Journal of Nonlinear Modeling and Analysis http://jnma.ca; http://jnma.ijournal.cn
Volume 1, Number 1, March 2019, 11-26 DOI:10.12150/jnma.2019.11

Periodic Solutions of the Duffing Differential
Equation Revisited via the Averaging Theory*

Rebiha Benterki ! and Jaume Llibre®t

Abstract We use three different results of the averaging theory of first order
for studying the existence of new periodic solutions in the two Duffing differ-
ential equations § + asiny = bsint and §j + ay — cy® = bsint, where a, b and
c are real parameters.
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1. Introduction and statement of the main results

Hamel [6] in 1922 gaves the first general results for the existence of periodic solutions
of the periodically forced pendulum equation

J+asiny = bsint, (1.1)

where the dot denotes derivative with respect to the independent variable ¢ , also
called the time, and y € S! is an angle. Four years earlier this equation was the
main subject of a monograph published by Duffing [4], who restricted his study to
the periodic solutions of the following approximate equation

i+ ay — cy® = bsint. (1.2)

This equation is now known as the Duffing differential equation. The differential
equation (1.2) describes the motion of a damped oscillator 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,
equation (1.2) 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 investi-
gated by several authors. They are mainly interested in the existence of periodic
solutions, in their multiplicity, stability, bifurcation, ... See for instance the good
survey of Mawhin [10] and for example the articles [2,3,5,7,8,12,14,17,18].
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In this work we shall study the periodic solutions of the Duffing differential
equations (1.1) and (1.2), where a, b and ¢ are real parameters, via the averaging
theory.

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

Theorem 1.1. Let ¢ be a small parameter. The Duffing differential equation (1.1)
has

(a) four periodic solutions y1(t) = —bsint + O(e), y2(t) = ® — bsint + O(e),
y3(t) = O(e), ya(t) =7+ O(e) if ab# 0, a = O(e?) and b = O(¢);

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

(¢) infinitely many periodic solutions y(t) = k — bsint with k € R if a = 0 and
b#0;

(d) no periodic solutions if a = b= 0.

Theorem 1.2. The generalized eigenfunction systems v3(x), v} (x), {ul, (x) 2,
and {u}, () fn‘;"l of the operator F' are complete in the sense of Cauchy principal
value in Z .

Theorem 1.1 will be proved in section 2 using the averaging theorems given in
the Appendix.

We note that Theorem 1.1 provides new results with respect to Theorem 2.1
of Tarantello [16] where the author provides conditions for having zero, one or two
periodic solutions, while in Theorem 1.1 we provide conditions for having zero, two,
four or infinitely many periodic solutions.

Our main results on the periodic solutions of the differential system (1.2) are
the following.

Theorem 1.3. The Duffing differential equation (1.2) has
(a) one periodic solution y(t) = —{/4b/(3c)sint + O(¢g), if bc # 0, a = 1 and
b=0(e) and c = O(¢);
(b) one periodic solution y(t) = O(e), ifb # 0, a = O(g), b = O(¢) and c = O(g?);

(c) two periodic solutions y(t) = £1/a/c, if ac >0, b# 0, a = O(e?), b = O(e)
and ¢ = O(e?);

(d) three periodic solutions y(t) = yo, where yo € {0,£+/a/c} if ac > 0, b # 0,
a=0(?), b= 0(c?) and c = O(£?).

Theorem 1.3 will be proved in section 3 using three different averaging theorems.

2. Proof of Theorem 1.1

Instead of working with the Duffing differential equation (1.1) we shall work with
the equivalent differential systems

T = —asiny + bsint,

. (2.1)
Y=
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In order to apply the theorems of the averaging theory of first order, given in
the Appendix, for studying the periodic solutions of the differential system (2.1) we
scale the variables and the parameters of this differential system.

