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ON THE LIMIT CYCLES FOR A CLASS OF FOURTH-ORDER
DIFFERENTIAL EQUATIONS

JAUME LLIBRE! AND AMAR MAKHLOUF?

ABSTRACT. We provide sufficient conditions for the existence of periodic so-
lutions of the fourth-order differential equation
4+ (1 +pD)i + plx = eF(x, 4, &, %),

where p is a rational different from 0, € is small and F' is a nonlinear function.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

The objective of this paper is to study the periodic solutions of the fourth-order
differential equation

(1) E 4 (14 p°)i + pPa =eF(x, &%, ),
where p is a rational different from 0, € is a small real parameter, and F is a

nonlinear function. The dot denotes derivative with respect to an independent
variable .

Equations (1) appear in many places. For instance, these equations are contained
in the differential equations (2) studied by Champneys [8], who analyzes these
equations looking mainly for homoclinic orbits.

When F(u,u,ii, W) = +u? equation (1) can come from the description of the
travelling—wave solutions of the Korteweg—de Vries equation with an additional
fifth-order dispersive term. Extended fifth-order Korteweg—de Vries equations have
been considered in [6, 9, 10, 16, 17, 23]. This equation has been used to describe
chains of coupled nonlinear oscillators [25] and most notably gravity—capillary shal-
low water waves [4, 14, 30]. For other derivation of (1) see [12, 13].

Another nonlinearity is F(u,w,ii, W) = 4u3, then equation (1) is called the
Extended Fischer—Kolmogorov equation or the Swift-Hohenberg equation see [5, 15],
and in other places, see for instance the book [26] and [2, 7].

In all these previous quoted references and for the corresponding differential
equations (1) there studied, there are no proofs showing the existence of periodic
orbits. Here for the differential equations (1) we provide two analytical algorithms
for studying their periodic orbits, see Theorems 1 and 4. Moreover, we shall illus-
trate the use of these algorithms in Corollaries 2 and 5.

In general to obtain analytically periodic solutions is a very difficult task, usually
impossible. Here with the averaging theory we reduce this difficult problem for the
differential equations (1) to find the zeros of a nonlinear system of three equations
with three unknowns. We must say that the averaging theory for finding periodic
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solutions in general does not provide all the periodic solutions of the system. For
more information about the averaging theory see section 2 and the references quoted
there.

The coefficients 1 + p? and p? in the differential equation (1) are quite special,
but equation (1) with coefficients p and ¢ instead of 1 + p? and p? already has
been studied in the references [19, 21]. But in those references is not studied the
cases in which the unperturbed differential system has a double pair of imaginary
eigenvalues, as it is the case for our unperturbed differential equation (1) which has
eigenvalues +7 and +pi. Additionally since p is rational this implies that the set of
periodic orbits of the unperturbed differential equation (1) has dimension 4. This
is the case that we want to study in this paper.

We recall that a simple zero 7§ of a real function F(rg) is defined by F(r§) =0
and (dF/dro)(rg) # 0.

Our first main result on the periodic solutions of this fourth-order differential
equation (1) are the following.

Theorem 1. Let p = p1/p2 be a rational different from —1,0,1 with p1 and pa
coprime. For every (r§, Zg,Vy) solution of the system

(2) Fi(ro, Zo, Vo) =0,  Fa(ro, Zo, Vo) =0, F3(ro, Zo, Vo) =0,
satisfying
(3) det | QL T2 Fu) #0
010, 20, Vo) (o, 20, vo)=trg. 25 i)
where
2_71'
F1 (To,ZO,%) = /p COS@F(.A,B,C,D)C[G,
0
27
— 9 . .
Fy (0, Z0, Vo) = f/p Vosin® 1o siwwh) 4 g ¢ ) as,
0 pro
2m
e il ]
F3(ro, Zo, Vo) = /p P Zosinf TOCOb(pe)F(A,B,C,D)d&
0 Pro
with
4 - T sin 6 + Vj sin(pf) — Zg cos(ph)
= 1 ,
g - I cos 0 + pVj cos(pf) + pZy sin(ph)
= 1 ,
c - p?(Zo cos(pf) — Vo sin(ph)) — 7o sin 6
= o ,
D - p3 (Vo cos(ph) + Zo sin(pf)) + 7o cos 6
= T ,

the differential equation (1) has a periodic solution xz(t,€) tending to the solution

5 sint + Vg sin(pt) — Zg cos(pt
(4) aft) = T OSpl?(fl) 6 costpt),
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of the equation
E 4 (14p)E+pPe =0,
when € — 0. Note that the period of x(t) is the mazimum of 2w and 27ps.

