™ (0) in an open neighborhood of ZinR" x (—&, &),
it suffices to describe §~'(0) in an open neighborhood of C'(V) in R x
(—€0, €0)-

Since M z4(0) — M 'z, (T) has in the lower right corner the mxm zero
matrix and 6 (a,0) = 0 in V x (—&,,€,), the function §(a,€) can be writ-
tenasd(a,e) = eG(a) + €2G(a, €) in V O(—-¢€2,€2), where G(a) is the func-
tion given in (2.15). In addition, ifg(a,e) =G(a) +eG(a, €) then 51 (0) =
571(0).

Ifthereisay € V such thatg(ao,O) =G(ag) =0anddet(0G/oa)(ay)) #
0 then, from the Implicit Function Theorem, there exist €5 > 0 small, an
open neighborhood V of ay in V and a unique function a/(€) : (—€3,€3) —
Vo of class C* such that6~'(0)n (Vo x (—€3, €3)) is the graphic of a(€), which
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also represents the set 6 ~10) N (Vy x (—€3,€3)). This completes the proof of
the theorem.

Averaging theory of arbitrary order and di-

mension for finding periodic solutions

In this section we shall study periodic solutions of systems of the form

k
x'(t) =) €'Fi(t,x) + ek + 1R(t, x, ), (2.36)
i=0
where F; :Rx D — R" fori =0,1,...,k, and R: R x D x (—¢g,&y) — R”
are locally Lipschitz functions, being T-periodic in the first variable, and
where D is an open subset of R"; eventually F, can be the zero constant
function.

The classical works using the averaging theory for studying the pe-
riodic solutions of a differential system (2.36) usually only provide this
theory up to first (k = 1) or second order (k = 2) in the small parameter
€. Moreover, these theories assume differentiability of the functions F;
and R up to class C? or C°, respectively.

Recently, in [10], this averaging theory for computing periodic solu-
tions was developed up to second order in dimension 7, and up to third
order (k = 3) in dimension 1, only using that the functions F; and R are
locally Lipschitz.

Also, in the recent work [19], the averaging theory for computing pe-
riodic solutions was developed to an arbitrary order k in ¢ for analytical
differential equations in dimension 1. In this section we shall develop
the averaging theory for studying the periodic solutions of a differential
system (2.36) up to arbitrary order k in dimension n, with zero or non-
zero Fy, and where the functions F; and R are only locally Lipschitz.

An example that qualitative new phenomena can be found only when
considering higher order analysis is the following. Consider arbitrary
polynomial perturbations

x=-y+) & fix,y),
j=1

y: X+ Zgjg](xyy)y

j=1

(2.37)

of the harmonic oscillator, where ¢ is a small parameter. In this differen-
tial system the polynomials f; and g; are of degree n in the variables x
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and y, and the system is analytic in the variables x, y and €. Then in [19]
it is proved that system (2.37) for € = 0 sufficiently small has no more
than [s(n — 1)/2] periodic solutions bifurcating from the periodic solu-
tions of the linear center X = —y, y = x, using the averaging theory up
to order s, and this bound can be reached. Here, [.] denotes the integer
part function. So, higher order averaging theory can improve the results
on the periodic solutions, both qualitatively and quantitatively. In short,
the goal of this section is to extend the averaging theory for computing
periodic solutions of the differential system in » variables (2.36) up to an
arbitrary order k in € for locally Lipschitz differential systems, using the
Brouwer degree.

Statement of the main results

We are interested in studying the existence of periodic orbits of general
differential systems expressed by

k

x'(6) =) &'Fi(t,x) + ek + 1R(t, x,€), (2.38)

i=0

where F;:Rx D —R"fori=0,1,...,k,and R:R x D x (—¢p, &y) — R" are
continuous functions, being T -periodic in the first variable, and where
D is an open subset of R”. In order to state our main results we introduce
some notation. Let L be a positive integer, let x = (x;,,x,) € D, t € R and
Vi=Wj...,¥jn) €R"for j=1,...,L. Given F: R x D — R" a sufficiently
smooth function, for each (¢, x) € Rx D we denote by 0" F(¢, x) a symmet-
ric L-multilinear map which is applied to a “product” of L vectors of R",
which we denote as L @521 y; € R™. The definition of this L-multilinear
map is
no 9MF(t, x)

0"F(t,x) 0 yj= )

—_— (2.39)
i g1=10%i1...0X;4

We define 8° as the identity functional. Given a positive integer b and a
vector y € R", we also write y” = o?_, y e R".

Remark 3 The L-multilinear map defined in (2.39)is the L' Fréchet t
derivative of the function F(t,x) with respect to the variable x. Indeed,
for every fixed t € R, if we consider the function F, : D — R" such that
F,(x) = F(t,x), then 0“F(t, x) = F" (x) = 0*/10x"F(t, x).

Example 5 7o illustrate the above notation (2.39), we consider a smooth
function F : R x R? — R2. So, for x = (x1, x,) and y1 = (y%, y%), we have
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OF

OF(t,x)y' = —
1

(t, x) 1+0—F(1r x) Vi
’ yl axz ) y2

Now, for y1 = (y},y%) and y2 = (yf,yg), we have
2 2

1

OPFE(t, X)), y?) = (t, ) y1¥5+

F
(&, )y 01 + 6x126x2
1.2, OF 1.2
92,01, (T, X)y, )7 + 0,05, (1, X)y,¥5-
Observe that, for each (t,x) e R x D, 0F(t,x) is a linear map in R? and
0°F(t,x) is a bilinear map in R* x R*. Let ¢(., 2) : [0, t,] — R" be the solu-
tion of the unperturbed system

dxlzdxl

x = Fy(t,x) (2.40)

such that ¢(.,z) = z. Fori=1,2,...,k, we define the averaged function of
orderi, f;: D — R", as

,Vi(T, Z)
i!

fi= , (2.41)

where y; :Rx D —R", fori =1,2,...,k— 1, are defined recurrently by the
integral equation

t J 1
(L, = il F; ’ ’ +
yilt,2) = i fo (8,95, 2)) ;sz, b1!by121b, ... b\ b, (2.42)

aLFl—l(sy(p(sy Z)) @izl y](s, Z)b]ds,

where S; is the set of all [-tuples of non-negative integers (by, by, ..., b;)
satisfying by +2b, +---+1lb;=1,and L= b, + b, +---+ b;.

In Subsection 2.5.2 we compute the sets S; for 1 = 1,2,3,4,5 . Further-
more, we make the functions fi(z) explicit, up to k =5 when Fy =0, and
up to k = 4 when Fy = 0. Related to the averaging functions (2.41) there
exist two cases of (2.38), essentially different, that must be treated sepa-
rately, namely, when Fy = 0 and when F, = 0. It can be seen in the follow-
ing remarks.

Remark 4 IfF, =0, then ¢((t,z) = z for each t € R. So,

t T
Y1(t;Z):f Fl(t,Z)dS, and fl(t)Z):f Fl(t,Z)dt,
0 0

as usual in averaging theory; see, for instance [1].

Course Averaging Theory Master 2



The Averaging Theory for Computing Periodic Orbits

Remark5 IfF, =0, then

t
yi(t,2) = f Fi(s,(5,2)) +0Fy(s,9(s,2) y1(s,2)ds (2.43)
0

The integral equation (2.43) is equivalent to the following Cauchy prob-
lem:

u=F(s,¢(s,2)+0F(s,¢(s,z)uds and u(0) =0 (2.44)

i.e., y1(t,z) = u(t). If we write

t
n(t, z) :f OFy(s,¢(s,2))ds, (2.45)
0

we have

t
n(t,z)= e””’Z)f e_”(t’Z)Fl(s,w(t, z))dt, (2.46)
0

and .
filz) = f e "AF (s,0(t,2))dt,
0

Moreover, each y;(t, z) is obtained similarly from a Cauchy problem. The
formulae are given explicitly in Subsection 2.5.2.

In the following, we state our main results: Theorem 8 when F, = 0, and
Theorem 9 when Fy = 0.

Theorem 8 Suppose that Fy = 0. In addition, for the functions of
(2.38), we assume the following conditions:

(i) for each t € R, F;(t,.) € - fori=1,2,...,k; 6k_iFl~ is locally
Lipschitz in the second variable fori =1,2,...,k; and R is con-
tinuous and locally Lipschitz in the second variable;

(ii) fi=0fori=1,2,...,r—1and f, =0, wherer €1,2,..., k (here,
we are taking fo = 0). Moreover, suppose that for some a € D
with f.(a) = 0, there exists a neighborhood V < D of a such
that f,(z) =0 for all z € V|{a}, and that ds(f,(z),V, a) # 0.

Then, for |e| > 0 sufficiently small, there exists a T -periodic solution
x(.,€) of (2.38) such that x(0,€) — a when € — 0.
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Theorem 9 Suppose that Fy = 0. In addition, for the functions of
(2.38), we assume the following conditions:

(i) there exists an open subset W of D such that, for any z€ W,
@(t, z) is T-periodic in the variable t;

(ii) foreach t € R, F;(t,.) € Ck_ifori =0,1,2,...,k; Ok_iFi is locally
Lipschitz in the second variable for i = 0,1,2,...,k; and R is
continuous and locally Lipschitz in the second variable;

(iii) fi=0fori=1,2,...,r—1and f, =0, wherer €1,2,..., k; more-
over, suppose that for some a € W with f,(a) = 0, there exists a
neighborhood V. W of a such that f.(z) =0 forall z € Vi{a},
and that dg(f,(z),V,a) =0.

Then, for |e| > 0 sufficiently small, there exists a T -periodic solution
x(.,€) of (2.38) such that x(0,¢) — a when € — 0.

Remark 6 When the functions f; defined in 2.41), fori =1,2,...,k, are
C', the hypotheses (ii) from Theorem 8 and (iii) from Theorem 9 become:
(iv) fi=0fori=1,2,...,r—1and f, =0, wherer € 1,2,..., k; moreover,
suppose that for some a € W with f.(a) = 0 we have that f.(a) = 0.

Computing formulae

Now we shall illustrate how to compute the formulae from Theorems
8 and 9 for some k € N. In Subsection 2.5.3 we compute the formulae
when F, = 0 for Theorem 8 up to k = 5. First of all, from (2.42) we should
determine the sets S; for [ =1,2,3,4,5:

S1 = {1},
SZ = {(0) 1)) (2)0)}y
S3=1(0,0,1),(1,1,0),(3,0,0)},

S4=1(0,0,0,1),(1,0,1,0),(2,1,0,0),(0,2,0,0), (4,0,0,0)}.

To compute S; it is convenient to exhibit a table of possibilities with the
value b; in the column i. We start from the last column.
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Clearly, the last column can be filled only by zeroes and ones because
5bs > 5 for bs > 1; the same happens with the fourth and the third col-
umn, because 3bs, 4b, > 5, for bs, by > 1. Taking bs = 1, the unique pos-
sibility is by = b, = b; = by = 0, thus any other solution satisfies bs = 0.
Taking bs = 0 and b, = 1, the unique possibility is b; =1 and b, = b3 =0,
thus any other solution must have b, = b5 = 0. Finally, taking bs = by =0
and b3 = 1, we have two possibilities either b; =2 and b, =0, or b; =0
and b, = 1. Thus any other solution satisfies b; = by, = b5 = 0.

Now we observe that the second column can be filled only by 0,1 or
2, since 2b, > 5 for b, > 2; and taking b; = by = bs = 0 and b, =1 the
unique possibility is b; = 3. Taking b3 = by = bs = 0 and b, = 2 the unique
possibility is b; = 1, thus any other solution satisfies b, = bs = by = bs =
0. Finally, taking b, = b; = b, = bs = 0 the unique possibility is b; = 5.
Therefore the complete table of solutions is

OO = W O - O
o N = O = O O
©C O O = = O O
O O O O O~ O
S O O O O O

Now we can use (2.42) and (2.41) to compute the expressions of the y;’s
and f;’s in each case.
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Fifth order averaging of Theorem 8

Let us assume that Fy = 0. From (2.42) we obtain the functions y;(¢, z)
fork=1,2,3,4,5

t
J/I(t,z): fFl(S;Z)dS)
Ot a
ya(t,2) = f (2F2(s,z)+2 L(5,271(5,2))ds,
0
(t,2) = ft(6F( )+62( Y1t 2)
Y3\, 2) = ; 38,2 ox $,2)y1(t,z

: OF,
5 (52Y1(5,2° +3— (5, Dy2(5,2)|ds,

(t,2) = ft(24F (s,2) +24%(s 2)y1(s z)+12@(s 2)y1(s z)2
J/4 ’ - 0 4\9) ax ’ )/1 ’ axz ’ yl ’

2.5.3 Fifth order

0F, 0°F,
+12—(s, z2)Y2(8,2) + 12 (s, 2))1(s,2) © y2(s, 2)

3

0 F 6
+4F(s, (s, 2)° + 4—1(8, 2)ys(s, Z))ds,
2

t 0F, 0°F3
Vs(t,2) = f (120F5(s zZ) + 120—(s 2)y1(s,2) +60 (s 2)y1(s, z)?
0

2

0F; 0°F,
+60—(s, 2)Y2(8,2) + 60—

6 2 (S)z)yl(syz) QJ/Z(S,Z)

+20@(s 2)v1(s z)3 +202(s 2)Vs(s, 2)
6_7(,'3 ’ J’l ’ ax ’ J/3 ’

0°F 0°F, )
+202-5 (5,251, 2) © ys(s5,2) + 152-7(5, 2) 32 (5, 2)

3 4

PR, ) 0 I i
+30F(8’ 2y1(5,2)70 ya(s,2) + 52-5(5, 231 (5, 2)

0F;
+5§(3, 2) Y4(s, z))ds,
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Therefore, from (2.41) we have that
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folz) =
filz) =

fo(2) =

f3(2) =

fa(2) =

f5(2) =

0,

T
f F,(t,2)dt,
0

T oF,
fo(Fg(t,z)ds+a(t,z)yl(t,z))dt

2

T OF, 16%F, ,
L (FS(t)Z)+_(trz)y1(trz)+EW(t)Z)yl(tyz)

10F,
+§a—(t 2, z))dt

2

T oF, 16°F,
f(&mm+ 3(t, ) (t,2) + ~
0

5 o2 (t 2y (¢, z)

2

laF 10
6—(1‘ ,2)Y2(t,2) + = (t 2)y1(t,2) © y2(t, 2)

2 0x2

LOR G o, )+lﬁ(t )ys(t,2))d

66 3 Zyl Z 6 < y & J’3 ’ ’
2

T 0F, 10°F;
f(&mm+ (t,2)y1(t,2) + =
0

5 ox2 (t 2y (t, z)

2

laF 10
a—(t ,2)Yo(t,2) + = —2(t, 2)y1(t,2) © y»(t, 2)

2 0x?
10%F, 10F,
+— O—(t Z)yl(t Z) +E—(t Z)yg(t Z)
2 10°F, )
M ~(£,2)y1(t,2) © 3(t,2) +——(t,Z)yz(t,Z)
+163—F(t )11 (t, 2)2 0 vo(t, 2) + — 1 I'F
4053 N Y2 24 0x4

(t 2)y1(t, z)

+ =20 oyyate,2)a.
2405 " PINEE

Three applications of Theorem 8

The first application studies the periodic solutions of the Hénon-Heiles
Hamiltonian using the averaging theory of second order. The other two
examples analyze the limit cycles of some classes of polynomial differ-
ential systems in the plane. These last two applications use the aver-
aging theory of third order. More precisely, these three applications are
based in Theorem 8.
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In the next subsection we summarize the results of Theorem 8 up to
third order, precisely the ones used in the applications here considered.

