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ON THE LIMIT CYCLES OF THE
FLOQUET DIFFERENTIAL EQUATIONS

JAUME LLIBRE! AND ANA RODRIGUES?

ABSTRACT. We provide sufficient conditions for the existence of
limit cycles for the Floquet differential equations x(t) = Ax(¢t) +
e(B(t)x(t)+b(t)), where x(t) and b(t) are column vectors of length
n, A and B(t) are n X n matrices, the components of b(t) and B(t)
are T—periodic functions, the differential equation x(¢) = Ax(t) has
a plane filled with T—periodic orbits, and ¢ is a small parameter.
The proof of this result is based on averaging theory.

1. INTRODUCTION

The linear first order differential equation
(1) X(t) = A(t)x(t) + b(t),

where x(t) and b(t) are column vectors of length n, A(t) is an n X n
matrix, and A(t) and b(t) are periodic with period T or simply T—
periodic (i.e. At +T) = A(t) and b(t + T) = b(t) for all t € R), is
called a Floquet differential equation. For more details on the Floquet
differential equations see [3], and for some applications of it to the study
of limit cycles see [11]. These differential equations have been studied
intensively and have many applications. As far as we know there are no
general results on the existence or non—existence of limit cycles for the
Floquet differential equations. The objective of this paper is to provide
sufficient conditions for the existence of limit cycles for a subclass of
Floquet differential equations.

A limit cycle of the differential equation (1) is a periodic orbit isolated
in the set of all periodic orbits of the differential equation (1). To obtain
analytically limit cycles of a differential equation is in general a very
difficult problem, many times impossible. If the averaging theory can
be applied to the differential equation (1), then it reduces this difficult
problem to find the zeros of a nonlinear function. It is known that in
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general the averaging theory for finding limit cycles does not provide
all the limit cycles of the differential equation.

The averaging theory (see for instance [10]) gives a quantitative rela-
tion between the solutions of some nonautonomous differential system
and the solutions of its autonomous averaged differential system. In
particular, it allows to study the periodic orbits of a nonautonomous
differential system in function of the periodic orbits of the averaged
one, see for more details [1, 2, 7, 6, 10, 12]. For more information
about the averaging theory see section 2.

In this paper we want to study the existence of limit cycles for the
subclass

(2) x(t) = Ax(t) + e(B(t)x(t) + b(t))

of Floquet differential equations (1), where

(H1) x(t) and b(t) are column vectors of length n,

(H2) A and B(t) are n X n matrices,

(H3) b(t) and B(t) are 2w /w-periodic with w a positive real number,

(H4) A has a pair of purely imaginary eigenvalues +wi and any other
eigenvalue of A is not a rational multiple of wi, and

(H5) € is a small parameter.

Note that the assumption (H4) implies that the unperturbed linear
differential equation

(3) x(t) = Ax(t)

has a plane filled of periodic orbits with period 27/w. What we want
to know is: Are there periodic orbits of this plane which become limit
cycles of the perturbed differential equation (2) for e # 0 sufficiently
small?

Working with the new time 7" = wt, that we shall continue denoting
by t, we can assume without loss of generality that
(H3’) b(t) and B(t) are 2r—periodic, and
(H4") A has a pair of purely imaginary eigenvalues +i and any other
eigenvalue of A is not a rational multiple of 7.
Again it is not restrictive to assume

(H6) the matrix A is in its real Jordan normal form and that its first
block of the Jordan normal form is

(173):
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Otherwise we do a linear change of variables for writing the matrix A in
that real Jordan normal form, and the form of the differential equation
(2) remains.

We denote the components of the vector b(t) = (bg(t)) and of the
matrix B(t) = (b;;(t)), for k,7,5 = 1,...,n. Since the functions by(t)
and b;;(t) are 2r—periodic we expand them in Fourier series as follows

bi(t) = bY + Z (b7 " sin(2nt) + b cos(2nt)) ,
n=1
(4)
(t) = Z b2" Lsin(2nt) + bfjn cos(2nt)) .

U

For more details in Fourier series see for instance [4].
We shall use the following expressions

X= 2 [(b% - b%)(2b(1)2 - 2bg1 bilgl + b )
+(b3 + b7)(209, + 263, — b, 521 - b11 + b 5)

Y= 2 [(b% + b%)(Qb(l)Q - 2b(2)1 + bil))l - bgz bilz b%l)
— (b1 — b3) (200 + 2635 + by + b3y + b1y — b)),

A= (=bjy + b3, + by + byy)? + (b5 + 1721 + 511 — by,)?
—4(bY, — b3y)* — 403, — b5y).

Our main result is the following one.

[

Theorem 1. Consider the Floquet differential equation (2) under the
assumptions (H1), (H2), (H3"), (H4), (H5) and (H6). If (X*+
Y2)A # 0, then for € # 0 sufficiently small there exists a limit cy-
clex(t,e) = (z1(t,€), xa(t, €), x3(t,€), ..., xa(t,€)) of equation (2) such
that when € — 0 it tends to the periodic solution

(6) X st — Lsint, X cost + > sint,0,...,0
A cost — —sint, - cos A Sint, 0,

of the differential equation (3).