Theorem 1 is proved in section 3.

We shall provide two applications of Theorem 1. The first one is given in the
following corollary.

Corollary 2. If F(z,#,&, T) = ad — &3 with B # 0, then the differential equation
(1) with p = 2 has periodic solutions x(t,e) tending when ¢ — 0 to the periodic
solutions x(t) of period 2w of the equation X" + 5 + 4x = 0 given by (4) with the
values (1§, Zg, Vi) for which the determinant (3) is nonzero, where r{ is a positive
root of the polynomial hy1(ro)hi2(ro)h13(ro) given by

hi1(ro) = (—480128 + 3307572)8r3 + 1208064,

hia(ro) = (—246290604621824 + 735055183872007 — 7346142720000+
2461400156257°) 347§ — 180(—30786325577728 + 890071941120072—
8551872000007 + 2734889062575) 331§ + 32400(—962072674304+
2817059717127% — 270273024007* + 8508543757%)a? 321§ —
1512000(—34359738368 + 1037765836872 — 10035446407+
312558757%)a® Brg + 329204736000072(—8 + 37)(8 + 3m)at,

his(ro) =  (7(—256 4 1057)(256 + 1057) - (524288 + 3307572)2 3642 —
108(524288 + 3307572) - (164014063616 — 87958528007+
3106293757%)a35rd0 + 2592(51272426226450432 + 4230354042880072—
1061256268800007% + 21484072968757%) 02 3475 —
155520(3705079307698176 — 1693444210688072 — 6389957700000+
8569319062575)a333rE + 518400(1540553229467648—
1879455950438472 — 2087128814400 + 295368018757%) 0% 3214 —
217728000(—137438953472 + 1105580851272 — 11080540804+
312558757%)a® Br2 + 4740548198400007(—16 + 37)(16 + 37)ab),

and for every one of these rf we must obtain the solutions (Z5,Vy) of the system

—1057Brg — 134420873 + 1260mary — 840 VE Bro — 840w Z2Bro+
6720Zpc — 2048733 — 2816VEZy3 = 0,

56875 + 1057 ZoBrg — 840ar2 + 576VEBrE + 768 Z33r¢ — 6307 Zoaro+
2107 Z3Bro + 210mVE ZoBro + 3360Via — 1152V 8 — 1024VZZ2 8 = 0.

In particular if « = 8 = 1 then the differential equation (1) with p = 2 has siz
periodic solutions corresponding to the values of (rg, Z§, Vi) given by

(0.1471021308, —1.5590893313, 0.8704857802),
(0.1471021308, —1.5590893313, —0.8704857802),
(1.7006853293, —2.3247555702, 0),
(2.2708080828, 0.8053695810, 0),

(3.8007389635, —2.9941595054, 0),
(3.9910593631, —1.5239474038, 0).

The stability of these periodic solutions is studied at the end of the proof of this
corollary.
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The second application of Theorem 1 is on a generalization of the Korteweg-de
Vries equation, because instead of taking F'(u, 1, i, U) = +u? we take F(u, 1, i, @) =
au + bi + cii + dU + eu?.

Corollary 3. If F(u,1,ii, @) = au + b + cii + d4 + eu?, then the differential
equation (1) with p = 2 has periodic solutions x(t,e) tending when € — 0 to the
periodic solutions x(t) of period 2w of the equation X"+ 5% + 4z = 0 given by (4)
with (rg, Zg5, V') solutions of the nonlinear system
1
Fi(ro, Zo.Vo) = 55— (15emVor + 43brr — 450 + 120aVh — 480cVy+
T
2400Zy — 960dZy — 16eVpZy) = 0,

Fy(ro, Zo, Vo) = (128eV — 480bVZ + 1920dVE + 224erdVo+

54077
112e Z2Vy + 225a7mr Vo — 360cmroVo + 240aZoVo—
960cZoVp + 60emroZoVo + 120br¢ — 120drg + 90bmro Zo—
360dnroZo) = 0,

Fs5(ro, Zo, Vo) = (15emry + 120arg — 120crg + 432eZorg + 120em Z3ro—

108077rg
180b7 Vorg + 720dmVorg + 450am Zorg — 720w Zoro + 224e 23+

480aZ2 — 1920¢22 + 256¢V;2Zy — 960bVy Zo + 3840dVyZo) = 0,

for which the determinant (3) is nonzero. In particular, if we take a =1, b= —1,
c=2,d= -2 and e =1, we have a periodic solution corresponding to the values

(rg, Z5, Vi) = (8.69721625612798.., —0.57977009742156..,0.607127989348911..),

whose determinant (3) is equal to 0.1379945424519633.. # 0. This periodic solution
has a 2—dimensional stable invariant manifold and 1-dimensional unstable invariant
manifold.