The averaging theory of first, second and third order

As far as we know, the averaging theory of third order for studying specit-
ically periodic orbits was developed by first time in [10]. Now we sum-
marize it here from Theorem 8 which is given at any order. Consider the
differential system

(1) = eFy(t, x) + €°F,(t, x) + €2 F5(¢, x) + €*R(t, x, €), (2.47)

where Fy, Fo, F5: Rx D — Rand R: R x D x (—¢5,€5) — R are continuous
functions, T -periodic in the first variable, and D is an open subset of R".
Assume that the following hypotheses (i) and (ii) hold:

(i) Fi(t,.) € C*(D), F»(t,.) € C'(D) for all ¢t € R, Fy, F, F3, R, DF;, D, F,
are locally Lipschitz with respect to x, and R is twice differentiable with
respect to €. We define Fyy: D — Rfor k=1,2,3 as

1 T
fro(2) = —f Fi(s,z)ds,
T Jo

1 T
fo0(2) = ?f (D, F(S,2).51(s,2) + F> (s, 2)]ds,
0

frol2) = lfT[l 5,272 s 205,204 222, a5, 0+
30(<) = T 0 2J/1 y & aZZ 7Zy1 y & 26z 7Zy2 y &

0F,
E(s) Z) (J’l(s» Z)) + F3(S) Z) dS,

Where
S
y1(s,2) = f F,(t,z)dt,
0

s 6F1 t
y2(8,2) = f [—(l‘,z)f F\(r,2)dr + F>(t,2)|dt.
0o L0z 0

(i) For V < D an open and bounded set, and for each € € (—¢y,€y)
{0} there exists a € € V such that Fjg(a,) + €Fxp(a.) + €2 F3(a;) = 0 and
dp(Fro+€Fy

+&°Fy, V, a,) # 0.

Then for |e] > 0 sufficiently small there exists a T-periodic solution ¢(., )
of the system such that ¢(0, ¢) = a,.
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The expression dg(Fig +eFy0+€2Fa, V, a;) # 0 means that the Brouwer
degree of the function Fyy+ eF»y + €’Fy: V — R" at the fixed point a. is
not zero. A sufficient condition for the inequality to be true is that the
Jacobian of the function Fyo + £ Fy + €2 F3q at a, is not zero.

If Fyy is not identically zero, then the zeros of Fyo+ €F5y + e’ Fyo are
mainly the zeros of F for € sufficiently small. In this case, the previous
result provides the averaging theory of first order.

If Fy is identically zero and F, is not identically zero, then the zeros
of Fio + eF> + €°F5, are mainly the zeros of F,, for € sufficiently small.
In this case, the previous result provides the averaging theory of second
order.

If F1y and F,, are both identically zero and Fz, is not identically zero,
then the zeros of Fyg + € Foq + €2 F3 are mainly the zeros of F3, for € suf-
ficiently small. In this case, the previous result provides the averaging
theory of third order.

The Hénon—Heiles Hamiltonian

The results presented in this subsection have been proved by Jiménez-Llibre
[24].

The classical Hénon—Heiles potential consists of a two dimensional
harmonic potential plus two cubic terms. It was introduced in 1964, as a
model for studying the existence of a third integral of motion of a star in
a rotating meridian plane of a galaxy in the neighborhood of a circular
orbit [23]. The classical Hénon-Heiles potential has been generalized by
introducing two parameters to each cubic term,

1 1
5(p§+p§+x2+y2) +Bxy2+§Ax3, (2.48)

such that B # 0, with x, y, py, py € R. Then the classical Hénon-Heiles
Hamiltonian system corresponds to

.?‘C = px;

Pr= —x—(Ax*+By?),

= (2.49)
= p,

py= —-y-—2Bxy.

As usual, the dot denotes derivative with respect to the independent
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Figure 2.1: Openregion (2B—5A)(2B—A) < 0 in the parameter space (A, B), where there
is at least one periodic orbit with multipliers different from 1.

variable t € R, the time. We name (2.49) the Hénon-Heiles Hamiltonian
systems with two parameters, or simply the Hénon-Heiles systems.

The periodic orbits in the Hénon—Heiles potential have been numeri-
cally studied and classified by Churchill-Pecelli-Rod [12], Davies—-Huston—-Barange
[13] and others [9]. Maciejewski—-Radzki—-Rybicki did an analytical study
of a more general Hénon-Heiles Hamiltonians including a third cubic
term of the form Cx? ¥, which can be removed by a proper rotation, and
two more parameters associated with the quadratic part of the potential.
They proved the existence of connected branches of non-stationary pe-
riodic orbits in the neighborhood of a given degenerate stationary point.

Theorem 10 At every positive energy level the H ‘enon-Heiles
Hamiltonian system (2.49) has at least

(i) one periodic orbit if 2B —5A)(2B — A) <0 (see Figure 2.1),

(i) two periodic orbits if A+ B =0 and A # 0 (this case contains
the classical Hénon-Heiles system), and

(iii) three periodic orbits if B(2B —5A) > and A+ B # 0 (see Figure
2.2).

Proof 12 For proving this theorem we shall apply Theorem 8 to the Hamil-
tonian system (2.49). The periodic orbits of a Hamiltonian system with
more than one degree of freedom are on cylinders fulfilled by periodic or-
bits. Then we must apply Theorem 8 to every Hamiltonian fixed level,
where the periodic orbits are isolated.

On the other hand, in order to apply Theorem 8 we need a small pa-
rameter €. So in the Hamiltonian system (2.49) we change the variables
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Figure 2.2: Open region B(2B —5A) > 0 and A+ B # 0 in the parameter space (A, B),
where there are at least three periodic orbits with multipliers different from 1. When
A+ B =0, there are at least two periodic orbits with multipliers different from 1.

(X, ¥, px» Py) 10 (X, Y, px, py) where x = eX, y=€Y , py =€px and p, =
epy. In the new variables, the system (2.49) becomes

X = Px,
px= —X—-¢e(AX*+BY?),
. (2.50)
= Py,
py= —-Y -2¢BXY.
This system again is Hamiltonian with Hamiltonian
1 1
E(p§(+p§,+X2+ YH)+e BXY2+§AX3). (2.51)

As the change of variables is only a scale transformation, for all € differ-
ent from zero, the original and the transformed systems (2.49) and (2.50)
have essentially the same phase portrait and, additionally, the system
(2.50) for € sufficiently small is close to an integrable one.

First we change the Hamiltonian (2.51) and the equations of motion
(2.51) to polar coordinates for € = 0 , which is an harmonic oscillator.
Thus we have

X=rcosl,px=rsinb,Y =pcos@+a), py = psin(0 + a).

Recall that this is a change of variables when r > 0 and p > 0. Moreover,
doing this change of variables, the angular variables 0 and a appear in
the system. Later on, the variable 0 will be used for obtaining the peri-
odicity necessary for applying the averaging theory.

The fixed value of the energy in polar coordinates is

1 1
h= E(r2 +p9) +¢ §Ar3cosst9 + Brp?cosOcos*(0 +a) |, (2.52)
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and the equations of motion are given by

F= —esind(Ar®cos’0+ Brpcos* (0 +a)),
2
0= —1-—ecosO AchosZH+'OTBcosz(8+a) ,
) . (2.53)
p= —€BrcosOsin(2(0 + a)),
0
d= e (Artcos*0 + B(p*—2r*)cos’(0 + a)).

r

However, the derivatives of the left hand side of these equations are with
respect to the time variable t, which is not periodic. We change to the 6
variable as the independent one, and we denote by a prime the deriva-
tive with respect to 8. The angular variable a cannot be used as the in-
dependent variable since the new differential system would not have the
form (2.36) for applying Theorem 8 The system (2.53) goes over to

ersinH(Arzcosze + Bp*cos*(0 + a))

r+&(Ar2cos30 + Bp%cosOcos?(0 + a))’
eBr?pcosfsin(2(0 + a))
r+¢&(Ar2cos’0 + Bp2cosOcos?(0 +a))’
ecos(B(p*—2r?)cos*(0 + a) + Ar*cos*0)
r+e(Bp?cosfcos?(0 + a) + Ar?cos30)

p=

Of course this system has now only three equations because we do not
need the 0 equation. If we write the previous system as a Taylor series in
powers of €, we have

I = srsinB(Ar200329+szcosz(9+a)),
' n20 2
_g? Sl:r (Ar2(1 +¢05(20)) + Bp*(1 + cos(2(0 + a))) +0(e%),
p= eBrpcosOsin(2(0 + a))

eBpcos*0sin(2(0 + a))(Ar*cos20 + Bp*cos*(2(0 + a))) + O(e%),
of =— ecosOr(Ar?cos’0 + B(,o2 —2r®)cos* (0 + a)).

+e2c0s°0r*(Ar®cos®0 + Bp*cos*(0 + a))

(Arcos®0 + B(p* —2r¥)cos*(0 + a)) + O(e%).
(2.54)
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Now system (2.54) is 2m-periodic in the variable 6. In order to apply
Theorem 8 we must fix the value of the first integral at 2 > 0 and, by
solving equation (2.52) for p, we obtain

h—r?/12—eAricos®0/3
p= (2.55)

1/2+&eBrcosOcos?(0 + a)

i = esinf(Ar’cos’0+B@2h—-r¥cos’(0+ a))
' n20
_52(%%(1 +c05(20)) + Bh - r?)(1 + cos2(0 + a))))?
+§ABr3sin0005396032(0 +a)

+2B%hrsin(20)cos* (@ + a) — B*r*sin(20)cos* (0 + a) + O(&>),
(2.56)
and

B
@ = 8(7(37’2 —2h)cosBcos* (0 + a) — Arcos39)
2
e2(A%r?cos®0 + §AB(6h —5r?)cos*@cos* (0 + a) (2.57)
B%r?(r’ =2h)2cos*0cos* (0 + a)) + O(&>).

Clearly, equations (2.56) and (2.56) satisfy the assumptions of Theorem
8, and it has the form of (2.36) with F; = (Fj;, Fi2) and F, = (Fy1, F>)),
where

Fyy = sinf (Ar®cos®0 + BRh—r*)cos*(0 + a)),

B
F» = —(3r*=2h)cosOcos*(0 + a) — Arcos>0,
r

Fy= — ”gr‘w (Ar2(1 + cos(20) + B@h - r3)(1 +cos@(0 + @)

2
’

2
—gABr?’sinecos3HCosz(0 +a)-2B%hrsin(20)cos* (0 + a)
+B%r3sin(20)cos* (0 + a),

2
F,, = A%r*cos®0 + gAB (6h—51r*)cos*0cos*(0 + a)
BZ
+?(r2 —2h)%cos*0cos* (@ + a).

As r # 0 the functions F; and F, are analytical. Furthermore, they are
2pi-periodic in the variable 8, the independent variable of the system
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(2.56) -(2.57). However, the averaging theory of first order does not apply
because the average functions of F; and F, in the period vanish,

21
filr, 4) = fo (Fur, Fi2)d0 = (0,0). (2.58)

As the function f; from Theorem 8 is zero, we procede to calculate the
function f, by applying the second order averaging theory. We have that
f> is defined by

2n
ﬁ(ryA):f [DrAFl(G)ryA)-yl(eyr)A)+F2(0rryA)]d6y (259)
0

where .
J/1(9,T,A):f Fl(t,r,A)dt.
0

The two components of the vector y; are
0
yn= f Fll(trr;A)dt
0
1
= 5(3(2h ~)sin?(0/2)(cos2(0 + a)) +2c0s2a+0) +3)
—Ar?(cos®0 - 1)),

and
)
Yi2 = f Fio(t,r,A)dt
0

Ar
= —E(Qsine + sin30) — Bh6r(3sin(2a+0) + sin(2a + 30)
—4sin2a +6sinf)

Br _ . . ) .
+T(35m(2a +a)+sin2a+30)—4sin(2a) + 6sinb).

For the Jacobian matrix
0 0<f
Dr.sszl(e)rnd): ' )
0F, 0F;,
or 0«

we obtain
2Arcos’0 —2Brcos’(0 + a))sinf —-2BRh—-r?*)cos(@+ a)sinfsin6 + a)

2B
—Acos30 +6Bcos2(0 + a)cosO T(I%r2 —2h)cosOcos(@+ a)sin(0 + a)

B
ﬁ(Sr2 —2h)cos*(@ + a)cosO
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We can now calculate the function (2.59) from Theorem 8, and we
obtain

B
f2= (— 1—;(63 — A)(r* —2h)sin2<,

1
== (r2(5A2 —12AB—-3B%) —2B(A—6B)(h—r*)cos2a)+
2Bh(6A— B)).
We have to find the zeros (r*, /) of f,(r,</), and to check that the Jaco-

bian determinant
Dy afo(r®,«f™)| #0. (2.60)

Solving the equation f>(r,</) = 0, we obtain five solutions (r*,«/*) with
r* >0, namely

B(A-6B 2Bh
V2h,+arcsec ( ) ), 0],
4B%2+6AB—-5A2 3B—A
(2.61)
14Bh
, /2.
9B-5A

The first two solutions are not good, because for them we would get from
(2.55) that p =0 when € =0, and p must be positive. The third solution
exists if B(3B — A) > 0. The last two solutions exist if B(9B —5A) > 0. The
Jacobian (2.60) of the third solution is

~ 5B°h?*(A—6B)(A—2B)(A+B)
9(A-3B)

(2.62)

and, for the last two solutions, the Jacobian coincides and is equal to

7B*h*(A—-6B)(5A—2B)(A- B)
9(5A—-9B) |

(2.63)

Summarizing, from Theorem 8 the third solution of f,(r,«/) = 0 provides

a periodic orbit for the system (2.56)-(2.57) (and consequently of the
Hamiltonian system (2.50) on the Hamiltonian level /2 > 0) if B(3B— A) >

0, (A—6B)(A-2B)(A+B) #0, and from (2.55) we get p = V2(A-2B)h/(A-3B);
we also need (2B — A)(3B—- A) > 0. The conditions B(3B — A) > 0 and
(2B—A)(3B— A) >0 can bereduced to B(2B— A) >0, where (A—6B)(A—

2B) # 0isincluded, but A+ B # 0 is not. Then the third solution provides

a periodic orbit when B2B—- A) >0and A+ B #0.
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In a similar way the last two solutions of f,(r, A) = 0 provide two pe-
riodic orbits for the system (2.56)-(2.57) if B(9B—-5A) >0, (A—6B)(5A—
2B)(A- B) #0, and from (2.55) we get p = \/2(5A—2B)h/(5A—9B); we
also need 2B —5A)(9B —5A) > 0. The conditions B(9B -5A) > 0 and
(2B—5A)(9B—-5A) > 0 can be reduced to B(2B —5A) > 0, where the con-
dition (A—6B)(5A—-2B)(A—B) # 0isincluded. Then the fourth and fifth
solutions provide two periodic orbits whenever B(2B —5A) > 0.