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

r=ec"™MX, y=e"Y, a=e"A b=c"DB, (2.2)

where my, ms, n1 and no are integers such that the differential equation (2.1)
becomes
X = —e™m ™™ Asin(e™2Y) 4 "2~ "™ Bsin t,
(2.3)
Y = emimmax,

where my — mg, n1 + mo — my (because sin(e™?Y) = O(¢"2)) and ny — m; must
be non—negative integers such that

{m1 —mg,n1 +mg —my,ng —mi} N {1} #0,

because we want that the differential system (2.3) 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 no —mj > 1, otherwise in the averaging
theory the term bsint of system (2.1) would not contribute to the existence of
periodic solutions, and we want to take it into account. Therefore, we distinguish
the following seven cases

Case I. my —mo =0, ny + mo —mq =0 and no — m; = 1;
Case II: my —mg =0 and ny + mg — mq = 1;
Case III: m; — mo =1 and ny + mo — my = 0;
Case IV: mi —mg=1and ny + mg —mq = 1;
Case V:mi —mg >1and ny + mg —mq = 1;
Case VI: m; —mg =1 and n; + mg — mq > 1;

Case VII: m; —mgo > 1, ny + mg —mq > 1 and no — my = 1;

and every case o € {II,III,... VI} is separated into the following two subcases:

(a.l) no —MmMyp = O,

(@.2) ng—mqg=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
(2.3). As we shall see the proof of Theorem 1.1 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 av-
eraging, or provide partial results of the ones stated in Theorem 1.1. 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 1.1 only considering 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. [Proof of statement (a) of Theorem 1.1.] For the case (IV.1), i.e. for
ml—mgzl, n1+m27m1:1, ’rlg*ml:(),

we take
my = 1, mo = O, ny = 2, Nng = 1. (24)

Then system (2.3) becomes

X = —¢AsinY + Bsint,

Y =¢eX.

(2.5)

Now we shall apply the averaging Theorem 4.1 to system (2.5). In what follows
we use the notation of Theorem 4.1. Thus x = (X,Y)? and

Bsint —AsinY
FO(tvx): y Fl(tvx): ) FQ(taX):
0 X 0

In order to apply some of the three averaging theorems of the appendix for
studying the periodic solutions of the differential system (2.5) we must consider
that the functions F; for i = 0,1, 2 are defined in R x §2, where € is a bounded open
subset of R?, here we take €2 equal to the disc of center (0,0) and radius k+ 1, being
k the positive integer of the statement of Theorem 1.1.

The unperturbed differential system (4.2) (i.e. in our case system (2.5) with
¢ = 0) has the solution

x(t,2,0) = (X(t),Y(t))T = (B + Xo — Bceost, Yp)T. (2.6)

such that x(0,2,0) = z = a = (Xo, Yp)?. 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 4.1, we have £ = identity and the conditions (a) and (b)
of Theorem 4.1 are satisfied trivially. So system (2.5) satisfies all the assumptions
of Theorem 4.1, consequently in what follows we apply this theorem for studying
the periodic solutions of system (2.5).

We compute for our system (2.5) the fundamental matrix M, (t) associated to
the first variational system (4.3) such that M,(0) = Id of R?, and we obtain

Now we must compute the function F(a) = F(Xo, Yp) given in (4.4), i.e.

Fl(Xo,Y()) 2
F(Xo,Yp) = = [ M;'(t)Fu(t,x(t,2,0))dt,
F>(Xo,Yo) 0
27
—/ Asin Yyds —AsinY,
= 59 =27
/ (Xo+ B — Bcoss)ds B+ Xo
0
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Therefore, solving the system F(Xy,Yy) = (0,0), we obtain in € the solutions
a; = (Xo,,Y0,;) = (=B, jm) for j=—k,...,—1,0,1,... k.