Corollaries 2 and 3 are proved in section 5.

We remark that the results of Theorem 1 when the rational |p| > 1 have been
also obtained using a different result from averaging theory in [19], but the results
of Theorem 1 are new when |p| < 1.

In the next result we shall study the fourth-order differential equation (1) with
p = *1, and we will allow that the equation be non autonomous.

Theorem 4. Assume that in the differential equation (1) we have p = £1 and F ad-
ditionally depends on t, i.e F(t,z, ', z", &""). If (Z§, V) is such that f1(Z§, Vy) =

f2(Z5, V) =0 and
et (M ) L0,
(Z0,V0)=(25,V5")

(2o, Vo)
27
f1(Zo, Vo) = —/ F(t,a,b,c,d) sintdt,
0

where

27
fQ(Z())‘/O) = _/ F(t,a,b,c, d) COStdta
0
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with
1
a=—3 (Zocost + Vysint),

1
b= 3 (Vo cost + Zysint),
1 .
c=3 (Zgcost — Vysint),

1
d= -3 (Vo cost + Zpsint),

then for e € [—eo,e0] witheg sufficiently small, there is a 2m-periodic solution z(t, )
of equation (1) tending to the solution xo(t) of equation (1) with e =0 given by

1
x(t,e) — 3 (Vg sint — Z§ cost) as € — 0.

Theorem 4 is proved in section 6. Again its proof is based in the averaging theory
for computing periodic orbits. The averaging results used in the proofs of Theorems
1 and 4 are different. An application of Theorem 4 is given to the equation
(6) T4 2% 4+ 2 =e(bsint 4+ sinz) ,

More precisely we have the next result.

Corollary 5. If F(t,z,&,%, %) = bsint + sinx, then for every positive integer m
there exists an €9 > 0 such that for all € € (0,e0) the differential equation (1) has
at least m periodic solutions.

Corollary 5 is proved in section 7.

2. BASIC RESULTS ON AVERAGING THEORY

In this section we present the basic results 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 differ-
ential systems of the form
(7) x = Fo(t,x) + eFi(t,x) + e Fy(t, %, €),

with € = 0 to ¢ # 0 sufficiently small. Here the functions Fp, F1 : R x Q — R"™ and
Fy iR x Q x (—¢9,&09) — R” are C? functions, T-periodic in the first variable, and
Q is an open subset of R™. The main assumption is that the unperturbed system

(8) x:FO(tvx)v
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 the system (8) such that x(0,z,e) = z. We write
the linearization of the unperturbed system along a periodic solution x(t,z,0) as

(9) y = DxFy(t,x(¢,2,0))y.
In what follows we denote by M, (t) some fundamental matrix of the linear differ-
ential system (9).

We assume that there exists an open set V with CI(V) C Q such that for each
z € Cl(V), x(t,2,0) is T—periodic, where x(t,z,0) denotes the solution of the
unperturbed system (8) with x(0,z,0) = z. The set C1(V) is isochronous for the
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system (7); i.e. it is a set formed only by periodic orbits, all of them having the
same period. Then, an answer to the bifurcation problem of T—periodic solutions
from the periodic solutions x(t,z,0) contained in Cl(V) is given in the following
result.

Theorem 6. [Perturbations of an isochronous set] We assume that there
exists an open and bounded set V with CL(V) C Q such that for each z € CI(V),
the solution x(t,z) is T—periodic, then we consider the function F : Cl(V) — R"

(10) F(z) = /0 Mt z)Fy(t, x(t, z))dt.

If there exists a € V with F(a) = 0 and det ((dF/dz) (a)) # 0, then there exists a
T —periodic solution @(t,e) of system (7) such that ©(0,e) = a as e — 0.

For an easy proof of Theorem 6 see Corollary 1 of [3]. In fact the result of
Theorem 6 is a classical result due to Malkin [22] and Roseau [27]

We denote by é1: RF x R"~* — R™ % the projection of R™ onto its last n — k
coordinates; i.e. £X(z1,...,Tn) = (Tt oo Tn)-

We assume that there exists a k-dimensional submanifold Z of € filled with T-
periodic orbits of (8). Then an answer to the problem of bifurcation of T-periodic
solutions from the periodic solutions contained in Z for system (8) is giving in the
following result proved in [20].