There is one periodic orbit if the third solution exists, and the last two
solutions do not. There are two periodic orbits if the two last solutions
exist, and not the third one, i.e., when A+ B = 0. Finally, there are three
periodic orbits if the third, fourth and fifth solutions exist. Now the state-
ments of Theorem (8) follow easily. The regions in the parameter space
where periodic orbits exist are summarized in Figures 2.1 and 2.2.
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Applications

We recall that a limit cycle of a differential system is a periodic orbit
isolated in the set of all periodic orbits of the system.

The van der Pol differential equation

Consider the van der Pol differential equation X + x = €(1 — x%) %, which
can be written as the differential system
x=y,
(3.1)
y=-x+e(1-x%.
In polar coordinates (r,0), where x = r cosf, y = rsin0, this system be-
comes
i =er(l—r?cos?0)sin?0,
0=-1+¢ecosO(1 - r?cos?) sind.
or, equivalently,
dr

- —er(1-r*cos?0)sin®0 + O(e?)

Note that the previous differential system is in the normal form (2.3) for
applying the averaging theory described in Theorem 4 if we take x =
r,t=0,T =2n. From (2.5) we get that

1 [0 1
Op oy _ - T N _L o
f(r)= _271]0 r(1-r°cos?)sin“0d6 8r(r 4).
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The unique positive root of fo(r) is r = 2. Since (dfo/dr)(Z) =1, by
Theorem 4(i), it follows that system (3.1) has, for € = 0 sufficiently small,
a limit cycle bifurcating from the periodic orbit of radius 2 of the unper-
turbed system (3.1) with € = 0. Moreover, since (df°/dr)(2) = 1> 0, by
Theorem 4(ii), this limit cycle is unstable.

The Lienard differential system

The following result is due to Lins—de Melo—Pugh [25]. Here, we provide
an easy and shorter proof with respect to the initial proof given by the
mentioned authors

Proposition 2 The Lienard differential systems of the form
x=y-el@mx+---+a,x"),
y=-x.

with € sufficiently small and a, # 0 have at most [(n —1)/2] limit cycles
bifurcating from the periodic orbits of the linear center x =y, y = —x and
there are examples with exactly [(n—1)/2] limit cycles; here|.], denotes the
integer part function

Proof 13 We write the system
x=y—-€elmx+---+a,x") y=-x

in polar coordinates (r,0), where x = r cos0, y = rsin6), and we obtain
F=—e2l_ arrfcost'e,
0=—-1+esing+2}_ arr* ' cos’o.

or, equivalently,

dr

i —eX?_ arr*cost 0+ O(e?)
Again, taking x =r, t =60, T = 2m and F(t,x) = —Zzzlakrkcoskﬂa the
previous he previous differential system is in the normal form (2.1) for

applying the averaging theory described in Theorem 4
We have that

1 2m €
)= —gZ’fakrkfo cos**'0do = _gzZ:l,koddakbkrk =p(r)
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2n
where by = f cos**10d0 # 0 if k is odd, and by = 0 if k is even. Now
0
we apply Theorem 4 since the polynomial p(r) has at most [(n —1)/2]
positive roots, and we can choose the coefficients a; with k odd in such
a way that p(r) has exactly [(n —1)/2] simple positive roots; the proposi-
tion follows.

Zero-Hopf bifurcation in R”

In this example we study a zero-Hopf bifurcation of C* differential sys-
tems in R" with n > 3.

We assume that these systems have a singularity at the origin, whose
linear part has eigenvalues €a + b;, with b # 0 and ecy for k = 3,---,n,
where € = 0 is a small parameter. Since the eigenvalues of the lineariza-
tion at the origin when € = 0 are +b; # 0 and 0 with multiplicity n — 2, if
a, infinitesimal periodic orbit bifurcates from the origin when € =0, we
call such kind of bifurcation a zero-Hopf bifurcation. Such systems can
be written into the form

- i iz i i
X=€ax—by+Z; sii,=20i..;;) X' y?z3--Z2"+A,

y=bx+eay+Zi.ii=2bi..i, X" y?z" 2"+ B, (3.2)
s . . (k) yiry,i2 03 in
Z=ECkZk+ X qutiy=2C; . . X' V?*Z zZ"+€6r 3,:---,n,

ll...ln

® " a, b and c* are real parameters, ab # 0, and
11...1pn

A,B and C* are the Lagrange expression of the error function of third
order in the expansion of the functions of the system in Taylor series.

where a;,_;,, bi, ..i,» €

Theorem 11 There exist C* systems (3.2) for which 1€ {0, 1, --- 23
limit cycles bifurcate from the origin at € = 0, i.e., for € sufficiently
small the system has exactly | limit cycles in a neighborhood of the
origin, and these limit cycles tend to the origin when € "\ 0.

As far as we know, Theorem 11 was the first result proving that the
number of limit cycles that can bifurcate in a Hopf bifurcation increases
exponentially with the dimension of the space. We recall that a Hopf
bifurcation takes place when one or several limit cycles bifurcate from
an equilibrium point. From the proof of Theorem 11 we get immediately
the following result
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Corollary 2 There exist quadratic polynomial differential systems (3.2)
(i.e., with A= B = C* =0) forwhich1€{0, 1, --- 2”3} limit cycles bifurcate
from the origin at € = 0, i.e., for € sufficiently small the system has exactly
[ limit cycles in a neighborhood of the origin and these limit cycles tend to
the origin when € \| 0.

Proof 14 of Theorem Doing the cylindrical change of coordinates
x=rcosf, y=rsinbl, z;=z;, i=3,-,n, (3.3)

in the region r > 0 the system (3.2) becomes

F= €ar+2Z..4i,=2(a;..;,cos0 + b;,..; sin0)(rcos 0)"

(rsin@)2z2---zim) + O(3),

. 1 '
0= —|br +Zi1+-~+in=2(bi1---in cosf — aij, ..., sin@)(r cosf)" (3.4)
r
(rsinG)i2z§3---z"”+Q(3) ,
z= ECka+Zi1+---+inzzc§f),,i (rCOSH)il(rsinH)izzE’;S---zin
' (3.5)

+O(3) 3}"')”)

where O3) = OQ)(r, z3, -, 2,)

Asusual, Z, denotes the set of all non-negative integers. Taking aooe,; =
b(meij = 0 where ¢;; € Z_’Z’z has the sum of the entries equal to 2, it is
easy to show that in a suitably small neighborhood of (7, z3, -+, z,,) =
(0,0, ---,0) we have 6 # 0. Then, choosing 6 as the new independent
variable system (3.4), in a neighborhood of (7, z3, -+, z,,) = (0, 0, - -+, 0) it
becomes

0 1
é = Mr(aar + 2 petiy=2(a@j;..i, 0SO + bj,...; Sin0)
(rcos0)’ (rsinf)2z3 -z + Q(S)),
0z 1 5.6)
G_Hk = M(lr(eckzk + Ziﬁ...ﬂ-n:zcgf)“in(r cos0) ! (rsinH) ™
2l gin +Q(3))).
Where
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M, = br+Z; .4 =2bj..; cosO—a;..; sin@)(r cos 0)" (rsinf)™
z2 - zn+ O3)
for k=3, ---, n. We note that this system is 27 periodic in the variable
0. In order to write system (3.6) in the normal form of the averaging

theory we rescale the variables
(r, Z3;“';Zn):(,05; 7736)'”)17]18)- (37)

Then the system (3.6) becomes

0
P =£‘f1(9, P, N3, "'»77n)+52g(8, P, M3, ""nn))

060

5 (3.8)
% :gfk(ey P, 13, "'y77n)+82g1(9’ 0,13, “.’nn)’

k:3, EEIN R

where
1 . ‘
fl = E(a‘o + Zl'l+--~+in:2(61i1--~in COSH + bllln Sin@)( p CcOoS 0)11 (p SinQ) i
Zés oo le’ln))
1 (k)

fi= E(Cﬂk +Ziy et in=2Cio...y, (0 €080) " (0 sing)z;’ - - Z’i’ln))

We note that the system (3.8) is in the normal form (2.1) of the averag-

ingtheOIY)Withx:(p)n?);"')nn)) tze) F(H) o, n?))"')nn):(fl(ey P, M3, 1

), 30, 0,03, -, Mu), -+, fa0,0,7m3,---,1,), and T = 27. The aver-
aged system of (3.8) is

y=¢f°», y=(o,n3,N)EQ, (3.9)

where Q is a suitable neighborhood of the origin (p, 03, ---, 7,) = (0,0, ---, 0),
and

PO =R, L, -, Lo,

2

1 .
=5 [0 000, i=1,3,

After some calculations we have that

with

1
= %p(Za + 27 5 (anoe; + b01e,-)77j)’

1 k k k
fe= %P(zcknﬁ(Céoz)n_ﬁc(()zz)n_zpz)+223<i<j<nct()o)e,~j77i77j)’ k=3, n.

where e; € Z"~? is the unit vector with the j—th entry equal to 1, and
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ej € Z"~2 has the sum of the i-th and j—th entries equal to 2 and the
other equal to 0.

Now we shall apply Theorem 4 for studying the limit cycles of sys-
tem (3.8). Note that these limits, after the rescaling (3.7), will become
infinitesimal limit cycles for system (3.6), which will tend to the origin
when € '\ 0; consequently, they will be bifurcated limit cycles of the Hopf
bifurcation of system (3.6) at the origin.

From Theorem 4 for studying the limit cycles of system (3.8) we only
need to compute the non-degenerate singularities of system (3.9). Since
the transformation from the cartesian coordinates (r, z3, -, z,) to the
cylindrical ones (p, 13, - -+, 17,,) is not a diffeomorphism at p = 0, we deal
with the zeros having the coordinate p > 0 of the averaged function f°.
So, we need to compute the roots of the algebraic equations

2a+ Z;L:g(al()ej + bore; )N =0,

(k) (k) 2 (k) _
2¢cknx + (0200“ + Cozonz)P + Zzssisjsnco()eijﬂinj =0, (3.10)

k=3,---,n.

Since the coefficients of system (3.10) are independent and arbitrary, in
order to simplify the notation we write it as
a+ 27:361]-17]- =0, c(’fp2 + My + Zggigjgnclglj)ninj =0, (3.11)
k=3,---, n.

where a;, c(()k), cr and cl(’;) are arbitrary constants. Denote by € the set of

algebraic systems of form (3.11). We claim that there is a system belong-
ing to € which has exactly 2" simple roots. The claim can beverified
by the example

a+ dasns = 0, (3.12)
Co P*+ €3Ms + Zacicjant;i MiMj = 0, (3.13)
Cknk+z3si<j<kcl('1;)77i77j =0, k=4,---,n, (3.14)

with all the coefficients being non-zero. Equations (3.14) can be treated
as quadratic algebraic equations in eay. Sbttuting the unque solution 13
of n3o . in (3.12) (3.14) with k = 4, this last equation has exactly two dif-
ferent solutions, namely n,4; and 14, for 14, choosing conveniently c,. In-
troducing the two solutions (139,74;), i = 1, 2, into (1.22) with k =5 and
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choosing conveniently the values of the coefficients of equation (3.14)
with k =5 and (3, n4) = (130, N4i), We get two different solutions 7s;;
and 7s;, of 15 for each i. Moreover, playing with the coefficients of the
equations, the four solutions (7]30,1]4i,175l.j) for i, j = 1, 2, are distinct.
By induction, we can prove that for suitable choice of the coefficients,
equations (3.12) and (3.14) have 2" different roots (s, ---, 17,,). Since
N3 = N30 is fixed, for any given cf]‘.) there exist values of ¢; and c(()g) such
that equation (1.21) has a positive solution p for each of the 273 solu-
tions (13, --+,Ny). of (3.12) and (3.14). Since the 2" solutions are dif-
ferent, and the number of the solutions of (3.12)-(3.14) is the maximum
that the equations can have (by the Bezout Theorem), it follows that ev-
ery solution is simple, and consequently the determinant of the Jacobian
of the system evaluated at it is not zero. This proves the claim. Using the
same arguments which allowed us to prove the claim, we can also prove
that we can choose the coefficients of the previous system in order to
have 0, 1, ---, 2" — 1 simple real solutions.

Taking the averaged system (3.9) with f° having the convenient co-
efficients as in (3.12)-(3.14), the averaged system (3.9) has exactly k €
0,1,---,2" 1 singularities with the components 1 > 0. Moreover, the
determinants of the Jacobian matrix 4 f°/dy at these singularities do not
vanish because all the singularities are simple. In short, by Theorem 4 we
get that there are systems of the form (3.2) whichhave k€ {0, 1, ---, 2n—h
limit cycles. This proves the theorem.

The Hopf bifurcation of the Michelson sys-

tem

The Michelson system

X2

i=y y=z z':czy—?, (3.15)

with (x, y,z) € R3 and the parameter ¢ = 0, was introduced by Michelson
in the study of the travelling wave solutions of the Kuramoto-Sivashinsky
equation. It is well known that system (3.15) is reversible with respect
to the involution R(x, y, z) = (—x, y,—z) and is volume-preserving under
the flow of the system. It is easy to check that system (3.15) has two fi-
nite singularities S; = (v2¢,0,0) = and S, = (V2¢,0,0) for ¢ > 0, which
are both saddle-foci. The former has a two dimensional stable manifold
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and the latter has a two dimensional unstable manifold.