Moreover we have that the Jacobian
oF
det (G (@) = (14 20

because by assumption a # 0. Hence Theorem 4.1 says that if AB # 0 then for
every solution (X ;,Yp ;) = (—B,jm) of the system F(Xy,Y;) = 0, the differential
system (2.5) with ¢ = e(k) # 0 sufficiently small has a 2r— periodic solution
(X (t,e),Y(t,¢e)) such that (X(0,¢),Y(0,¢) — (—B, jm) when € — 0. So, from (2.5)
and (2.6) the periodic solution (X(¢,¢),Y (¢,¢)) tends to the solution

(X(t),Y(t)) = (— Bcost, jn) (2.7)
for € sufficiently small, i.e.
(X(t,e),Y(t,e)) = (= Bceost+ O(e), jm — eBsint + O(c?)).
After the change of variables (2.2) satisfying (2.4), i.e.
r=¢X, y=Y, b=¢ecB, a=c¢c’A,

we obtain that the 2m—periodic solution (2.7) of system (2.5) becomes the 27—
periodic solution

(z(t),y(t)) = (— beost, jm — bsint)
of system (2.1). Now taking into account that y is an angle, doing modulo 27
these 2m—periodic solutions of system (2.1) provide the following two 27—periodic
solutions

(i) y(t) = —bsint if j is even,
(ii) y(t) = 7 — bsint if j is odd,

of the differential equation (1.1). This ends the proof of statement (a) of Theorem
1.1.

O
Proof. [Proof of statement (b) of Theorem 1.1.] For the case (IV.2), i.e. for
mi—mes=1 ni4+meg—mi =1, no—my=1;
we take
myp = 1, mo = 0, ny = 2, Nng = 2. (28)
Then system (2.3) becomes
X = —eAsinY + eBsint,
. (2.9)

Y =eX.

We shall apply the averaging Theorem 4.2 to system (2.9). In what follows we
shall use the notation of system (4.5) and of Theorem 4.2. Thus x = (X,Y)? and

—AsinY + Bsint
Fy(t,x) = Py , B(tx) = 0
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We must compute the function ¢(y) given in (4.7), i.e.
1 2?7 [ —AsinY, + Bsins —AsinY,
9(y) / d
0

= — s =
2w X, X,

Then, due to the fact that Y is an angle we have two solutions for (X, Yp), namely
(X1,Y1) = (0,0) and (Xo,Y3) = (0, 7). Since the Jacobian (4.8) in these two solu-
tions is A and — A respectively, and by assumptions a # 0, by Theorem 4.2 the sys-
tem (2.9) has two periodic solutions (X;(¢,¢),Y;(t,€)) such that (X;(0,¢),Y;(0,¢))
tends to (X;,Y;) when € — 0. So by statement (a) of Theorem 4.2 we have

(Xi(t,2), Yi(t,)) = (0(e),Yi + 0(e)) (2.10)

for € sufficiently small.
After the change of variables (2.2) satisfying (2.8), i.e.

z=cX, y=Y, b=¢e’B, a=¢c’A,

we obtain that the two periodic solutions (2.10) of system (2.9) becomes the two
periodic solutions

(z1(t), 51 () = (0(e),0(e)),  (w2(t),12(t)) = (O(e), 7 + O(e)),

of system (2.1). This ends the proof of statement (b) of Theorem 1.1. O
Proof. [Proof of statement (c) of Theorem 1.1.] Now the differential system (2.1)
becomes

T = bsint, Y =x.

Tts general solution is z:(t) = k; —bcost and y(t) = kit —bsint+ ko, where ky and ko
are arbitrary constants. So, clearly the unique periodic solutions of the differential
equation (1.1) are y(t) = —bsint + ko. This proves the statement (¢) Theorem 1.1.

O
Proof. [Proof of statement (c) of Theorem 1.1.] Now the differential system (2.1)
becomes

& = bsint, Y=z

Its general solution is z(t) = k1 —bcost and y(t) = kit —bsint+ ko, where kq and ko
are arbitrary constants. So, clearly the unique periodic solutions of the differential
equation (1.1) are y(t) = —bsint + ky. This proves the statement (¢) Theorem 1.1.

O
Proof. [Proof of statement (d) of Theorem 1.1.] Under the assumptions of state-
ment (d) the differential system (2.1) becomes

Its general solution is z(t) = k1 and y(t) = k1t + k2, where k; and ko are arbitrary
constants. So the system has no periodic solutions. O
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3. Proof of Theorem 1.3

Instead of working with the Duffing differential equation (1.2) we shall work with
the equivalent differential system

& = —ay + cy® + bsint,
v (3.1)
Y=

Again in order to apply the three theorems of the averaging theory of first
order for studying the periodic solutions of the differential system (3.1) we scale the
variables and the parameters of this differential system.