Theorem 7. Assume n = 2m. Let V' be an open and bounded subset of R™, and
let B: CI(V) — R™ be a C? function. We assume that

(a) Z = {2za = (o, (), v € CU(V)} C Q and for each zo € Z the solution
x(t,2q) of (8) is T-periodic;

(b) for each z, € Z there is a fundamental matriz M, (t) of (9) such that the
matriz M, ' (0)- M, }(T) has at the upper right corner a m x m matriz Nq
with det(Ay) # 0 and at the lower right corner the m x m zero matriz.

We consider the function F : Cl(V) — R™
1 /7
(11) Fla) = - T/ My ) Fy (to(t, 7))t |
0

dF
If there exists a € V with F(a) = 0 and det ((d—> (a)) # 0, then there is a
a
T — periodic solution o(t,€) — 2o as e — 0.
Theorem 7 was proved recently in [20], it extends the original results of Malkin
and Roseau to another set of assumptions.
3. PROOF OF THEOREM 1

Introducing the variables (z,y,z,v) = (x,2,%,T) we write the fourth—order
differential equation (1) as the following first—order differential system

=y,
g =z,
(12) z=v,

0= —p?x — (1+p?)z +eF(z,y,2,0).
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defined in an open subset Q of R*. Of course as before the dot denotes derivative
with respect to the independent variable ¢. System (12) with ¢ = 0 will be called
the unperturbed system, otherwise we have the perturbed system. The unperturbed
system has a unique singular point at the origin with eigenvalues +i, and £ ip. We
shall write system (12) in such a way that the linear part at the origin will be
in its real Jordan normal form. Then doing the change of variables (z,y,z,v) —
(X,Y, Z,V) given by

2

X 0 P 0 1 T
Yy | [»» 0 1 o0 Yy
(13) z |71 o 1 o0 > |
Vv 0 —-1/p 0 —-1/p v
the differential system (12) becomes
X =-Y+eG(X,Y,Z,V),
Y = X,
(14) Z— V.
V=pZ-SGX,Y,Z,V),
p
where G(X,Y, Z,V) = F(A, B,C, D) with
Y-z o WAX _PZ-Y o pPVAX
Copr-1 7 p2-1 T pr-1 T 1=p?

Note that the linear part of the differential system (14) at the origin is in its real
normal Jordan form and that the change of variables (11) is defined when p is
different from —1,0,1, because the determinant of the matrix of the change is

(»*> —1)%/p.

We pass from the cartesian variables (X, Y, Z, V) to the cylindrical ones (r, 0, Z, V)
of R, where X = rcosf and Y = rsinf. In these new variables the differential
system (14) can be written as

7 =¢ecosbH(r,0,2,V),

- 1_681119

H(r,0,2,V),
(15) . "
Z = —pV,

V :pZ_ EH(T70>Z7V)7
p

where H(r,0,Z,V) = F(a,b,c,d) with

rsinf — Z pV + rcosf p’Z — rsinf 3V +rcosé
o="0" 2 PV TSV _ P2 rsb PV A Teos?
p271 p271 p271 17p2
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We change the independent variable from t to 6, and denoting the derivative
with respect to 6 by a prime the differential system (15) becomes

= ecosOH + O(g?),

V sin 6
pV sin I
r

Z'= —pV—c¢ +0(g?),

(16)
QZ : _
Vie pz4 P20y oy,
pr
where H = H(r,0,Z,V).

We shall apply Theorem 6 to the differential system (16). We note that system
(16) can be written as system (7) taking

0
r
x=| 2z |, t=60, RO,x)=]| PV [,
V pZ
and
cosOH
pV sin 6
F1(97X>: o r H
2Z' _
pZsinf rH
pr

We shall study the periodic solutions of system (8) in our case, i.e. the periodic
solutions of system (16) with & = 0. These periodic solutions are

r(6) 70
Z0) | = Zocos(pb) — Vosin(pd) |,
V(6) Vo cos(pl) + Zy sin(ph)

for (ro, Zo, Vo) with 79 > 0; This set of periodic orbits has dimension three, all
having the same period 27 /p. To look for the periodic solutions of our equation (1)

we must calculate the zeros a = (rg, Zo, Vp) of the system F(a) = 0, where F(«)
is given (10). The fundamental matrix M () of the differential system (16) with
€ = 0 along any periodic solution is