For ¢ > 0 small numerical experiments and asymptotic expansions
in sinus series and Webster—Elgin revealed the existence of a zero-Hopf
bifurcation at the origin for ¢ = 0. But their results do not provide an
analytic proof on the existence of such zero-Hopf bifurcation. By a zero-
Hopf bifurcation we mean that when ¢ = 0 the Michelson system has
the origin as a singularity having eigenvalues 0, +i, and when ¢ > 0 suf-
ficiently small the Michelson system has a periodic orbit which tends
to the origin when c tends to zero. The analytic proof of this zero-Hopf
bifurcation has been provided by Llibre-Zang. Now we state this result
and reproduce its proof.

Theorem 12 For c = 0 sufficiently small the Michelson system (3.15)
has a zero-Hopf bifurcation at the origin for ¢ = 0. Moreover,
the bifurcated periodic orbit satisfies x(t) = —2ccost+o(c), y(t) =
2csint +o(c) and z(t) = 2ccott +o(c), for ¢ > 0 sufficiently small.

Proof 15 Foranye # 0 we apply the change of variablesx = ex, y =€y, z=
€z and c = €d, and Michelson system (3.15) becomes

1
i=y y=z z’:—y+8d2—£§x2, (3.16)

where we still use x, y, z instead of x, y, z. Now doing the change of vari-
ables x = x, y = rcossinf and z = r cos 8, system (3.16) goes over to

X=rsinf f’:g(Zdz—xz)cose, 9:1—2ir(2d2—x2)sin0. (3.17)

This system can be written as

0
£ = rsing(Zdz —xz) sin28 +82f1(0, r,€),

0
é = g(Zd2 —x*)cosf + £2f2(0, I, €).
where f; and f; are analytic functions in their variables.

For arbitrary (xy, rp) # (0,0), the system (3.18). = 0 has the 2z —periodic
solution

(3.18)

x@)=rog+x9—rocosO, r(0)=ry, (3.19)
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such that x(0) = xy and r(0) = r,. It is easy to see that the first variational
equation of (3.17)e = 0 along the solution (3.19) is

dyl
dr :(0 sin@)(dyl)
ays 0 0 ays
do
It has the fundamental solution matrix
1 1-cosO
M = ( 0 ) ) (3.20)

which is independent from the initial condition (xy, ry). Applying Corol-
lary 1 to the differential system (3.18) we have that

1 (2" [ @d-x*sin?0
g_ifo M ( 2d — x*)cosB )|(1'43) do.

Then, & (xy, r) = g1(x0, o), &2(x0, 1) With
1 2 2 1
&1(xp,10) = Z(4d —5ry —6r9X0 —2x35), &2(Xxo,T0) = Ero(xo + o).

We can check that F = 0 has a unique non-trivial solution xy = —2d and
ro = 2d, and that det DF (x, 1) Xo = —2d, 1o = 2d = d*. Hence by Corol-
lary 1 it follows that, for any given d > 0 and for | € [> 0 sufficiently small,
the system (3.18) has a periodic orbit (x(8, ), (8, €)) of period 27, such
that x(0,¢), r(0,¢) — (-2d,2d) as € — 0. We note that the eigenvalues
of DF(xy, 10)|xy=—2d,r,=2a4 are +di. This shows that the periodic orbit is
linearly stable.

Going back to system (3.15) we get that, for ¢ > 0 sufficiently small,
the Michelson system has a periodic orbit of period close to 27 given by
x(t) = —2ccost+o(c), y(t) =2csint +o(c) and z(¥) = 2ccott+o(c). We
think that this periodic orbit is symmetric with respect to the involution
R, but we do not have a proof of it.

A third-order differential equation
Using Theorem 5 in the next result we present a third-order differential
equation having as many limit cycles as we want.
Proposition 3 Let us consider the third-order differential equation

X—X+x—x=€cos(x+1). (3.21)
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Then for all positive integer m there is em > 0 such that if € € [-em, em]\
{0} the differential equation (3.21) has at least m limit cycles.

Proof 16 Ify = x and z = X, then (2.10) can be written as
x=y,
y=z, (3.22)
z=x—y+z+ecos(x+t)=x—-y+z+eF(t,x,y,2)

The origin (0,0,0) is the unique singular point of (3.22) when € = 0.
The eigenvalues of the linearized system at this singular point are i and
1. By the linear invertible transformation (X, Y, Z)T = C(X, Y, Z) T, where

1 -1 0
0 -11]1,
1 0 1

we transform the differential system (3.22) into another such that its lin-
ear part is the real Jordan normal form of the linear part of system (3.22)
withe =0, i.e., .

X=-Y,

Y=X+eF(X,Y,Z, 1), (3.23)
Z=7+¢F(X,Y,Z, 1

where

)

X-Y+Z —X—Y+ZY -X+Y+2
2 2 2 )

Using the notation introduced in (2.10) we have that x(X,Y, Z), Fy(x, t) =
(-X,Y,2), Fi(x,t) = (0,E F) and F,(x,t) = 0 Let x(t; Xy, Yy, Zy, €) be the
solution to system (3.23) with x(0; Xy, Yo, Zo, €) = (Xo, Yo, Zy). Clearly the
unperturbed system (3.23) with € = 0 has a linear center at the origin in

the (X, Y) plane, which is an invariant plane under the flow of the unper-
turbed system, and the periodic solution x(0; Xy, Yy,0,0,€) = x(X (1), Y (1), Z(1))
is

F(X,Y,Z, 1) = F(

X(t) =Xopcost—Yysint, Y(t) = Yycost+ Xpsint, Z(t) =0. (3.24)

Note that all these periodic orbits have period 2.
For our system, V and « from Theorem (5) areV ={(X,Y,0):0< X, +
Y, < p}, for some arbitrary p >0 and a = (Xy, Yp) € V.
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The fundamental matrix solution M(t) of the variational equation
of the unperturbed system (3.23). = 0 with respect to the periodic orbits
(3.24) satisfying that M(t) is the identity matrix is

cost —sint 0
M(t)=| sint cost 0 |,
0 0o é

We remark that it is independent from the initial condition (Xy, Yy,0).
Moreover an easy computation shows that

00 0
M1'oO-M'em=|l00 0 ,
00 1-¢&"

In short we have shown that all the assumptions of Theorem 5 hold.
Hence we shall study the zeros a = (X, Yy) € V of the two components
of the function & (a) given in (1.26). More precisely we have & (a) =
(F1(a), F2(a)) where

27
F(a) = f sin tF(x(t; Xy, Yp,0,0))dt,
0

21 _ -
:f sintF(t+X(t) Y(t),_X(t)+Y(t), XUH_Y(”,L‘)&H,
0 2 2 2

27
FH(a) :f cos tF(x(t; Xy, Yp,0,0))dt,
0

— > ,t)dt.

2n _ B
—f CostF(t+X(t) Y(t),_X(t)JrY(t) X +Y()
0

where X (t), Y (t) are given by (3.24).
First, we consider the third-order differential equation (3.21). For this
equation we have that

Xo—Yy)cost—(Xog+ Yy)sint
2

(Xo—Yy)cost— (Xp+ Yy sin t)dt
> .

27 (
f1(Xo, Yo) :f sin tcos(t+ )dt,
0

27
f2(Xo, Yo) = f COS £ Cos (t+
0

To simplify the computation of these two integrals we do the change of
variables (Xy, Yo) — (1, s) given by

Xo—Yy=2rcoss, Xy+Yy=-2rsins, (3.25)
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wherer >0 and s € [0,2n]. From now on and until the end of the paper,
we write fi(r, s) instead of

fi(Xo, Yo) = fl(r(coss —sins),—r(cos s+ sin s)).

Similarly for f,(r,s).
We compute the two previous integrals and we get

fi(r,s) = —=mJ,(r)sin2s,

1 (3.26)
JADE Zn(;h(r) — J»(r) cos® S),

where ], and ], are the first and second Bessel functions of the first kind.
For more details on Bessel functions. These computations become easier
with the help of an algebraic manipulator such as Mathematica or Maple.
Using the asymptotic expressions of the Bessel functions of first kind it
follows that Bessel functions J,(r) and ], have different zeros. Hence,
fi(r,s) =0 fori =1,2 imply that s € {0,n/2,3n/2}. Therefore, we have to
study the zeros of

1
fo(r,0) = fotr,m) = 21 ( -1 (1) = Jo(), (3.27)

2
£H(nm12) = fo(r,3m/2) = 7”]1(r). (3.28)

We claim that function (3.27) has also infinite zeros for r € (0,00). Note
that if p is sufficiently large, and we choose r < p also sufficiently large,

then
1) 2 ( nn n) f 192
r)=\/—cos|r————|, or n=1,2,
" Tr 2 4

are asymptotic estimations. Considering (3.27)) for r sufficiently large we

obtain
2 2@ 3 i
fo(r,0) = ;\/T(cos(r— I) - rcos(r—z))
2 In .
= ;\/;((r— 1)cosr+ (r+1)sinr)

The above function has infinite zeros because the equation
1-r
tanr = —
r+1

has infinitely many solutions.
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For every zero ry > 0 of the function (3.27) we have two zeroes of system
(3.26), namely (r, s) = (ry,0) and (r, s) = (ry, ). We have from (3.26) that

a(fl) ,fZ)
a(r,s)

1
| l(r,)=(r0,0) = 3(47[2 (Jo(ro)ro —27J1(ro)) — Uo(ro)ro

0
+(r? = 2) J1(ro))), (3.29)

47?
= r—]z(ro)(h(ro)ro — J2(10)),
0

where we have used several relations between the Bessel functions of the
first kind. Clearly, it is impossible that (3.27) and (16) are equal to zero
at the same time. Therefore, by Theorem 4 there is a periodic orbit of the
system (3.21) for each (ry,), that is, for each value of (X, Yy) = (1o, —T9).

In an analogous way, there is a periodic orbit of the system (3.21) for
each (ry, ), that is, for each value of (Xy, Yy) = (=10, 19). In fact, the peri-
odic orbit with these initial conditions and the previous one with initial
conditions (Xy, Yy) = (ro, —19), are the same.

Similarly, since J,(r) has infinitely many zeroes, the function (16) has
infinitely many positive zeroes ry. Every one of these zeroes provides two
solutions to the system (3.26) , namely (r, s) = (r,/2) and (r, s) = (r,371/2)

Moreover we have from (3.26) that

a(flyf‘Z)

| o(r,s)

4n*
|(r,s)=(r1,n/2): r_ljz(rl) #0. (3.30)
Therefore, by Theorem 4 there is a periodic orbit of the system (3.21) for
each (r,,m/2), that is, for each value of (X, Yy) = (—=r1,—r1). In an analo-
gous way there is also a periodic orbit of the system (3.21) for each (r1,3m/2),
that is, for each value of (Xy, Yo) = (r1, 1) In fact, the periodic orbit with
theseinitial conditions and the previous one with initial conditions (Xy, Yy) =
(—ry, —r1) are the same. Taking the radius p of the disc V = {(Xy, Y;,0) : 0 <
X, + Y, < p} in the proof of Theorem 5 conveniently large, we include in it
as many zeros of the system f,(Xy, Yp) = f2(Xo, Yo) = 0 as we want, so from
Theorem 5, Proposition 3 follows.

The Vallis system (El Nino phenomenon)

The Vallis system, introduced by Vallis in 1988, is a periodic nonautonomous
three dimensional system modeling the atmosphere dynamics in the
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tropics over the Pacific Ocean, related to the yearly oscillations of pre-
cipitation, temperature and wind force. Denoting by x the wind force,
by y the difference of near-surface water temperatures of the east and
west parts of the Pacific Ocean, and by z the average near-surface water
temperature, the Vallis system is

dx + by +au(d)

— =—ax au(p),

dt y

dy

Y ixz, (3.31)
dt y X2

dz +1

— =—Z— X .

dt y

where u(t) is some C' T—periodic function describing the wind force
under seasonal motions of air masses, and the parameters a and b are
positive. Although this model neglects some effects like Earth’s rotation,
pressure field and wave phenomena, it provides a correct description of
the observed processes and recovers many of the observed properties
of El Nino. The properties of El Nino phenomena is shown that, taking
u=0.

It is possible to observe the presence of chaos by considering a = 3
and b = 102. Later it is proved that there exists a chaotic attractor for
the system (3.31) after a Hopf bifurcation. This chaotic motion can be
easily understood if we observe the strong similarity between the sys-
tem (3.31) and the Lorenz system, which becomes more clear under the
replacement of z by z+ 1 in (3.31). Now we shall provide sufficient con-
ditions in order that system (3.31) has periodic orbits and, additionally,
we shall characterize the stability of these periodic orbits. As far as we
know, the study of the periodic orbits in the non-autonomous Vallis sys-
tem has not been considered in the literature, with the exception of the
Hopf bifurcation studied.

We define

T
f u(s)ds
0

Now we state our main result.
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Theorem 13 For I # 0 and a # b the Vallis system (3.31) has a
T—periodic solution (x(t), y(t), z(t)) such that

al al
(x(t),y(t),z(f))N( T —b)'T(a b)’ )

Moreover this periodic orbit is stable if a > b, and unstable if a < b.

We do not know the reliability of the Vallis model approximating the
Nino phenomenon but it seems that, for the moment, this is one of the
best existing models. Accepting this reliability we can say the following.

The stable periodic solution provided by Theorem 13 says that the
Nino phenomenon exhibits a periodic behavior if the T—periodic func-
tion u(t) and the parameters a and b of the system satisfy I # 0 and a > b.
Moreover, Theorem 13 states that this periodic solution lives near the
point

al al )

3,2 = (T(a—b)’ Ta—b'"

Since the periodic solutions found in the following Theorems 15, 16 and17
are also stable, we can provide a similar physical interpretation for them
as we have done for the periodic solution from Theorem 13

Theorem 14 For I # 0 the Vallis system (3.31) has a T—periodic so-
lution
(x(1), y(1), z(t)) such that

al al
(D), (0, 2(0) ~ (= 7= 1)

Moreover this periodic orbit is always unstable

Theorem 15 For I # 0 the Vallis system 3.31 has a T— periodic solu-
tion
(x(2), y(8), z(1)) such that

I I
(x(0), y(0),2(0) ~ (7, 7.1

Moreover this periodic orbit is always stable.
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Theorem 16 For I # 0 the Vallis system 3.31 has a T— periodic solu-
tion (x(1), y(t), z(t) such that

I
(x(0), y(0),2(0) = 7,0,1)

Moreover this periodic orbit is always stable.

In what follows we consider the function

t
J(1) =f u(s)ds
0

and note that J(T) = I. So, we have the following result.