Theorem 1 is proved in section 3. As we shall see its proof only uses
a result of averaging theory and linear algebra.

We remark that in the expressions of X, Y and A only appears
coefficients of Fourier corresponding to the trigonometric functions 1,
sint, cost, sin(2t) and cos(2t) of the expansions in Fourier series of the
six functions by (t) and b;;(t) with k,7,j = 1,2. All the other functions
and coefficients which appear in the differential equation (2) do not
play any role for the existence of the limit cycle found in Theorem 1.



4 J. LLIBRE AND A. RODRIGUES

2. BASIC RESULTS ON AVERAGING THEORY

In this section we present the basic result from the averaging theory
that we shall need for proving the main results of this paper.

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

(7) X = Fy(t,x) + eFy(t,x) + 2 Fy(t, x, €),

with ¢ = 0 to € # 0 sufficiently small. Here the functions Fp, F7 :
RxQ — R*and F, : R x Q X (—&p,50) — R" are C? functions, T—
periodic in the first variable, and €2 is an open subset of R". The main
assumption is that the unperturbed differential equation

(8) x = Fy(t, x),

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

Let x(t,z,€) be the solution of the differential equation (8) such that
x(0,2z,¢) = z. We write the linearization of the unperturbed differential
equation along a periodic solution x(¢,z,0) as

(9) y = DxFo(t,X(t,Z,O))y,

where y is an n X n matrix. In what follows we denote by M,(t) some
fundamental matrix of the linear periodic differential equation (9), and
by € : RF x R"* — R¥ the projection of R™ onto its first k& coordinates;
le. &(xy, ..., xn) = (T1,...,2k).

We assume that there exists a k—dimensional submanifold Z of €2
filled with T-periodic solutions of (8), which is contained in the sub-
space R¥ of the first k coordinates of R®. Then an answer to the
problem of bifurcation of T—periodic solutions from the periodic so-
lutions contained in Z of the differential equation (7) is given in the
following result.

Theorem 2. Let W be an open and bounded subset of R*, and let
B: Cl W) — R"* be a C* function. We assume that

(i) 2 ={2z0 = (o, B(ev)), € CI(W)} C Q and that for each z, €
Z the solution X(t,24,0) of (8) is T—periodic,

(i) for each z, € Z there is a fundamental matriz My, (t) of (9)
such that the matriz M, '(0) — M, (T) has in the upper right

corner the k x (n—k) zero matriz, and in the lower right corner

a (n—k)x (n—=k) matriz A, with det(A,) # 0.
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We consider the function F : C(W) — RF

(10) Fla)=¢ (% /0 MOt x(E 70, 0))dt> |

If there exists a € W with F(a) = 0 and det ((dF/da) (a)) # 0, then
there is a T—periodic solution x(t,e) of differential equation (7) such
that x(0,¢) — z, as € — 0.

Theorem 2 goes back to Malkin [8] and Roseau [9], for a shorter and
easier proof see [2].

3. PROOF OF THEOREM 1

We will apply the averaging theory described in section 2 for study-
ing the limit cycles of equation (2). More precisely we shall analyze
which periodic orbits of equation (3) can be continued to limit cycles
of equation (2) with € # 0 sufficiently small.

Now we define the elements of section 2 and of Theorem 2 corre-
sponding to our differential equation (2). Clearly, we have that 2 = R"™
and T = 2.

We write (2) in the form (7) and we get that Iy, F; and F, are given
by

Fyo(t,x) = Ax,
R(tx) = B(U)x +b(b),
Fg(t, X, 5) =0
Moreover, we also have that
k= 2,
Q= (I(l)v Ig)a

W= {xeR":0<|x|| <r}, where r is arbitrarily large,
B(z?,29) = (0,...,0) e R" 2 and

7o = (29,29,0,...,0),
E:R" = R? is&(xy,...,2,) = (21, 70).

The 27—periodic solutions x(¢,z,, 0) of equation (3) with initial condi-
tions z, at t = 0 are

(11)  x(t,2a4,0) = (29 cost — x9sint, 2§ cost + 2¥sint,0,...,0).

Note that all these solutions are 2m—periodic. Moreover, these periodic
solutions of the unperturbed equation fill out the whole plane (x1, 22,
0,...,0) except the origin.
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Since the matrix A is in its real Jordan form and satisfies (H6) it
can be written in blocks as

0 -1
(") o0
... 0

0 0o :
0 0o ... A,
The blocks A, for ¢ = 2,...,r are square matrices whose diagonals are

over the diagonal of the matrix A, and these blocks are formed by the
following four types of matrices

A1 0O 0 0
O X100 ... 00
(12) (A), S
0O 0 0 0 . A1
0O 0 0 0 . 0 X
a —b 1 0 00 0 O
b a 0 1 00 0 O
b 0O 0 a —=b 1 0 0 O
a - 0O 0 b a 01 0 O
(13) (b ) ) )1 ,
O 0 0 0 00 ... a —b
O 0 0 0 OO0 ... b a

and outside these blocks the matrix A is filled with zeros. Of course
these blocks are associated to eigenvalues A and a + bi with b # 0 of
the matrix A. For more information on the real Jordan form of a real
matrix A see [5].