1 0 0
M(0) =M, ()= | 0 cos(pf) —sin(pf)
0 sin(pf)  cos(pd)

Now computing the function F(«) given in (10) we got that the system F(a) =0
can be written as

(17) F2 (’F7 Z,V
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where
2_71'
FB(rzV) = /p cosOF (A, B,C,D)do,
0
27
— 2 5in 0 3 2]
By (r2V) = f/p pVosind + rosinh) g4 5, c, D) a,
0 pro
21
T gy g
Fs(r,2,V) = /p b OsmgprroCOS(pH)F(A,B,C,D)dQ,
0 0

with A, B,CandD as in the statement of Theorem (1).

The zeros (r*, R*, V*) of system (17) with respect to the variables r, Z and V
provide periodic orbits of system (17) with & # 0 sufficiently small if they are simple
, 1.e. if the determinant (3) is nonzero. Going back through the change of variable,
for every simple zero (r*, Z*, V*) of system (17), we obtain a 27p; periodic solution
x(t) of the differential equation (1) for € # 0 sufficiently small such that z(¢) tends
to the periodic solution

z(t) =

r§sint + Vi sin(pt) — Z§ cos(pt)
p? -1 ’

of equation
@+ (1+p?)i +pPe =0,

when € — 0. This complete the proof of Theorem 1.

4. THE RESULTANT OF POLYNOMIALS

Let the roots of the polynomial P(x) with leading coefficient one be denoted by
by a;, i = 1,2, ...,n and those of the polynomial Q(z) with leading coefficient one be
denoted by b;, j=1,2,....m. The resultant of P and @, Res[P, @], is the expression
formed by the product of all the differences a; — b;, ¢ = 1,2,...,n,j = 1,2,...,m.
In order to see how to compute Res[P, @], see for instance [18] and [24]. The
main property of the resultant is that if P and @ have a common solution, then
necessarily Res[P, Q]=0.

Consider now two polynomials P(X,Y) and Q(X,Y). These polynomials can
be considered as polynomials in X with polynomial coefficients in Y. Then the
resultant with respect to X, Res[P, @, X], is a polynomial in the variable Y with
the following property. If P(X,Y) and Q(X,Y) have a common solution (Xo, Yp)
then Res[P, @, X](Yo) = 0, and similarly for the variable X. In particular, if the
polynomials depending on one variable,

p(X) = Res[P,Q,Y],
Q(Y) = RES[P,Q,XL

have finitely many solutions (i.e. they are not the zero polynomial), then the zero
polynomial system

P(X,Y)=0, Q(X,Y)=0,

has finitely many solutions.
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Finally consider three polynomials P(X,Y, Z), Q(X,Y, Z) and R(X,Y, Z). First
these polynomials can be considered as polynomials in X with polynomial coeffi-
cients in Y and Z. Then the resultants with respect to X, pq(Y, Z) = Res[P, Q, X]
and pr(Y,Z) = Res[P, R, X|, are polynomials in the variables Y and Zwith the
following property. If P(X,Y,Z), Q(X,Y,Z) and R(X,Y, Z) have a common so-
lution (Xo, Yy, Zo), then pq(Yo, Zo) = 0 and pr(Yp, Zo) = 0. Now the resultant
p(Z) = Res[pgq, pr, Y] is a polynomial in Z such that p(Zy)=0. In a similar way we
can construct polynomials ¢(Y') and r(X) such that ¢(Yp) = 0 and r(X,) = 0. If
every of the polynomials p(Z), ¢(Y) and r(X) are non-zero, then the polynomial
system

P(X,Y,Z)=0, Q(X,Y,Z)=0, R(X,Y,Z)=0,

has finitely many solutions.

5. PROOF OF COROLLARIES 2 AND 3

All the computations of this section has been checked with the help of the alge-
braic manipulators mathematica and maple.

Proof of Corollary 2. If F(x,i,%, ¥%) = ai — B4, then the system (2) of the
statement of Theorem 1 is

fi(ro, Zo, Vo)

Fi(ro, Zo, Vo) = —seor 0,
Fy(ro, Zo, Vo) = %W =0,
Fs(ro, Zo, Vo) = %ngfo) =0,
where
fi(ro, Zo, Vo) =  —1057Br3 — 1344Z08r¢ + 1260mary — 8407 VE Bro—

8407 Z2Bro + 6720 Zgc — 2048 Z3 3 — 2816VE Zo 3,

fa(ro, Zo, Vo) = 5661 + 105w Zofr3 — 840ar3 + 576VEBrE + 76822 8rg —
6307 Zgarg + 21071'28’51"0 + 21071'%22051"0 + 3360V02a—
1152V 8 — 1024VE 22 3,

falro, Zo, Vo) = Wo (10571‘57‘8 +480ZpBr¢ — 630mary + 2107 VE Bro+
210mZ¢Bro — 3360 Zocr + 1024233 + 1152VE Zo3) .