Theorem 17 Consider [ =0 and J(t) # 0 if0 < t < T. Then, the Val-
lis system 3.31 has a T—periodic solution (x(t), y(t), z(t) such that

a T
(x(0), (8, 2(0) ~ (- fo J(s)ds,0,1)

Moreover this periodic orbit is always stable

The tool for proving our results will be the averaging theory. This the-
ory applies to periodic non-autonomous differential systems depending
on a small parameter €. Since the Vallis system already is a T—periodic
non-autonomous differential system, in order to apply to it the averag-
ing theory we need to introduce in such system a small parameter. This
is reached doing convenient rescalings in the variables (x, y, z), in the
parameters (a, b), and in the function u(f). Playing with different rescal-
ings we shall obtain different results on the periodic solutions of the Val-
lis system. More precisely, in order to study the periodic solutions of
the differential system 3.31, we start doing a rescaling of the variables
(x, y, 2), of the function u(t), and of the parameters a and b, as follows:

x=eMX, y=¢"Y, z=€™_7Z,
(3.32)
u(t) =e™U(), a=¢e™A, b=¢e"BZ.

Where ¢ is always positive and sufficiently small, and where m; and n;
are nonnegative integers, for all i, j = 1,2,3. Then, in the new variables
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The Vallis system (El Nino phenomenon)

(x,y,2), the system 3.31 is written

d_X — _gnzAX_i_€—m1+mz+n3BY+g—m1+n1+n2AU(t)
dt ’
Y
av _ —Y +eMmmmetms x 7 (3.33)
dt
az _ —Z —gMtmrms Xy 4 g="s
dt '

Consequently, in order to have non-negative powers of € we must im-
pose the conditions

ms=0 and 0<m,<m; <L, (3.34)

where L = min{m, + ns, n; + n,}. So, system 3.35 becomes

AX  _gmpx 4 mrminigy | g~MmrmEnz AY (1)

dt ’

d_Y =—Y+e™mMmxyz (3.35)
dt

AZ _\ g ememyy,

dt

Our aim is to find periodic solutions of the system (3.35) for some special
values of m;, n;,i, j = 1,2,3, and after we go back through the rescaling
3.32 to guarantee the existence of periodic solutions in system 3.31. In
what follows we consider the case where n2 and n3 are positive and m; =
m, < ny +n,. These conditions lead to the proofs of Theorems 13, 14 and
15. For this reason we present these proofs together in order to avoid
repetitive arguments. Moreover, in what follows we consider

T
K:f U(s)ds.
0

Proof 17 (Proofs of Theorems 13, 14 and 15) We start considering system
(3.35) with n, and ns positive and m, = m; < n; + n,. So we have

ax

— = —emAX+ eBBY + e MM AU (p),

dy

—=-Y+XZ, (3.36)
a7z

—t = l—Z—€2m1XY.
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3. Applications

m Applications

Now we apply the averaging method to the differential system (3.36).
We havex = (X,Y,2)" and

0
Fo(t,x)=| -Y+XZ |, (3.37)
1-Z
We start considering the system
X = Fy(t, x) (3.38)

Its solution x(t,z,0) = (X(¢), Y (1), Z(t)) such that x(0, z,0) = z = (Xo, Yo, Zp)

is
X(1) = Xo,

Y =1-e"Q+))Xo+e 'Yy+e 'tXyZ,

Zt)=1-e"+e'Z,.
In order that x(t, z,0) is a periodic solution we must choose Y0 = X0 and
Z0 = 1. This implies that, through every point of the straight line X =Y,
Z =1, there passes a periodic orbit lying in the phase space (X,Y,Z,t) €
R® x S,. Here and in what follows, S1 is the interval [0, T) identifying T
with 0.

Observe that. We have n = 3,k = 1,a = X, and [(X,) = (Xo,1) and,
consequently, / is a one dimensional manifold given by . (Xy, Xo,1) €
R®: X, € R.

The fundamental matrix M,(t) of (3.38) satisfying that M,(0) is the
identity of R>, is

1 0 0
1-cosht+sinh e’ e 'tX,
0 0 e

and its inverse matrix M, L) is

1 0 0
1-e' e —e'tX,
0 O e!

Since the matrix M_"(0) — M, ' (T) has an 1 x 2 zero matrix in the upper
right corner, and a 2 x 2 lower right corner matrix

1-ef eTTXO

A=l o 1-eT
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The Vallis system (El Nino phenomenon)

with det(A) = (1 —e?)? # 0 because T # 0.
Let F be the vector field of system (3.36) minus F, given in (3.36). Then
the components of the function M, YO F(t, x(t,z,0) are

&1 (X(), t) = —EnzAXO + 8n3BX0 + €_m1+n1+n2AU(t),
g (Xo, 1) = Me' tXy + (1—e") g1 (Xo, 1),
g (Xo, 1) = —"™Me' X¢.

In order to apply averaging theory of first order we need to consider
only terms up to order €. Analysing the expressions of g1, g, and g3 we note
that these terms depend on the values of my and n;, for each j =1,2,3 .
In fact, we just need to study the integral of gl because k = 1. Moreover,
studying the function g, we observe that the only possibility to obtain an
isolated zero of the function

T
f1(Xo) Zf g1(Xo, D)dt
0

is assuming that n, + n, — my. Otherwise, the only solution of f,(X,) =0
is Xy, which corresponds to the equilibrium point (X,, Yy, Zy) = (0,0,1) of
system (3.38). The same occurs if n, and ns are greater than 1 simultane-
ously. This analysis reduces the existence of possible periodic solutions to
the following cases:
(p1) no =1andns =1;
(p2) n, > 1 and n3 = 1;
(p3) np =1 and n3 > 1.

In the case (p,) we have Mz_l(t)Fl(t,x(t, z,0)) = —AX, + BX, + AU(1),
and then

fiXo) =(—A+B)T X, + AK.

Consequently, if A # B, then f,(X,) =0 implies Xy = AK(T(A— B)). So, by
Theorem 5, system (3.36) has a periodic solution (X(t,¢€), Y (t,€), Z(t,€))
such that

AK AK 1)
T(A-B) T(A-B)’

when € — 0. Note that the point (X,, Yy, Zy) is an equilibrium point of the
system (3.32). Then, taking nl = n2 = n3 =1 and going back through the

rescaling (3.36) of the variables and parameters, we obtain that the peri-
odic solution of system (3.36) becomes the periodic solution (x(t), y(t), z(t))

(X(0,€), Y(0,€), Z(0,€)) — (Xo, Yo, Zo) = (
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of system (3.31) satisfying

al
(0,0, 200 = (50— 7= 1)

Indeed, we observe that

g(ae‘l)(Ia‘l) _al
TeY(a—b) T(a-Db)

Xo=€Xp=

Moreover, we note that fll (xo) = € fl/ (Xo) = —a+ b # 0 so, the periodic or-
bit corresponding to x, is stable if a > b, and unstable otherwise. This
completes the proof of Theorem 13

Analogously the function f in the cases (p,) and (ps) is

fiXo) =TBXy+ AK and fi(Xy) = -TAX,+ AK,

respectively. In the first case the condition f1(Xy) = 0 implies X, = —(AK) /(T B).
Now we observe that n, > 1 and n3 = 1. So, going back through the rescal-
ing, we obtain

(—ae ™) (Ie™™) B al
The~! T Them+na-2

and consequently, choosing ny =0 and n, =2, we get xo = —al/(Th). Note
also thatfl/ (xo) = Tb > 0, then the periodic orbit corresponding to x, is
always unstable. Thus, Theorem 14 is proved.

Finally, in the case (ps), f1(Xo) = 0 implies Xy = K/ T. So, takingn, =1
and going back through the rescaling, we have xo = Xy =¢€l/(Te) =1/T.
Additionally, fll (xo) = Ta < 0. Therefore, the periodic solution coming
from x is always stable. This proves Theorem 15.

Xo=€eXp=¢

Proof 18 (Proof of Theorem 15) . Asin the proofs of Theorems 13, 14 and
15,
we start by considering a more general case in the powers of € in (3.35),
taking n, > 0 and my < my < L. In this case the function Fy(t, x) of system
(2.10) is
0
Fy(t,x) = Y , (3.39)
1-Z

Then the solution x(t, z,0) of system (2.11) satisfying x(0,z,0) = z is

(X(0),Y (1), Z(D) = (Xo, e Yo, 1—e” "+ e ' Z).
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This solution is periodic if Yo = 0 and Zy = 1. Then, through every point
in the straight line Y = 0,Z = 1 there passes a periodic orbit lying in
the phase space (X,Y,Z,t) € R x S'. We have n =3,k = 1,a = X, and
B(a) = (0,1). Consequently, M is a one dimensional manifold given by
M = {(X,,0,1) € R*: X, € R}. The fundamental matrix M,(t) from (2.12)
and satisfying M,(0) = Ids (with F, given by (3.39). Its inverse M_ ' (t) are,
respectively

1 0 0 1 0 0
M,t)=|0 e* 0 |, and M;*()=[ 0 & 0 [,
0 0 e 0 0 ¢

Since the matrix M, L0) - M, Y(T) has an 1 x 2 zero matrix in the upper
right corner, and a 2 x 2 lower right corner matrix

1-ef 0
A: € T y
0 l-e

with det(A) = (1 — e)? # 0, we can apply the averaging theory Again, us-
ing the notations introduced in the proofs of Theorems 13, 14 and 15,
since k = 1 we will look only to the integral of the first coordinate of F =
(f1, f2, f3)- In this case we have

g1(Xo, Yo, Zo, 1) = —€™ AXy + ™R AU (1),

Comparing this function gl with the same function obtained in the proof
of Theorems 13, 14 and 15, it is easy to see that this case corresponds to
the case (ps) of the mentioned theorems. Then, in order to have periodic
solutions, we need to choose n, = 1 and n, + n, —m; = 1. So, following the
steps of the proof of case (ps) by choosing n, = 1 and coming back through
the rescaling 3.32 to system 3.31, Theorem 16 is proved.

Proof 19 (Proof of Theorem 17) . We start by considering the system 3.35
with ng =2, n, >0, m; = ny +n, and my < my; < my + n3. With these
conditions the system 3.35 becomes

adx

Fr —eMAX + ™M BY + AU(1),

AY _ gy gmerminy (3.40)
dt

d_Z — 1 _ Z_€m2+n1+n2XY.

dat
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Again, we will use the averaging theory So, consideringx = (X,Y,Z)T we

obtain
AU (1)

o= Y |, (3.41)
1-Z

Now we note that the solution x(t, z,0) = (X(¢), Y (¢t), Z(t)) such that x(0, z,0) =
z = (Xo, Yo, Zy) of the system

X = Fy(t, x) (3.42)
is
t
X(t)=X0+f AU()ds, Y =¢e'Yy, Z)=1-e'+e "7
0

Since I =0 and J(t) # 0 for 0 < t < T, in order that x(t, z,0) is a peri-
odic solution we need to fix Yy = 0 and Zy = 1. This implies that through
every point in a neighbourhood of X, in the straight lineY =0, Z = 1 there
passes a periodic orbit lying in the phase space (X,Y, Z,t) e R* x §;.

We have n =3,k =1,a = X, and [(X,) = (0,1). Hence, M is a one di-
mensional manifold M = {(X,,0,1) € R®: X, € R}, and the fundamental
matrix M,(t) of (3.42) satisfying M,(0) = Ids is

1 0 0
0 e’ o0 |,
0 0 et

It is easy to see that the matrix M, L0)= M has a1 x 2 zero matrix in the
upper right corner, and a 2 x 2 lower right corner matrix

1-e’ 0
A: ¢ T |>»
0 l1-e¢

with det(A) = (1 —e”)? £ 0. Then, the hypotheses of Theorem 5 are satis-
fied. Now the components of the function M, YO F(t, x(t, z,0) are

t
g1(Xo, 1) = —g”ZA(X0+ f AU(s)ds)+AU(t),
0

t
g2(Xo, 1) =8_m2+”1+"2(Xo+f AU(s)ds)et,
0

g3(X0) t) =0.

Master 2 Averaging Theory Course



Periodic solutions of the Duffing differential equation revisited via the averagil

Taking n, = n, = 1 and observing that k = landn = 3, we are interested
only in the first component of the function F, = (Fy1, F1», F3) . Indeed, ap-
plying the averaging theory, we must study the zeros of the first compo-
nent of the function

T
F (Xo) = (f1(Xo), f2(X0), f53(X0)) :fo Mz_l(l‘, z)F1(t,x(¢t,2))dt.

Since .
F = —A(X0+f AU(s)ds).
0

We deduce , .
11(Xo) :f —A(X0+f AU(s)ds)dt
0 0

T ot
= —ATXO—Azf (f U(s)ds)ds.
o ‘Jo

Therefore, from f,(Xo) = 0 we obtain

—A T t
X, = Tfo (fo U(s)ds)ds;éo

So, rescaling (3.32), we get

-1 T T
x0:£2X0=—£2a8 f ](s)ds:—ﬁf J(s)ds
eT 0 T 0

Moreover, since f{ (xo) = —al T, because a and € are positive, the T— periodic
orbit detected by the averaging theory is always stable. This ends the

proof.

Periodic solutions of the Duffing differen-
tial equation revisited via the averaging
theory

Hamel [11] in 1922 gaves the first general results for the existence of pe-
riodic solutions of the periodically forced pendulum equation

j+asiny = bsint, (3.43)

where the dot denotes derivative with respect to the independent vari-
able ¢, also called the time, and y € S' is an angle. Four years earlier
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this equation was the main subject of a monograph published by Duff-
ing, who restricted his study to the periodic solutions of the following
approximate equation

j+ay—cy’ = bsint. (3.44)

This equation is now known as the Duffing differential equation. The
differential equation (3.44) describes the motion of a damped oscilla-
tor with a more complicated potential than in the harmonic motion (i.e.
when ¢ = 0). As usual the parameter a controls the size of stiffness,
b controls the amplitude of the periodic driving force, and ¢ controls
the amount of nonlinearity in the restoring force. In particular, equa-
tion (3.44) models a spring pendulum such that its spring’s stiffness only
obey approximately the Hooke’s law.

Many other different classes of Duffing differential equations have
been investigated by several authors. They are mainly interested in the
existence of periodic solutions, in their multiplicity, stability, bifurca-
tion, ... See for instance the good survey of Mawhin [17].

In this work we shall study the periodic solutions of the Duffing differ-
ential equations (3.43) and (3.44), where a, b and c are real parameters,
via the averaging theory.

Our main results on the periodic solutions of the Duffing differential
equation (3.43) are the following.