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

r=e™MX, y=&mY, a=e"mA, b=c"B, c=e"C, (3.2)

where my, ma, n1, ny and ng are integers such that the differential equation (3.1)
becomes

X = —gmtme—mi Ay 4 gnstdma—miQy3 4 cn2—mi Bin ¢,
(3.3)
Y = gmi—ma2 X

where my; — mo, n1 + mo — mq, ng + 3mo — my and ny — my must be non—negative
integers such that

{m1 —ma,ny +ma —my,ng + 3ma —mi,ng —ma} N {1} # 0.

We essentially distinguish the same seven cases of section 2, i.e. Therefore, we
distinguish the following seven cases

Case I. my — mo =0 and ny +mg — mq = 0;

Case II: my —mg =0 and ny + mg —mq = 1;
Case III: m; — mo = 1 and nq + mo — my1 = 0;
Case IV: mi —mg=1and ny + mg —mq = 1;
Case V: mi —mg >1and ny + mg —mq = 1;
Case VI my —mg =1 and ny + mg — mq > 1;

Case VII: m; —mo > 1 and nq +mo — mq > 1.

Every case a« € {II,III,...,V I} is divided into the following four subcases:

ng+3mg—m; =0 and ng —my =0,

)

) m3+3my—m; =0 and ny—my =1,
) m3+3mag—mp =1 and ny—my =0,
)

ng+3ms—mi =1 and ny —my =1;
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and the cases I and VII are divided only into the following three subcases

(@.2) n3+3my—my =0 and ny—my =1,

2
(@3) n3+3myg—my =1 and ny—my =0,
4

(wd) n3+3mag—mp=1 and ng—mg =1

We have applied the three theorems of averaging (see the Appendix) for studying
the existence of periodic solutions of the 26 previous subcases of differential systems
(3.3). As we shall see in the proof of Theorem 1.3 statement (a) will come from the
subcase (I.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 1.3. As in the proof of Theorem 1.1
we only provide the details of the positive results in the proof of Theorem 1.3. We
separate its proof into its four statements.
Proof. [Proof of statement (a) of Theorem 1.3] For the case (I1.4), i.e. for

my—mo =0, ni4+me—m; =0, nzg+3me—my =1, no—my =1,

we take
mp = Mo =Ny = 07 Ngo = N3 = 1. (34)

Then system (3.3) becomes

X = —AY +¢(CY? + Bsint),

. (3.5)
Y =X
We shall apply the averaging Theorem 4.1 to system (3.5) and we shall obtain
the statement (a) of Theorem 1.3. In what follows we shall use the notation of
Theorem 4.1. Thus x = (X,Y)? and

—AY CY?3 + Bsint
Fo(t,x) = , Fi(t,x) = , Fy(t,x) =
X 0 0

The unperturbed differential system (4.2) only has periodic solutions x(t,z,0) =
(X(t),Y(t))T such that x(0,z,0) = z = (X, Yp)T if A > 0 given by

X
X (t) = Xgcos (\/Zt) — YV Asin (\/Zt) , Y(t)= \/—% sin (\/Zt) + Y, cos (\/Zt) .
In order that x(¢,z,0) be a periodic solution of period T = 2, the period of the
function sint and we can apply the averaging theory, we must choose A = 1. So we
get
(X(),Y(t)) = (Xocost — Yysint, Xgsint + Yy cost), (3.6)
where (Xo,Yp) € R?\ {(0,0)}.

Now we compute the fundamental matrix M, (t) associated to the first varia-
tional system (4.3) such that M,(0) = Id of R?, and we obtain

cost —sint
MZ(t) =
sint cost
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Again since m = n = 2 in Theorem 4.1 we do not need to check any condition for
applying the averaging theory described in Theorem 4.1 for studying the periodic
solutions (3.6), of system (3.5) with e = 0 and A = 1, which can be prolonged to
the perturbed system (3.5) with e # 0 sufficiently small and A = 1. Note that here
z = «. Moreover, since for our differential system we have £(X,Y) = (X,Y), we
must compute the function (4.4), i.e.