To solve this system we use the method of the resultant explained in section 4.
First we compute the following two resultants

91(ro, Zo) = Res[f1, f2, Vo] = 256/8%(g11(r0, Z0))?,
92(ro, Zo) = Res[f1, f3, Vo]l = —482g21(r0, Zo)(g22(r0, Z0))?,
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where

g11(ro, Zo) = —14994007%3%r§ + 34728753 Zo 321§ — 550502407 Zo 3215+
137592007222 32rg — 238551040Z25%rd + 158760072 frh —
199987207 Z33%r3 — 1389150073 Zoa By + 1288627207 ZoauBri+
107956800720 %12 + 28224007224 3?12 + 1887436823 3%r3 —
12912480072 ZZ afrg + 770703360 Z38r3 + 7112448007 Zoa*ro+
421478407 Z5 3% — 3257856007 Z3aBro + 722534400230+
671088642532 — 440401920 Z;af3,

g21(r0, Zo) = 1057 Brd + 1344Z0Br2 — 1260mar, + 8407 Z2Bro — 6720 Zecr + 2048238,

g22(r0, Zo) = 33075m2Brg + 1478407 ZoBrg — 132300m2ard — 9830423 82—
8668807 Zoary + 26880mZ33ro — 860160 Z3a + 26214474 3.

Now we compute the resultant
hi(ro) = Reslgi1, 921922, Zo] = AnOr§* 812 (ha1 (r0))* hia(ro) has(ro),

where A is a negative integer and the polynomials h11 (7o), h12(ro) and hi3(ro) are
defined in the statement of the corollary. Now, by Theorem 1, it follows the proof
of the corollary for a and g arbitrary.

In what follows we shall prove the rest of the corollary when a = 8 = 1. Let
hi(ro) = hi11(r0)h12(r0)h13(re). We have computed using the algebraic manipulator
mathematica the 10 positive real roots 7y of the polynomial hi(rg) of degree 22,
obtaining

ré = 0.1471021308, 73 = 1.6388943848, 73 = 1.7006853293,
rg = 2.2233102811, r§ = 2.2708080828, 5 = 2.6693890712,
rg = 2.8036318630, r§ =3.8007389635, rf§ = 3.9910593631,
ri% = 5.5058622914.

From the properties of the resultant if system (2) has a solution (1§, Z§, V),
then r§ must be one of the previous ten roots. So now we solve the system

FrE Z0,Vo) =0, fa(rk, Zo, Vo) =0, fa(rk, Zo, Vo) = 0,

for £k = 1,...,10. The unique of such systems having solutions are for £k =
1,3,5,8,9, the first has two solutions and the others only one. These solutions
(r§, 25, V) are

s1 = (0.1471021308, —1.5590893313, 0.8704857802),
s2 = (0.1471021308, —1.5590893313, —0.8704857802),
sg = (1.7006853293, —2.3247555702, 0),

s4 = (2.2708080828,0.8053695810, 0),

s5 = (3.8007389635, —2.9941595054, 0),

s¢ = (3.9910593631, —1.5239474038, 0).

For these six solutions of system (2) we have that every determinant

det (a(F17F27F3)

# 0,
9(ro, Zo, Vo) (TmZOaVO)=(TSaZ§vVJ))

is not zero. Therefore, from Theorem 1 Corollary 2 is proved.
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In the case of the periodic orbits of Corollary 2 if the eigenvalues of the Jacobian
matrix

O(Fy, Fy, F3)
1e) ( 8(r0: Zo, Vo)

(r0,20,Vo)=(r¢.Z; 7Vn*))

have non-zero real part, then the kind of stability of the fixed point of the Poincaré
return map corresponding to the periodic orbit associated to the initial conditions
(rg, Z5, Vi) is the same as the stability of the equilibrium point (r§, Z§, V") of the
averaged system

i=fi(r,Z,V), Z=folr,Z,V), V= fs(r,Z,V).