Theorem 18 Let € be a small parameter. The Duffing differential
equation (3.43) has

(a) four periodic solutions y,(t) = —bsint + O(g), y.(t) = w —
bsint+ O(e), y3(t) = O(e), ya(t) = m+ O(e) ifab # 0, a = O(e%)
and b = O(¢);

(b) two periodic solutions y;(t) fori =3,4ifb=0 and a #0;

(¢) infinitely many periodic solutions y(t) = k— bsint with k € R
ifa=0andb#0;

(d) no periodic solutions ifa=b = 0.

Theorem 18 will be proved in subsection 3.7.1 using the averaging
theorems given in the Appendix.
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Periodic solutions of the Duffing differential equation revisited via the averagil

Our main results on the periodic solutions of the differential system
(3.44) are the following.

Theorem 19 The Duffing differential equation (3.44) has

(a) one periodic solution y(t) = —v/4b/(3c)sint + O(¢), if bc # 0,
a=1andb=0(¢) and c = O(¢g);

(b) one periodic solution y(t) = O(g), if b #0, a = O(¢), b = O(¢)
and c = O(e%);

(c) two periodic solutions y.(t) = £Valc, ifac >0, b #0, a =
O(&®), b= O(¢) and c = O(e%);

(d) three periodic solutions y(t) = y,, where y, € {0, £V alc} ifac >
0,b#0,a=0(>, b= 0(? and c = O().

Theorem 19 will be proved in subsection 3.7.2 using three different
averaging theorems.

Proof of Theorem 18

Instead of working with the Duffing differential equation (3.43) we shall
work with the equivalent differential systems

X=—asiny+ bsint,

. (3.45)
y=x.

In order to apply the theorems of the averaging theory of first order,
given in the Appendix, for studying the periodic solutions of the differ-
ential system (3.45) we scale the variables and the parameters of this
differential system.

We start doing a scaling of the variables (x, y) and of the parameter a
and b as follows

x=eMX, y=¢€"Y, a=¢e"A b=¢"B, (3.46)

where m;, my, n; and n, are integers such that the differential equation
(3.45) becomes
X = —eM™ Agin(e™Y) + €™ ™ Bsinft,

. (3.47)
Yy=¢gMmTmmx,
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where m, — my,, n; + my, — my (because sin(e"?Y) = 0 (")) and n, — m,
must be non—-negative integers such that

{my—my,ny+my—my,n,—myn{l} # @,

because we want that the differential system (3.47) has some term of
order one in € in order to apply the averaging theory with respect to the
small parameter ¢ of order one. Also we do not consider the case n, —
m; > 1, otherwise in the averaging theory the term bsin ¢ of system (3.45)
would not contribute to the existence of periodic solutions, and we want
to take it into account. Therefore, we distinguish the following seven
cases

Casel:mi—my,=0,n+my—m;=0and n, —m; = 1;
Casell: my—m,=0and n; + m, —m; = 1;
Caselll: my —m, =1and n; + m, — m; =0;
CaselV:my—my=1land ny+ my—m; =1;
CaseV:my—my,>land ny+ m,—my; =1;
CaseVI: m;—my,=1and ny + my, —m; > 1;

CaseVII. mi—m,>1, ni+m,—m;>land n,—m; = 1;

and every case a € {II,I11,...,VI} is separated into the following two

subcases:
(@.1) n,—m; =0,

(@.2) np—my;=1.

We have applied the three theorems of averaging of the Appendix for
studying the existence of periodic solutions in the 12 previous subcases
of differential systems (3.47). As we shall see the proof of Theorem 18
when ab # 0 will come from the subcase (IV.1), and when a # 0 and
b =0 from the subcase (IV.2). All the other subcases, either do not satisfy
the hypotheses of one of the three theorems of the averaging, or provide
partial results of the ones stated in Theorem 18. Consequently, in what
follows we only provide the details of the more positive results, i.e. we
shall give the proofs of statements (a) and (b) of Theorem 18 only con-
sidering the subcases (IV.1) and (IV.2). The proofs of statements (c) and
(d) are done without using the averaging theory.
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Proof 20 (Proof of statement (a) of Theorem 18.) For the case (IV 1), i.e.

for

ml—m2=1, n1+m2—m1=1, ng—m1=0,
we take
m=1, m»=0 n =2 ny=1. (3.48)
Then system (3.47) becomes

X =—€eAsinY + Bsint,

V—ex. (3.49)

Now we shall apply the averaging Theorem 20 to system (3.49). In what
follows we use the notation of Theorem 20. Thusx = (X,Y) T and

, E(6%) =( _Aigny ) Fo(t,x) = ( 8 )

Bsint
FO(t)X) =

In order to apply some of the three averaging theorems of the appendix
for studying the periodic solutions of the differential system (3.49) we must
consider that the functions F; for i =0,1,2 are defined in R x Q), where Q)
is a bounded open subset of R, here we take Q equal to the disc of cen-
ter (0,0) and radius k + 1, being k the positive integer of the statement of
Theorem 18.

The unperturbed differential system (3.68) (i.e. in our case system (3.49)
with € = 0) has the solution

x(t,z,0) = (X(),Y ()T = (B+ Xy, — Bcost, Yy) . (3.50)

such thatx(0,z,0) =z = a = (X,, Yo) . All these solutions are 27— periodic
if and only if B # 0, here we use the assumption that b # 0. Then, since
m = n = 2 using the notation of Theorem 20, we have ¢ = identity and
the conditions (a) and (b) of Theorem 20 are satisfied trivially. So system
(3.49) satisfies all the assumptions of Theorem 20, consequently in what
follows we apply this theorem for studying the periodic solutions of system
(3.49). We compute for our system (3.49) the fundamental matrix M,(t)
associated to the first variational system (3.69) such that M,(0) = Id of R?,

and we obtain
10
Mz(t) = ( ) .
01
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Now we must compute the function F (a) = & (Xo, Yy) given in (3.70), i.e.

Fy(Xo, Yo) m

g(XO) YO) = = MZ_ (t)F](t,X(t,Z,O))dt,
F>(Xo, Yo) 0

27
—f Asin Yyds _AsinY,
= | =2 Bt x,

f (Xo+B—Bcoss)ds 0
0

Therefore, solving the system & (Xy, Yy) = (0,0), we obtain in Q) the solu-
tions

aj=(Xoj,Yo,j)=(-B,jn) forj=-k,...,—1,0,1,...,k.

Moreover we have that the Jacobian
0F
det(—((xj)) =(-1)*A# 0,
oa

because by assumption a # 0. Hence Theorem 20 says that if AB # 0 then
for every solution (X, ;,Ys,;) = (=B, jm) of the system Z (X,, Yy) = 0, the
differential system (3.49) with € = £(k) # 0 sufficiently small has a2n— pe-
riodic solution (X (t,¢€), Y (t,¢€)) such that (X(0,¢), Y (0,€) — (—B, jm) when
€ — 0. So, from (3.49) and (3.50) the periodic solution (X(t,€),Y (¢,¢€))
tends to the solution

(X(1),Y (1) = (- Bcost, jm) (3.51)
for € sufficiently small, i.e.
(X(t,8),Y(t,6)) = (- Bcost+ O(¢), jr —eBsint + O(e)).
After the change of variables (3.46) satisfying (3.48), i.e.
x=¢X, y=Y, b=¢€B, a=¢e’A,

we obtain that the 2m—periodic solution (3.51) of system (3.49) becomes
the 2m—periodic solution

(x(8),y(1)) = (- bcost, jm — bsint)

of system (3.45). Now taking into account that y is an angle, doing mod-
ulo 2w these 2m—periodic solutions of system (3.45) provide the following
two 2n—periodic solutions
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(i) y(t) = —bsint if j is even,
(ii) y(t) =t —bsint if j is odd,

of the differential equation (3.43). This ends the proof of statement (a) of
Theorem 18.

Proof 21 (Proof of statement (b) of Theorem 18.) For the case (IV.2), i.e.
for

m-m,=1, m+m—-m=1, n,—m;=1;
we take
m; = 1, my = 0, n; = 2, ny, = 2. (3.52)

Then system (3.47) becomes

X =—¢AsinY +¢&Bsint,

v =ex. (3:59)

We shall apply the averaging Theorem 22 to system (3.53). In what
follows we shall use the notation of system (3.72) and of Theorem 22. Thus
x=(X, V)" and

—AsinY + Bsint 0
Fl(t,X):( X )) FZ(t)x):(O)

We must compute the function g(y) given in (3.74), i.e.

( )_ifz”( —Asin Yy + Bsin s )ds—( —AsinYo)
&Y _27'[ 0 XO B XO .

Then, due to the fact that Y is an angle we have two solutions for (Xy, Yp),
namely (X1, Y1) = (0,0) and (X;,Y,) = (0,7). Since the Jacobian (3.75) in
these two solutions is A and — A respectively, and by assumptions a # 0, by
Theorem 22 the system (3.53) has two periodic solutions (X;(t,¢), Yi(t,€))
such that (X;(0,¢), Y;(0,€)) tends to (X;,Y;) when € — 0. So by statement
(a) of Theorem 22 we have

(Xi(t,8),Yi(t,€)) = (O(e), Y; + O(e)) (3.54)

for € sufficiently small.
After the change of variables (3.46) satisfying (21), i.e.

x=¢X, y=Y, b=¢e’B, a=¢€’A,
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we obtain that the two periodic solutions (3.54) of system (3.53) becomes
the two periodic solutions

(x1(2), y1(1) = (0(e), 0(e)),  (x2(1), y2(1) = (O(e), m + O(e)),
of system (3.45). This ends the proof of statement (b) of Theorem 18.

Proof 22 (Proof of statement (c) of Theorem 18.) Now the differential sys-
tem (3.45) becomes

X =bsint, ¥y =x.
Its general solution is x(t) = k;—bcos t and y(t) = k;t—bsin t + k,, where
k, and k, are arbitrary constants. So, clearly the unique periodic solutions
of the differential equation (3.43) are y(t) = —bsint + k,. This proves the
statement (c¢) Theorem 18.

Proof 23 (Proof of statement (d) of Theorem 18.) Under the assumptions
of statement (d) the differential system (3.45) becomes

x=0, y=Xx.

Its general solution is x(t) = k; and y(t) = k,t + k,, where k, and k, are
arbitrary constants. So the system has no periodic solutions.

Proof of Theorem 19

Instead of working with the Duffing differential equation (3.44) we shall
work with the equivalent differential system

% =—ay+cy +bsint,

y=X.
Again in order to apply the three theorems of the averaging theory
of first order for studying the periodic solutions of the differential sys-

tem (3.55) we scale the variables and the parameters of this differential
system.

(3.55)

We start doing a rescaling of the variables (x, y) and of the parameter
a, b and c as follows

x=€e"MX, y=¢€e"™Y, a=€e"A, b=€"B, c=¢€"C, (3.56)
where m,;, m,, n;, n, and nj are integers such that the differential equa-
tion (3.55) becomes

X = —gM*MrM Ay 4 ghst3m-moys 4 gh2=M Bgin ¢,
(3.57)
Yy =¢gm "y,
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where m; — my, ny + my — my, n3 +3m, — m; and n, — m; must be non-
negative integers such that

{my —my,ny + my—my,n3 +3my —my,ny —mytN{l} # @.

We essentially distinguish the same seven cases of section 3.7.1, i.e.
Therefore, we distinguish the following seven cases

Casel: my —m, =0and n; + m, — m; =0;

Casell: my—my,=0and n; + m,—m; =1;
Caselll: m;y—my,=1and n; + my — m; =0;
CaselV:my—m,=1and n; + my, —m; =1;
CaseV:my—my>land ny+ my—m; =1;
CaseVI: m;—my=1and n; + my,— m; > 1;

CaseVII: m; —m,>1and n; + my, — m; > 1.

Every case a € {II,I11,...,VI} is divided into the following four sub-

cases:
(a.l) n3+3my,—m;=0 and n,—m; =0,

(@.2) n3+3my—m;=0 and ny,—m;=1,
(@.3) n3+3m,—m;=1 and n,—m; =0,
(ad) n3+3my—m;=1 and n,—m; =1;
and the cases I and VII are divided only into the following three sub-

cases
(@.2) n3+3m,—m;=0 and n,—m; =1,

(@.3) n3+3my—m;=1 and n,—m; =0,
(a4) nz3+3my—m;=1 and ny,—m;=1.

We have applied the three theorems of averaging (see the Appendix)
for studying the existence of periodic solutions of the 26 previous sub-
cases of differential systems (3.57). As we shall see in the proof of The-
orem 19 statement (a) will come from the subcase (1.4), statement (b)
from the subcase (II1.3), statement (c) from the subcase (IV.3), statement
(d) from the subcase (IV.4). All the other subcases, either do not satisfy
the hypotheses of one of the three theorems of the averaging, or provide
partial results of the ones stated in Theorem 19. As in the proof of Theo-
rem 18 we only provide the details of the positive results in the proof of
Theorem 19. We separate its proof into its four statements.
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Proof 24 (Proof of statement (a) of Theorem 19) For thecase (1.4), i.e. for
m-m,=0, m+m—-m =0, n3s+3my—my;=1, n,—m;=1;

we take
m;,=nmnys=n; = 0, Nno = ns = 1. (3.58)

Then system (3.57) becomes

X =-AY +¢(CY® + Bsiny),

V=x (3.59)

We shall apply the averaging Theorem 20 to system (3.59) and we shall
obtain the statement (a) of Theorem 19. In what follows we shall use the
notation of Theorem 20. Thusx = (X,Y) T and

— 3 i
Fo(t,x)z( ;‘;Y), Fl(t,x)z(CY +OBsmt), Fz(t,x)z(g).

The unperturbed differential system (3.68) only has periodic solutionsx(t,z,0) =
(X(),Y ()" such thatx(0,2,0) =z = (X, Yo)' if A> 0 given by

X(t) =Xy cos(\/Zt) - YO\/Zsin(\/Zt),
Y(t) = %Sin(@t) + Yocos(\/Zt).

In order thatx(t,z,0) be a periodic solution of period T = 2m, the period of
the function sin t and we can apply the averaging theory, we must choose
A=1. So we get

(X(0),Y (1) = (Xpcost—Yysint, Xpsint + Yycost), (3.60)

where (X, Yy) € R*\ {(0,0)}.
Now we compute the fundamental matrix M,(t) associated to the first
variational system (3.69) such that M,(0) = Id of R?, and we obtain

cost —sint )

M, (1) =
(1) (sint cost

Again since m = n = 2 in Theorem 20 we do not need to check any
condition for applying the averaging theory described in Theorem 20 for
studying the periodic solutions (3.60), of system (3.59) with € = 0 and
A =1, which can be prolonged to the perturbed system (3.59) with € # 0
sufficiently small and A = 1. Note that herez = a. Moreover, since for our
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differential system we have {(X,Y) = (X, Y), we must compute the func-
tion (3.70), i.e.