3
2 gCYO (Xg + YOQ)
F(Xo,Yy) = M, () Fy(t,x(t,2,0))dt = 27 )
0 5 (-4B = 3CXo (X3 +Y7))

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

(X(TvYO*) = <_</§70> :

Since .
det 6}'(X07Y0) _ 33B130(73 #07
9(Xo, Yo) (Xo0,Y0)=(X¢,Yy) 25

Theorem 4.1 says that the periodic solution

(X(),Y() = (— i/gcos t,— f/gsin t)

of the differential system (3.5) with &€ = 0 can be prolonged to a periodic solution
of system (3.5) with € # 0 sufficiently small. Therefore, going back through the
change of variables (3.2) satisfying (3.4), i.e.

r=X, y=Y, a=A, b=eB, c=¢eC,

we get that the differential system (3.1) has the 2r—periodic solution given in the
statement (a) of Theorem 1.3. O
Proof. [Proof of statement (b) of Theorem 1.3] For the case (II1.3), i.e. for

my—mg=1, ni+me—m; =0, nzg+3mg—mi =1, nzy—m3 =0,

we take
mp = N1 = Ng = 1, mo = 0, ng = 2. (37)

Then system (3.3) becomes

X = —AY +eCY?3 + Bsint,
(3.8)

Y =¢€X,

We shall apply the averaging Theorem 4.1 to system (3.8) and we shall obtain
the statement (b) of Theorem 1.3. In what follows we shall use the notation of
Theorem 4.1. Thus x = (X,Y)? and

—AY + Bsint Ccys3
F()(LX) = 0 s Fl(t,X) = X s Fg(t, X) = 0
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The unperturbed differential system (4.2) has the solution
x(t,z,0) = (X(t),Y(t))T = (Xo + B — Bcost — AYyt, Yp).

such that x(0,2z,0) = z = (Xo,Yy)”. In order that x(t,z,0) be a 2r—periodic
solution we must choose B # 0 and Yy = 0. Then we get

zo = (o, fo(a)) = (X9 + B — Bcost,0),

Therefore, using the notation of Theorem 4.1, 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 variational system (4.3) such that M,_(0) =
Id of R2, and we obtain

1 —At
0 1

M,, (t) =

Since the matrix

1 1 0 —2Am
M, (0) = M, " (27) =
0 0

Zo

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 4.2 of averaging if
A # 0, then by applying this theorem we study the periodic solutions which can be
prolonged from the unperturbed differential system to the perturbed one. Now we
must compute the function F(a) = F(Xy,0) given in (4.4), i.e.

27
F(Xo,0) = M, () Fi(t,x(t, 24, 0))dt
0

fo% A(Xo+ B — Bcoss) sds
0% (Xo + B — Bcoss)ds
212 A (B + Xo)
21 (B + Xo)
The system F(Xo,Y) = (0,0) has a solution
(X0,0) = (=B,0).

Hence Theorem 4.2 says that if B # 0 and for every simple real root (Xy,0) of the
system F(Xo,0) = (0,0), the differential system (3.8) with € # 0 sufficiently small
has one 2w —periodic solution

(X(t),Y(t)) = (—=Bcost,0)
which can be prolonged for to a periodic solution
(X(t,e),Y(t,e)) = (—Bcost+ 0O(¢),0(e)) .
Therefore, going back through the change of variables (3.2) satisfying (3.7), i.e.

b
I_X, y=v, C==, B=2, A=12
13 3 g g
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we get that the differential system (3.1) has the 2n—periodic solution given in the
statement (b) of Theorem 1.3. O
Proof. [Proof of statement (c¢) of Theorem 1.3] For the case (IV.3), i.e. for

m17m2:1, n1+m2—m1:1, n3+3m2—m1:1, Tlgfml:l

we take
No =M = 1,m2 = 07 ny = ng = 2. (39)

Then system (3.3) becomes
X = —cAY +¢eCY? + Bsint,

Y =¢eX,

(3.10)

We shall apply the averaging Theorem 4.1 to system (3.10) and we shall obtain the
statement (c) of Theorem 1.3. In what follows we shall use the notation of Theorem
4.1. Thus x = (X,Y)T and

Bsint —AY +CY?
FO(t7X): ) Fl(t7x): ) FZ(taX):
0 X 0

The unperturbed differential system (4.2) only has periodic solutions x(¢,z,0) =
(X(t),Y ()T such that x(0,z,0) = z = (Xo, Yy)T given by

X(t)=Xo+ B — Bcost, Y(t)=1Yp.