The differential equation (9) corresponding to our differential equa-
tion (2) is

(14) y = Ay,
with y an n X n matrix. Then, it is well known that the fundamental
matrix of (14) is
( cqst sint) 0 0
—sint cost
M,(t) = 't = 0 etd2 0 7
0 0 : )
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satisfying that M,(0) is the identity matrix of R™. Of course, we have
that

cost —sint
( sint cost ) 0 e 0
M;l(t) = e tA = 0 e~ tA2 0
0 0 : :
0 0 ... e tAr
Therefore
00
(00 0
M) = Mem = | 0 ke 0 ,
0 0 : :
0 0 oo I, — e A

where I, is the ny, x n, identity matrix if A, is an ny, X n, matrix for
¢ =2,...,r. Note that in the upper right corner kx (n—k) = 2x (n—2)
of the previous matrix we have the zero matrix.

Now using the notations of the statement of Theorem 2 we have that
det A, = H det (I, — e~ 2m4).
1=2

We start by proving that we must have that the determinant of the
matrix A, is different from zero.

If the matrix Ay is of one of the forms of the matrices in (12), then
we would get that det(I, — e=2™4¢) = 0 if and only if A = 0, but this is
not possible because then A = 0 would be a rational multiple of ¢ and
this contradicts condition (H4').

Now assume that the matrix A, is of the form of one of the matrices
in (13). Then we get that e=27¢ is either

—ora [ cos(27b)  sin(27b
(15) ¢ ( —sir(1(27r?)) cos(27rb; ) ’
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or
cos(2wb)  sin(27b) * *
—sin(27b) cos(27b) * *
0 0 * *
0 0 * *
(16) e 2™ : :
0 0 * *
0 0 * *
0 0 cos(2mb)  sin(2mb)
0 0 —sin(27b) cos(27b)

Note that in (16) in general the *’s are real numbers, but they do
not play any role in the computation of the determinant of the matrix
I, — e ¥4 50 we do not write them explicitly.

If e=274¢ is given by (15), then we get that the determinant is given
by
det(l, — e72™4¢) = 1 — 27297 cos(2bmr) + e~ 47
1 — 26—2a7r + 6—4a7r
(1 _ €—2a7r)2_

v Il

Thus, we get that det(I, — e=?™¢) = 0 if and only if cos(2bm) = 1 and
a = 0, but then we would get that the eigenvalue a 4+ b7 would be a
rational multiple of ¢ and this contradicts (H4').

If e=2™4¢ is given by (16), then there exist a positive integer s such
that
det(I; — e=2™¢) = (1 — 2e7297 cos(2bmr) + e~49™)*
(1 _ 26—2a7r + e—4a7r>s
(1 - e—2a7r)28'

[RAVAI

Therefore, by the same arguments than in the previous case det ([, —
e~2™4¢) cannot be zero.

In short, we have that det A, # 0. Consequently all the assump-
tions of Theorem 2 hold, consequently we can apply it to our differ-
ential equation (2). Then, we must compute the function F(a) =
(f1(20,29), fo(29, 29)) defined in (10).



LIMIT CYCLES OF THE FLOQUET DIFFERENTIAL EQUATIONS 9

Let m and n non—negative integers. Taking into account that

2m
/ cos(2mt) sin(2nt)dt = 0 for all m and n,
0

2 .
/ cos(2mt) cos(2nt)dt = { 0 ?f m7m,
0 m if m=n,

2 .
/ sin(2mt) sin(2nt)dt = { 0 ?f m 7_£ "
0 m if m=n,

a tedious but easy computation shows that

1
fi(z9,29) = —( (b + b3) + (209, + 269, + b3, + b3, + b}, — b3y) Y
2b(1)2 2631 biﬁ + bgz + b 9 T b21>$2)

e

+(
f2($[1)7 «'Eg) = ( bQ - bl (26(1)2 - 2b81 + b3 - bgz - bilz - b§11)75?
(

+ 2bn + 2b - b?Q - b§1 b£1l1 + b22)932)

Then, the system f1 (29, 29) = fo(2%,29) = 0 is a linear system in the
variables 79 and 2 whose determinant is A as defined in (5), and by
assumption we have that A # 0 (see this assumption in the statement
of Theorem 1). Therefore, it is immediate to check that the unique
solution of this linear system is

XY
(ZE?,I’%) - (Z7 Z) )

where X and Y are defined in (5). Note that since (X,Y) # (0,0)
(because by assumptions X2 + Y2 # 0), the previous solution provides
the initial conditions of the periodic solution (11) or equivalently (6) of
the unperturbed equation (3) which can be continued to a limit cycle
of the perturbed equation (2) with € # 0, because the Jacobian

d(f1, f2) A
det | ———=L - _= 0
e <3(x?>”33) waezn) 17

Consequently, the rest of the proof of Theorem 1 follows immediately
from the statement of Theorem 2.
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