2n

F (X0, Yo)= | M, (OF\(t,x(t,2,0)dt
0

3
SOV (X4 75)
=2n 1

3 (-4B-3CXo (X5 +Yy))

The system F(Xy, Yy) = (0,0) has three solutions, but only one is real,

namely
. s ;/4B
X5, %) = | =1/ 300
Since s 4 o
0F (Xo, Yo 33B3C3
det 0F (Xo, Yo) - —— #0,
0(Xo, Y0) 11, ¥0)=(x;. %) 23

Theorem 20 says that the periodic solution

|4B /4B
X, Y®)=|-1 YO f,—1 fsint

of the differential system (3.59) with € = 0 can be prolonged to a periodic
solution of system (3.59) with € # 0 sufficiently small. Therefore, going
back through the change of variables (3.56) satisfying (3.58), i.e.

x=X, y=Y, a=A, b=¢B, c=¢C,

we get that the differential system (3.55) has the2n—periodic solution given
in the statement (a) of Theorem 19.

Proof 25 (Proof of statement (b) of Theorem 19) For the case (II1.3), i.e.
for

m-m,=1, m+m—-m =0, n3+3m,—m;=1, n,—m; =0,

we take
m;=n;=n;= 1, my = 0, ng = 2. (3.61)
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Then system (3.57) becomes

X =—-AY +eCY3 + Bsint,

Y =€X,

(3.62)

We shall apply the averaging Theorem 20 to system (3.62) and we shall
obtain the statement (b) of Theorem 19. In what follows we shall use the
notation of Theorem 20. Thusx= (X,Y)" and

—AY + Bsint Ccy?
FO(tyX):( 0 )) Fl(t,X):( X ))

0
Fz(t,X) = ( 0 )

The unperturbed differential system (3.68) has the solution
x(t,z,0) = (X(1),Y(t)T = (Xo+ B—Bcost— AY,yt,Yy).

such thatx(0,z,0) =z = (X,, Yo) T In order thatx(t,z,0) be a2m— periodic
solution we must choose B # 0 and Yy = 0. Then we get

Z, = (@, fo(a)) = (Xo+ B—Bcost,0),

Therefore, using the notation of Theorem 20, we have n =2 and k =1 for
each one of these possible families of periodic solution.

We compute the fundamental matrix M, (t) associated to the first vari-
ational system (3.69) such that M,,,(0) = Id of R*, and we obtain

1 —At)

Mza(t):( 0 1

Since the matrix

_ _ 0 —2Anm
wlo-len=(g 5"
has a non-zero 1 x 1 matrix in the upper right corner, and a zero 1 x 1
matrix in its lower right corner. Therefore we can apply Theorem 22 of
averaging if A # 0, then by applying this theorem we study the periodic
solutions which can be prolonged from the unperturbed differential sys-

tem to the perturbed one.
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Now we must compute the function & (a) = F(X,,0) given in (3.70),
Le.
2

F(Xo,0) = M, (O F (t,X(1,24,0))d
0

( 21
f A(Xy+B—Bcoss)sds
0

27
\ f (Xo+B—Bcoss)ds
0

[ 27*AB+ Xo) )
27 (B + Xo)

The system & (X, Yy) = (0,0) has a solution
(Xo0,0) = (-B,0).

Hence Theorem 22 says that if B # 0 and for every simple real root (X, 0)
of the system % (X,,0) = (0,0), the differential system (3.62) with € # 0
sufficiently small has one 2m— periodic solution

(X (1), Y(1)) = (=Bcost,0)
which can be prolonged for to a periodic solution
(X(t,e),Y(t,e))=(—Bcost+ O(g),0(¢)).

Therefore, going back through the change of variables (3.56) satisfying

(3.61), i.e.
Y_X, y=v, c=5 B=2 ,-2
e Ve FE e PRy ATy
we get that the differential system (3.55) has the2n—periodic solution given

in the statement (b) of Theorem 19.

Proof 26 (Proof of statement (¢) of Theorem 19) For the case (IV.3), i.e.

for

m-my,=1, n+m—-m;=1, n3+3my—-my =1, n,—m;=1

we take
No=my = 1, my = 0, ny=ns= 2. (3.63)

Then system (3.57) becomes

X =—-eAY +eCY3 + Bsint,

V—eX, (3.64)
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We shall apply the averaging Theorem 20 to system (3.64) and we shall
obtain the statement (c) of Theorem 19. In what follows we shall use the
notation of Theorem 20. Thusx = (X, Y) T and

—AY +CY? 0
); Fl(t,X):( ; ), Fg(t,X):(O).

The unperturbed differential system (3.68) only has periodic solutions
x(t,2,0) = (X(8), Y ()" such thatx(0,z,0) =z = (X, Yy)" given by

Bsint

F()(t,X) = ( 0

X(t)=Xo+B—-Bcost, Y(1)=Y,.

All these solutions are 2 — periodic if and only if B # 0.

Since k = n =2 in the Theorem 20, we do not need to check any condi-
tion for applying the Theorem 20.

We compute the fundamental matrix M, (t) associated to the first vari-
ational system (3.69) associated to the vector field (Y, X) given by (3.64)
with € = 0, and such that M, (0) = Id of R®.

We obtain
10
Mza(t)—(o | )

Then by applying this theorem we study the periodic solutions which can
be prolonged from the unperturbed differential system to the perturbed
one, then we must compute the function & (a) = % (X, Yo) given in (3.70),
ie.

27
F (X0, Yo) g“( M;;(r)Fl(r,x(t,za,0))dr)
0

[ -AY +CYy
B B+ X,

The system & (X,, Yp) = (0,0) for AC > 0 has three solutions (—B, Y;)

: A , [A
with Yy € {0, + \/;} ,we want to study the only solutions (—B, + E)

because the solution (—B,0) appears in the statement (b) of Theorem 19.

On the other hand we have the Jacobian matrix for the function & on
(Xo, Yo) gives by

0F (X, Yo)
det| ——
0(Xo, Yo)

|=-2a
(Xo,Yo)=(~B,%\/#)
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Theorem 22 says that if A # 0 and for two simple real roots

A
(—B, i\/;) of the function & (X, Yy), the differential system (3.64) has

A
two 21— periodic solution (X(t), Y (¥)) = (—Bcost, i\/;) with e =0 can

be prolonged to a periodic solution

(X(t,e),Y(te) = (—Bcos L+ O(e),i\/%—aBsint+ O(e)) .

of system (3.64) with € # 0 sufficiently small. Therefore, going back through
the change of variables (3.56) satisfying (3.63), i.e.

Y_X, y=v, c=% B=2 a-“

e VR PR PRy AT
we get that the differential system (3.55) has the tow 2n—periodic solution
given in the statement (c) of Theorem 19.

Proof 27 (Proof of statement (d) of Theorem 19) For the case (IV.4)
m-m,=1, m+m—-my=1, n3+3my—-—m;=1, n,—m; =1,
we take
m=1, my,=0, N3 =Ny, =n, =2. (3.65)
Then system (3.57) becomes

X=—cAY(t) +eCY3(t) +eBsint

Y = eX(8) (3.66)

We apply directly the Theorem 22 to system (3.66) and we shall obtain the
statement (d) of Theorem 19.

In what follows we shall use the notation of Theorem 20 and Theorem
22. Thusx= (X, Y)" and

(0 _ [ —AY(0)+CY’(1) + Bsint
We must compute the function g(y) = 9 (Xy, Yy) given in (3.74), i.e
~AYy+CY} )
(y) = ( :
gy X,
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m Applications

g is periodic of period T = 2n. If AC > 0, the system ¥4 (X,, Yy) = (0,0) has
three solutions

A
(Xo, Yo) = (0,Yy) whereY, € {O, 4_-\/;} )

Since 09 (Xo, Yo)
det(—o’ : ) = A,
0(Xo, Y0) | (X0, ¥0)=0,0)
and
0% (X, Y
det 0% Xo, Yo) =—24,
0Xo, o) |\, - @
0, 0)— 0, C

Theorem 22 says that if A # 0 and for every simple real root (0, Yy) of the
function g(y),the differential system (3.66) has three 2m— periodic solu-

tions
(X(1),Y (1)) =(0,Y) Yo€{0,i\/%}.

with € = 0 can be prolonged to the three periodic solutions
(X(t,€),Y(t,€)) = (—eB(cost—1)+ O(g),0(€)) for (Xo, Yp) = (0,0).

and

(X(t,e),Y(te)= (—EB (cost—1)+ O(e), i\/%+ O(e)) ,

for (Xo, Vo) = (0, +V A/ C). Therefore, going back through the change of
variables (3.56) satisfying (3.65), i.e.
X c
_:X, :Y, C:—, B=— A=—.
€ Y €2

We get that the differential system (3.55) has the three 2m—periodic solu-
tions given in the statement (d) of Theorem 19.

Appendix: Periodic solutions via the averaging theory

We consider the problem of bifurcation of T—periodic solutions from the
differential systems of the form

x = Fy(t,X) + €F,(t,X) + €2 F, (1,X, €), (3.67)
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with € = 0 to € # 0 sufficiently small. The functions Fy, F; : Rx Q — R"
and F, : Rx Q x (—&g, £9) — R" are €2, T—-periodic in the first variable and
Q is an open subset of R”. The main assumption is that the unperturbed
system

x = Fy(t,x), (3.68)

has a submanifold of periodic solutions. A solution of this problem is
given using the averaging theory.

Let x(1,z,€) be the solution of system (3.68) such that x(0,z,¢) = z.
We write the linearization of the unperturbed system along a periodic
solution x(¢,z,0) as

y = DyFy(t,x(t,2,0))y. (3.69)

In what follows we denote by M,(t) a fundamental matrix of the linear
differential system (3.69), by ¢ : R” x R"™ — R™ and ¢+ : R™ x R"™" —
R"~" the projections of R” onto its first m and n— m coordinates respec-
tively; i.e. {(xy,...,X,) = (X1,..., Xn), and EL e Xn) = ety v Xn)
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Applications

Theorem 20 is a classical result due to Malkin and Roseau.

As we shall see in this paper we have cases where Theorem 20 can-
not be applied for studying the existence of periodic solutions, because
its assumptions are not satisfied. Then in [15] the following result on
averaging has been proved.
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Theorem 21 Let V < R™ be open and bounded, let B, :CI(V) — R™
be a €* function and Z = {z, = (a,[o(a))|a € CI(V)} < Q its
graphic in R*™. Assume that for each z, € Z the solution x(t,zg,0)
of (3.68) is T-periodic and that there exists a fundamental matrix
M, (1) of (3.69) such that the matrix Mz_w1 (0) — Mz_a1 (T)

(a) has in the upper right corner the m x m matrix A, with
det(Ay) #0, and

(b) has in the lower right corner the m x m zero matrix.

Consider the function 9 : CI(V) — R™ defined by
T
G(a)=&* (f M, () F (8,X(t,24,0))dt . (3.71)
0

Suppose that there is ayg € V with 4(a,) = 0, then the following
statements hold for € # 0 sufficiently small.

(i) Ifdet((09/0a)(ay)) # 0, then there is a unique T -periodic so-
lution x(t,€) of system (3.67) such that x(t,€) — X(t,Zq,,0) as
e—0.

(i) If m =1 and 9'(a) = -+ = 95 V(ay) = 0 and 4 (ay) #
0 with s < k , then there are at most s T-periodic solu-
tions x,(t,€),...,Xs(t,€) of system (3.67) such that x;(t,e) —
X(t,24,,0) ase —0fori=1,...,s.

In any case now we shall recall the more classical result on averaging
theory for studying periodic solutions. We consider the initial value
problems

x=¢Fi(t,x) +£°F(t,x,€), x(0) =Xy, (3.72)

and
y=¢g(y), y0)=x, (3.73)

with x , y and Xy in some open Q of R", t € [0,00), € € (0,&0]. We
assume thatF, andF, are periodic of period T in the variable t, and
we set
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1 T
g(y)=—f F(ty)dt. (3.74)
T Jo

Theorem 22 Assume that F;, DyF, ,DF; and DyF, are continuous
and bounded by a constant independent of € in [0,00) x Q x (0, €],
and that y(t) € Q for t € [0,1/€]. Then the following statements
holds:

(a) Forte[0,1/€] we havex(t)—y(t) = O(e) ase — 0.
(b) If p #0 is a singular point of system (3.73) and
detDyg(p) #0, (3.75)

then there exists a periodic solution x(t,€) of period T for sys-
tem (3.72) such thatx(0,e) — p = O(¢) as€ — 0.

(c¢) The stability of the periodic solution X(t, €) is given by the sta-
bility of the singular point.

We have used the notation Dxg for all the first derivatives of g, and
Dy g for all the second derivatives of g.

Periodic solutions of a class of Duffing dif-

ferential equations

Introduction and statement of the main result

Several classes of Duffing differential equations have been investigated
by many authors. They are mainly interested in the existence of periodic
solutions, in their multiplicity, stability, bifurcation, ... See the survey of
J. Mawhin [17].
In this work we shall study the class of Duffing differential equations
of the form
x"+cx' +a(t)x+b(0)x® = h(1), (3.76)

where ¢ > 0 is a constant, and a(t), b(t) and h(t) are continuous 7-
periodic functions. These differential equations were studied by Chen
and Li in the papers. These authors studied the periodic solutions of
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equation (3.76) with the following additional conditions, either b(¢) > 0,
h(t) > 0 and a(t) satisfies

7’ c? 1 T

a(lt) < —+—, anda:—f a(t)dt > 0; 3.77

(1) 2t 0 TJ, (1) ( )
ora(t)=a>0, b(t)=1and c >0, a, c constants.

In [16] the authors studied the existence and the stability of peri-
odic solutions of the Duffing differential equation (3.76) with ¢ = eC > 0,

1 T 1 T
a(t) = e2A(t), Aoby > 0 where Ay = ?f A(t)dt and by = ?f b(t)dt,
and ¢ is sufficiently small. ’ ’

Instead of working with the Duffing differential equation (3.76) we
shall work with the equivalent differential system

x'=y
y' =—cy—a®x—-bHx>+h(t). (3-78)
We define the polynomial
T t —-cT pT
p(xo) = —(f e_”f e“b(s)dsdt - f e“b(s) ds) x;
0 0 ¢ Jo

T t e—cT T
— (f e_”f e“a(s)dsdt— f e“a(s)ds) Xo
0 0 c Jo

e—cT T T t
+ f e h(s) ds+f e_”f e““h(s)dsdt.
C 0 0 0

Our first result on the periodic solutions of the differential system (3.78)
is the following.