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

Since k = n = 2 in the Theorem 4.1, we do not need to check any condition for
applying the Theorem 4.1.

We compute the fundamental matrix M, (t) associated to the first variational
system (4.3) associated to the vector field (Y, X) given by (3.10) with & = 0, and
such that M,_(0) = Id of R2. We obtain

10
01

Mza (t) =

Then by applying this theorem we study the periodic solutions which can be pro-
longed from the unperturbed differential system to the perturbed one, then we must
compute the function F(a) = F(Xo, Yp) given in (4.4), i.e.

F(Xo Yo) = €+ ( O ’ Mg1<t>F1<t,x<t,zmo>>dt)

—AYy + CY§
B+ X

The system F(Xo,Yy) = (0,0) for AC > 0 has three solutions (—B,Y) with
Yy € {O, + \/%} ,we want to study the only solutions (—B, + %) because the
solution (—B,0) appears in the statement (b) of Theorem 1.3.
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On the other hand we have the Jacobian matrix for the function F on (X, Yp)
gives by
a‘F(XOa Yb)

det
0(Xo, Yo)

= —2A.

(XO,YO):(—B,i\/g)

Theorem 4.2 says that if A # 0 and for two simple real roots (—B, +4/ %) of
the function F(Xy, Yp), the differential system (3.10) has two 2r— periodic solution
(X(t),Y(t)) = (—Bcost, £,/ %) with € = 0 can be prolonged to a periodic solution

(X (t,e),Y(te)) = (—B cost + O(e), i\/g —eBsint + O(e)) .

of system (3.10) with ¢ # 0 sufficiently small. Therefore, going back through the
change of variables (3.2) satisfying (3.9), i.e.

b
£2X7 y:Y, C:i, B:77 Azi.
€ e? € e?
we get that the differential system (3.1) has the tow 27—periodic solution given in
the statement (c) of Theorem 1.3. O
Proof. [Proof of statement (d) of Theorem 1.3] For the case (IV.4)

ml—mgzl, n1+m2—m1:17 n3+3m2—m1:1, nz—mlzl,

we take
my = 1, mo = 0, ng = nNg = N1 = 2. (311)
Then system (3.3) becomes
X = —cAY (t) +eCY3(t) + eBsint

(3.12)
Y =eX(¥)

We apply directly the Theorem 4.2 to system (3.12) and we shall obtain the state-
ment (d) of Theorem 1.3.

In what follows we shall use the notation of Theorem 4.1 and Theorem 4.2. Thus
x = (X, V)T and
—AY (t) + CY3(t) + Bsint

0

FO(t7X): ’ Fl(taX):
0 X(t)

We must compute the function g(y) = G(Xo, Yp) given in (4.7), i.e

—AY) + CY§
Xo

9(y) =

g is periodic of period T = 2x. If AC > 0, the system G(Xo,Yp) = (0,0) has three

solutions
A
(Xo,Y0) = (0,Yy) where Yy € {O,j:\/ C} .
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Since
ot (29050, Y0) 4
(X0, Y0) |(x4.v0)=(0,0)
and
0G(Xo, Yo)
det | ———-
8(X0,Y0)

Xo,Yo)= OJE\Ij -
(Xo0,Y0)=1 0, C

Theorem 4.2 says that if A # 0 and for every simple real root (0,Y}) of the function
g(y),the differential system (3.12) has three 27— periodic solutions

(X (1), Y (1)) = (0, Yp) )ﬁe%,i¢é}

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

and

(X(t,e),Y(te)) = <—€B (cost — 1) 4+ O(e), :t\/g—i- O(E)) )

for (Xo,Yy) = (0, :I:\/A/C). Therefore, going back through the change of variables
(3.2) satisfying (3.11), i.e.