For more details see for instance [11, 22, 27]. More precisely, the eigenvalues of the
matrix (18) in the points s; are

—0.230966 0.083853 1.31027,
—1.25208  —0.118096 + 0.07950227 —0.118096 — 0.07950221,
0.0239955  —0.0654383 + 0.2414547 —0.0654383 — 0.2414544,
—0.331964 —0.016883 0.0216052,
—0.048336 —0.0475268 + 0.149255: —0.0475268 — 0.1492551,
—0.0926494  0.0129701 4- 0.160721¢  0.0129701 — 0.160721¢,

for kK = 1,...,6 respectively. Therefore, the Poincaré return map associated to
the periodic orbit corresponding to the solution s; or sg has a stable manifold of
dimension 1 and an unstable one of dimension 2; the one corresponding to the
solution s3 or s; has a stable manifold of dimension 2 and an unstable one of
dimension 1; and the one corresponding to the solution s, or s5 has a stable manifold
of dimension 3 (so this periodic orbit is a local atractor). This completes the proof
of the corollary. O

Proof of Corollary 3. 1f F(u,1,ii, U) = au + b + cii + d4 + eu?, then the system
(2) of the statement of Theorem 1 becomes

(19) Fi(ro, Zo, Vo) =0,  F(ro, Zo, Vo) =0,  F3(ro, Zo, Vo) =0,
where the functions Fj for kK = 1,2,3 are given in the statement of Corollary 3.
We will compute the explicit solutions of this system for the values a =1, b = —1,

c=2,d=—2and e = 1. To solve this system for these values we use the method of
the resultant explained in section 4. First we compute the following two resultants

91(ro, Zo) = Res[f1, f2, Vo], g2(r0, Zo) = Res|f1, f3, Vo).

After we calculate the resultant

h(ro) = Res[g1, 92, Zo|,
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and we obtain

A
h(rg) = fr—3(97rr0 —490)¢(113023476562571r§ — 137837643300007%r§ —

6030814404096007r7r8 — 1290296104058887°r§ — 2495931660369927%r5 —
2001111162552327r§ — 3017093892750007 0§ +
36648188156160007%r5 + 282532903649280075r —
133547919881011207r] — 584857454169292807%r5 +
8488229766430720r5 + 6294503456 718757 1rd+
570472200043200007r3 — 10592889831820800007 "rg+
43835689009152000007°r4 — 59940376173084672007rd+
25745245153001472007r3 — 1005115426182000007 1073 —
445172042327040000078r + 713413443665018880007%r3 —
2066960663036559360007 4 + 2347341162542530560007 %5 +
1215073735829094400075 + 201581847263916000007 %72 —
1172065753343923200007 73 — 2590076654084505600007°72 —
189685420328484864000073r2 + 101696500848918528000073—
5905457921405952000007%r¢ + 5981112461786112000007 o+
221427766387408896000007r( + 11031694987493376000007 2+
206188616173680000000007" — 1571356095418368000000007°+
11016706271477760000000073),

where A is a positive constant. This polynomial only provides the following two
positive real roots for rq:

8.69721625612798.. and 17.33020491445082..

Now we must substitute these values of ry into the system (19) and obtain the
solutions for the variables (Zy,Vp). Only the first of these two roots provides
solutions for (Zy, Vp), which are

Zy = —0.57977009742156.., Vo = 0.607127989348911..

Since the determinant (3) on this solution is nonzero, by Theorem 1 we obtain a
periodic solution for the corresponding differential equation.

The eigenvalues of the Jacobian matrix which appears in (3) are
1.426999265250410.., —1.035682690159468.., —0.0933708781987750..

So the periodic solution that we find has a stable invariant manifold of dimension
2 and an unstable invariant manifold of dimension 1. O

6. PROOF OF THEOREM 4

We want to study the periodic orbits of the class of fourth-order differential
equation

(20) 2428 +x=cF(t,x,2,%,7),

This is the case of equation (1) when p = +1. Note that now we are including the
possibility that the differential equation be non-autonomous.
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Introducing the variables (z,y, z,v) = (x, %, %, ¥) we write the fourth-order dif-
ferential equation (20) as the following first-order differential system

T =y,
Y=z,
(21) zZ=w,

0=—x—2z+¢eF(t,x,y,z,v).

defined in an open subset Q of R*. Of course as before the dot denotes derivative
with respect to the independent variable ¢. System (21) with ¢ = 0 will be called
the unperturbed system, otherwise we have the perturbed system. The unperturbed
system has a unique singular point at the origin with eigenvalues i, i, —i, —i. We shall
write system (21) in such a way that the linear part at the origin will be in its real
Jordan normal form. Then doing the change of variables (z,y, z,v) = (X,Y, Z,V)
given by

(22)

< N~
OO = O
= O O =
oON = O

O O =
S vy

the differential system (21) becomes
X =-Y+4eGt,X,Y,Z,V),

Y = X,
(23) .