Theorem 23 For every simple real root of the polynomial p(x,) the
differential system (3.78) has a periodic solution (x(t),y(t)) such
that (x(0), y(0)) = (xo,0).

Theorem 20 will be proved in subsection 3.8.3 using Theorem 20 of
the averaging theory.

Now we define the polynomial

T T T
q(xo):—(f b(s)ds)xf;—(f a(s)ds)x0+f h(s)ds.
0 0 0
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Theorem 24 For every simple real root of the polynomial q(x,) the
differential system (3.78) has a periodic solution (x(t),y(t)) such
that (x(0), y(0)) = (0,0).

Theorem 26 will be proved in subsection 3.8.4 using Theorem 26 of
the averaging theory.

As we shall see Theorem 27 of the averaging theory will provide re-
sults on the periodic solutions of system (3.78) which are already con-
tained in Theorems 20 and 26.

In order to apply the three theorems of the averaging theory of first or-
der for studying the periodic solutions of the differential system (3.78) in
subsection 3.8.2 we rescale the variables, the parameters, and the func-
tions of system (3.78).

The results of averaging theory that we use in this paper are described
in subsection 3.8.4.

Preliminary results

We start doing a rescaling of the variables (x, y), of the functions a(?),
b(t) and h(t) and of the parameter c as follows

x=eMX, y=¢€"Y,
c=e"™C, a(t) =™ A(p), (3.79)
b(t) =€™B(t), h(t)=¢e™H().

In such a way that the differential equation (3.78) becomes

X' =¢gm™my,
Y' = —£™CY — M™M= p(f) X — get3mi=m g X3 4 g2 F (),

where 0<=m3, 0smy<=my<nsg, mysn +m;, my=<n,+3m,
and {my—my, ms, Ny + my — My, N +3m; — my, n3 — My} N {1} # @.
(3.80)
We distinguish the following seven cases with their corresponding
subcases, recall that we want to apply the averaging theory of first or-
der for studying the periodic solutions of the differential system (3.77),
see a summary on this theory at the appendix.
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Casel: my, — m; = 0 and m3 = 0. Then we have the following subcases

I.1) m+m—-my=0, ny,+3m—-m,=0, n3—my=1;
(I.2) m+m-m=0, ny+3m—my=1, ng—my=0;
I3) m+m-my=1, ny+3m—-—my,=0, nz—my=0;
I4) nm+m-my=0, ny+3m—-—m=1, nz3—my=1;
(I5) m+m-—-my=1, n,+3m—-—my,=0, ns—my=1;
(I.6) m+m-my=1, ny+3m—my=1, ns—my=0;
(L.7) m+m—-my=1, n,+3m—-—m=1, nz3—m,=1.

Casell: my,— m; =0and m3 = 1.
Caselll: my, —m; =1 and m3 =0.
CaselV: my,—m; =1and m3 = 1.
CaseV:m,—m;>1and ms=1.
CaseVI: my, —m; =1 and ms > 1.

Case VII: my, — my; > 1 and ms > 1.
Every case a from II to VII can be split into the following eight sub-
cases:

(@.l) mp+m—-my=0, n,+3m—-—my,=0, n3—m,=0,
(@.2) m+m—-—my=0, n,+3m-—-m,=0, n3—my=1,
(@.3) m+m—my=0, n,+3m—-my=1, n3—my,=0,
(@¢d) m+m-—-—m=1, n,+3m—-my,=0, n3—m,=0,
(@.5) m+m—-my;=0, nm+3m—-my=1, n3—my=1,
(@.6) m+m—my=1, n,+3m-—-my,=0, n3—my=1,
(@.7) m+m—my=1, n,+3m—-my=1, n3—my,=0,
(@.8) m+m—-—my=1, n+3m-my=1, n3—my,=1.

We have applied the three theorems of averaging (see section 3.8.4) for
studying the existence of periodic solutions of the 55 previous subcases
of differential systems (3.80). Theorem 20 comes from the subcase (III.1),
and Theorem 26 follows from the subcase (IV.1).

All the subcases, different from (III.1) or (IV.1), either do not satisfy
the hypotheses of one of the three theorems of averaging, or provide par-
tial results of the ones stated in Theorems 20 and 26. So in what follows
we shall consider only the subcases (III.1) or (IV.1).

Theorem 27 has been applied for studying the subcases («, 8) for a =
IV,...,VII, and either do not provide periodic solutions, or provide par-
ticular cases of the results given in Theorems 20 and 26.
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Applications

In short, in what follows we only provide the details of the positive
results, i.e. we shall give the proofs of Theorems 20 and 26.

Proof of Theorem 20

For case (III.1), i.e. for

my=mp+1, my=ny=n,=nz=1 and m; = m3 =0; (3.81)
system 3.80 becomes

X=¢Y,

. ; (3.82)
Y=-CY-AWX-BOX*+H(1),

We shall apply the averaging Theorem 20 to system (3.82) and we
shall obtain Theorem 20. In what follows we shall use the notation of
Theorem 20, see

the appendix. Thusx = (X, Y)” and

Fy(t,x) = °
oll,X) = —CY-AWX-BWOX*+H(®) |
Y
Fl(tyx) = 0 )’
FZ(t)X) = 8 )'

The unperturbed differential system (3.68) has the solution x(¢,z,0) =
(X(0), ()" such thatx(0,z,0) =z = (X, Yp)", where

X(1) = Xo,

t
Y(t):e_Ct(Yo+f e“* (=B() X5 — A(s) Xo + H(s)) ds]|.
0

In order that x(¢,z,0) be a periodic solution we must choose

1
etT -1

T
Yy = f e“ (=B($) Xy — A($) Xo + H(s)) ds.
0

So we get

1 T
Zy = (a,ﬁo(a)) = (XO’ oCT 1 f ecs (—B(S))((:)3 - A(S)X() + H(S)) ds]|.
- 0
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Periodic solutions of a class of Duffing differential equations

Therefore, following the notation of Theorem 20, we have n =2 and k =
1.

Now we compute the fundamental matrix M, (f) associated to the
first variational system (3.69) such that M, _(0) = Id of R?, and we obtain

1 0
Mza(t): ¢
—e—Cf(f eCS(SB(s)X0+A(s))ds) e ¢!

0

Its inverse matrix is

1 0
—1 _ t
MZam_(f e“* (3B() X5 + A(s)) ds eCf)’
0

Since the matrix

0 0

-1 _ -1 — t

My, (0= My (1) ( —f e“*(3B(s)X; + A(s))ds 1—e“T )
0

has a zero 1 x 1 matrix in the upper right corner and a non-zero 1 x 1 ma-
trix in its lower right corner equal to 1—e®”, because T # 0. We can apply
the averaging theory described in Theorem 20 for studying the periodic
solutions which can be prolonged from the unperturbed differential sys-
tem to the perturbed one. Therefore, since for our differential system
we have ¢ (X, Y) = X, then we must compute the function & (a) = & (Xy)
given in (3.70), i.e.

T
F(Xo) = 5( f M;;(t)Fl(t,x(t,za,O))dt)
0

T
-
r
= f e“ (=B(9)X; — XoA(s) + H(s)) ds)
0

T
= f Y(t)dt.
0

Theorem 20 says that for every simple real root X, of the polynomial
Z (Xp) the differential system (3.82) with € # 0 sufficiently small has a
periodic solution (X (1), Y (¢)) such that (X(0), Y (0)) tends to (Xy, B0 (Xp))
when € — 0.

T
e ¢! (ﬁfo e“* (=B()X; — XoA(s) + H(s)) ds

dt
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Now it is to check that the function & (X,) after the change of vari-
ables (3.79) satisfying (3.81), i.e.

x=x, v=2 Ho="Y =29 45
E E E E

becomes the polynomial p(x,) defined in subsection 3.8.1 just before
the statement of Theorem 20. Hence Theorem 20 is proved.

Proof of Theorem 26

For case (IV.1), i.e.

m=mp+1, ms=1, m=1 my,=2, ny=-n,=1 and nz=2;
(3.83)
system (3.80) becomes

X=¢Y,

Y=—eCY-AOX—-B®)X3+ H(p), (3.84)

We shall apply the averaging Theorem 26 to system (3.84) and we
shall obtain Theorem 26. In what follows we shall use the notation of
Theorem 26.

Thusx=(X,Y)” and

0

FeX=1 _ 4 nx-Boxd+H® )

Y
Fl(t,X): —CY),

0
F,(t,x) = 0 )

The unperturbed differential system (3.68) has the solution x(¢,z,0) =
(X(0), Y ()" such thatx(0,z,0) =z = (X, Yp)", where

X (1) = Xo,
t
Y() =Y +f (-B()X; — A() X + H(s)) ds.
0

In order that x(¢,z,0) be a periodic solution X, must satisfy

T
f (-B()X; — A() X+ H(s))ds =0, (3.85)
0

Master 2 Averaging Theory Course



Periodic solutions of a class of Duffing differential equations

Yy is arbitrary. Therefore we get
zo = (a, Bo(a)) = (Yo, Xo),

where X, is a real root of the cubic polynomial (3.85). In short the unper-
turbed system (i.e. system (3.85) with € = 0) has at most three families of
periodic solutions because Y is arbitrary and X is a real root of the cu-
bic polynomial (3.85). Therefore, using the notation of Theorem 26, we
have n =2 and k = 1 for each one of these possible families of periodic
solutions.

We compute the fundamental matrix M, (f) associated to the first
variational system (3.69) associated to the vector field (Y, X) given by
(3.84) with € =0, and such that M,_(0) = Id of R?, and we obtain

t
1 —f (3B(s) X5 + A(s)) ds
0
0 1

Mza (1) =

Its inverse matrix is

t
1 f(sB(s)X§+A(s))ds
0
0 1

M, (1) =

The matrix

T

0 —f (3B(s) X5 + A(s)) ds
0

0 0

M, (0)- M (T) =

has a non-zero 1 x 1 matrix in the upper right corner if the real root X, of
the cubic polynomial (3.85) is simple, and a zero 1 x 1 matrix in its lower
right corner. Therefore the assumptions of Theorem 26 hold, then by
applying this theorem we study the periodic solutions which can be pro-
longed from the unperturbed differential system to the perturbed one.
Since for our differential system we have €J'(Y, X) = X, then we must
compute the function 4 (a) = ¥ (Y,) given in (3.70), i.e.

T T
64%):8(] Mz‘,,l(t)Fl(t,x(t,za,0))dt)=—f CYo=-CTY,.
0 0

Theorem 26 says that for every simple real root Yy = 0 of the poly-
nomial ¥ (Y;) the differential system (3.84) with ¢ # 0 sufficiently small
has a periodic solution (X (?), Y (¢)) such that (X (0), Y (0)) tends to (Xo,0)
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when € — 0, being X; a simple real root of the cubic polynomial (3.85).
Now it is easy to check that the cubic polynomial (3.85) after the change
of variables (3.79) satisfying (3.83), i.e.

¥ h(1) b(s) _a(s)
2

, Y==, HO=—, B(=—: Als=—0.
£ £ E E

X
X==
£

becomes the polynomial g(x,) defined in subsection 3.8.1 just before the
statement of Theorem 26. Hence Theorem 26 is proved.

The appendix: Periodic solutions via the averaging theory

In this subsection we present the basic results on the averaging theory
of first order that we need for proving our results.

We consider the problem of bifurcation of T—periodic solutions from
the differential systems of the form

x = Fy(t,X) + €F,(t,X) + €°F,(t,X, €), (3.86)

with € = 0 to € # 0 sufficiently small. The functions Fy, F; : Rx Q — R"
and F, : Rx Q x (—gy, €9) — R" are €2, T-periodic in the first variable and
Q is an open subset of R”. The main assumption is that the unperturbed
system

x = Fy(t,%), (3.87)

has a submanifold of periodic solutions. A solution of this problem is
given using the averaging theory.
Let x(t,z,€) be the solution of system (3.87) such that x(0,z,¢) = z.

We write the linearization of the unperturbed system along a periodic
solution x(¢,z,0) as

y = DxFy(t,x(,2,0))y. (3.88)

In what follows we denote by M,(f) a fundamental matrix of the linear
differential system (3.88), by ¢ : R” x R"™ — R™ and ¢+ : R™ x R"™" —
R"™" the projections of R" onto its first m and n— m coordinates respec-
tively; i.e. {(xy,...,X,) = (x1,..., Xn), and cfl(xl,...,xn) = (Xpa1yeer Xn)
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Theorem 25 is a classical result due to Malkin and Roseau .

As we shall see in this paper we have cases where Theorem 25 can-
not be applied for studying the existence of periodic solutions, because
its assumptions are not satisfied. Then in [15] the following result on
averaging has been proved.

3. Applications
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Theorem 26 Let V < R™ be open and bounded, let B, : C1(V) — R™
be a €* function and Z = {z, = (a,fo(@))|a € CI(V)} < Q its
graphic in R>™. Assume that for eachz, € Z the solution x(t,z4,0)
of (3.87) is T-periodic and that there exists a fundamental matrix
M, (1) of (3.88) such that the matrix M (0) — M, ' (T)

(a) has in the upper right corner the m x m matrix A, with
det(Ag) # 0, and

(b) has in the lower right corner the m x m zero matrix.

Consider the function 4 : C1(V) — R defined by
T
G(a) = &+ (f M, (D) F, (t,x(t,2,,0))dt|. (3.90)
0

Suppose that there is ay € V with 4(a,) = 0, then the following
statements hold for € # 0 sufficiently small.

(i) Ifdet((0¥9/0a)(ay)) # 0, then there is a unique T -periodic so-
lution ¢, (t,€) of system (3.86) such that ¢,(t,€) — X(f,Zg,,0)
ase — 0.

(i) If m =1 and 9'(ap) = -+ = 95 V(ay) = 0 and 4 (ay) #
0 with s < k, then there are at most s T-periodic solu-
tions @1(t,€),...,@s(t,€) of system (3.86) such that ¢;(t,e) —
X(t,24,,0) ase —0fori=1,...,s.

In any case now we shall recall the more classical result on averag-
ing theory for studying periodic solutions. We consider the initial value
problems

x=€F,(t,X) + €2 F(t,x,€), x(0) =X, (3.91)

and

y=¢€g(y), y(0)=x,, (3.92)

with x, y and x, in some open Q of R", t € [0,00), € € (0,&y]. We assume
that F, and F; are periodic of period T in the variable t, and we set

1 T
g(y)z—f F(ty)dt.
T Jo
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We have used the notation Dxg for all the first derivatives of g, and
Dy g for all the second derivatives of g.
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