T c b a
8 b y b 627 62’ 82

We get that the differential system (3.1) has the three 2r—periodic solutions given
in the statement (d) of Theorem 1.3. O

4. Appendix: Periodic solutions via the averaging
theory

In this section 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 differ-
ential systems of the form

x = Fo(t,x) + eFy(t,x) + 2 Fy(t, x, ), (4.1)

with € = 0 to € # 0 sufficiently small. The functions Fy, F; : R x  — R™ and
Fy : R x Q x (—¢g9,60) — R™ are C?, T-periodic in the first variable and Q is an
open subset of R™. The main assumption is that the unperturbed system

% = Fy(t,x), (4.2)

has a submanifold of periodic solutions. A solution of this problem is given using
the averaging theory.
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Let x(t,z, ) be the solution of system (4.2) such that x(0,z,¢) = z. We write
the linearization of the unperturbed system along a periodic solution x(¢,z,0) as

v = Dy Fo(t,x(t,2,0))y. (4.3)

In what follows we denote by M,(t) a fundamental matrix of the linear differ-
ential system (4.3), by £ : R™ x R*™™ — R™ and &+ @ R™ x R~ — RP—™
the projections of R™ onto its first m and n — m coordinates respectively; i.e.
(@1, ) = (21, ., Tm), and EX (a1, .. 20) = (Togt, oo Tn)

Theorem 4.1. Let V. C R™ be open and bounded, let By : CL(V) — R*™™ be a C*
function and Z = {z, = (o, Bo()) |a € CU(V)} C Q its graphic in R™. Assume
that for each z, € Z the solution x(t,24,0) of (4.2) is T-periodic and that there
exists a fundamental matriz My, (t) of (4.3) such that the matriz M, *(0)— M, *(T)

z

(a) has in the lower right corner the (n—m) x (n—m) matriz A, with det(A,) # 0,
and

(b) has in the upper right corner the m x (n —m) zero matriz.

Consider the function F : Cl(V) — R™ defined by

T
Fla)=¢ ( /O M;l(t)Fl(t,x(t,za,o))dt> . (4.4)

Suppose that there is ag € V with F(ag) = 0, then the following statements hold
for e # 0 sufficiently small.

(2) If det((0F /0a)(cw)) # 0O, then there is a unique T-periodic solution x(t,€) of
system (4.1) such that x(t,€) = x(t,2q,,0) as e — 0.

(i) If m = 1 and F'(ag) = - = FE V(ag) = 0 and F) (ag) # 0 with s < k
, then there are at most s T-periodic solutions x1(t,€),...,Xs(t,€) of system
(4.1) such that x;(t,e) = x(t,2ay,0) ase =0 fori=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 = el (t,x) + 2 Fy(t,x,¢), x(0) = xo, (4.5)

and
y=¢9(y), vy(0)=xo, (4.6)

with x , y and x¢ in some open Q of R™, t € [0,00), € € (0,g¢]. We assume that F
and F4 are periodic of period T in the variable t, and we set

T
o) =7 [ By (@7)

Theorem 4.2. Assume that Fy, DxF) ,DxxF\ and DyF5 are continuous and
bounded by a constant independent of € in [0,00) x Q x (0,e0], and that y(t) € Q
fort €[0,1/e]. Then the following statements holds:

(a) Fort € [0,1/e] we have x(t) —y(t) = O(e) as e — 0.
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(b) If p # 0 is a singular point of system (4.6) and

det Dyg(p) # 0, (4.8)

then there exists a periodic solution x(t,) of period T for system (4.5) such
that x(0,2) —p = O(g) as e — 0.

(c) The stability of the periodic solution x(t,e) is given by the stability of the

singular point.

We have used the notation Dyg for all the first derivatives of g, and Dxxg for

all the second derivatives of g.

For a proof of Theorem 4.2 see [19]. For more information on the averaging

theory see the book [15].
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