Z=X-V,

V=Y+4+2Z-¢GtX,Y,ZV),
where G(¢,X,Y,Z,V) = F(t, A, B,C, D) with

A:Y—Q B:X+K 0:3 p-2-V
2 2 2 2

Note that the linear part of the differential system (23) at the origin is in its real
normal Jordan form. We shall apply Theorem 7 to the differential system (23). We
note that this system (23) can be written as system (7) taking

X -Y
Y X
X = VA ) FO(t7X): X—-V )
1% Y+Z
and
G(t,X,Y,Z,V)
0
Fl(t,X): 0
-G (t,X, Y7 Z7 V)

We shall study the periodic solutions of system (8) in our case, i.e. the periodic
solutions of the unperturbed system (23). Clearly these periodic solutions are

X (t) 0
_| YO | _ 0
(24) x(t) = Z@#) | ~ | Zocost— Vysint

V(t) Vocost + Zysint
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These periodic solutions are circles on the plane X =Y = 0 of the unperturbed
system (23). All theses periodic orbits have period 27 in the variable ¢. These
periodic orbits filled a plane minus the origin. We shall describe the different
elements which appear in the statement of Theorem 7 in the particular case of the
differential system (23). Thus we have that £k = 2 and n = 4. We take the open
bounded subset V of R? as V = {(Zo, Vo) : Z& + V@ < r?}, with r > 0 fixed. Here
a = (Zy, Vo), and B : V — R? defined by 3(Zg, V) = (0,0). The set Z is

Z ={24 = (Zo,V,0,0) : (Zp,Vp) € V}}.
So from now in order to apply Theorem 7 we need to write system (23) as follows,
Z=X-V,
V=Y+Z—-eG(t,X,Y,ZV),
X =-Y+4eGt,X,Y,Z,V),
Y = X,

(25)

Computing the fundamental matrix M, (t) of the unperturbed differential system
(25) associated to the 2w-periodic solution

Z(t) Zgcost — Vpsint
V(t) | Vocost+ Zysint
X)) | — 0 ’
Y (¢) 0
such that M,_ (0) be the identity of R*, we get
cost —sint tcost —tsint
sint cost tsint tcost
M(t) = My, (t) = 0 0 cost —sint
0 0 sint cost

Note that the matrix M, (¢) does not depend of the particular orbit periodic x(t).
The inverse of the matrix M (¢), is given by

cost sint —tcost —tsint

_1,, _ | —sint cost tsint —tcost
M) = 0 0 cost sint
0 0 —sint cost
Therefore the matrix
0 0 —27w 0
0 0 0 —27
—1/m _ as—1 _
Mo -men=| o 0 0 |
0 0 0 0

satisfies the conditions of Theorem 7. So we can apply it to system (25). Now
&L (Z,V,X,Y) = (Z,V). We calculate the function F(a)= F(Zy, Vp), where F(a)
is defined in (11). We find that

1 27
72—/ F(t,a,b,c,d) sintdt
Fa) = ™ Jo

)

1 2
——/ F(t,a,b,c,d) costdt
27T 0
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where a, b, ¢ and d are given in (5). Then, by Theorem 7 we have that for every
simple zero (Z, V) € V of the function F(c) we have a periodic solution of system
(25) such that

Z(t) Zgcost — Vpsint
)V('((z;)) _ Vo cost —(l)— Zysint D as o0,
Y(t) 0

Going back through the changes of coordinates we get a periodic solution (z, y, z, v)(¢)
of system (21) such that

1
x(t,e) — 3 (Vi sint — Zjcost) as e —0.

Of course,it is easy to check that the previous expression provides a periodic solution
of the linear differential equation ‘z" + 2% + x = 0. Hence the theorem is proved.

7. PROOF OF COROLLARY 5

Proof of Corollary 5. If F(t,x,4,%, %) = sinz + bsint, We show that

Foo =4 ().

where Jp (z) is the Bessel function of first kind. This function has infinitely many
simple zeros when 19 — oo, see for more details [1]. In this case the differential
system has as many periodic orbits as we want taking e sufficiently small. Hence
the corollary is proved. (I
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