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PERIODIC SOLUTIONS OF LIENARD DIFFERENTIAL
EQUATIONS VIA AVERAGING THEORY OF ORDER 2

JAUME LLIBRE!, DOUGLAS D. NOVAES? AND MARCO A. TEIXEIRA?

ABSTRACT. For ¢ # 0 sufficiently small we provide sufficient con-
ditions for the existence of periodic solutions for the Lienard dif-
ferential equations of the form
2 J@)e! 40P+ g(x) = i) + pald),

where n is a positive integer, f : R — R is a C® function, g : R = R
is a C* function, and p; : R — R for i = 1,2 are continuous 27—
periodic function. The main tool used in this paper is the averaging
theory of second order. We also provide one application of the main
result obtained.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

In a recent paper Ma and Wang [5] have studied the existence of
periodic solutions for the class of Lienard differential equations of the
form
(1) o’ + fx)a’ + V(@) + g(x) = p(t),
where f,V,g,p : R — R are continuous and p is 27—periodic. They
have also assumed that g and V' are locally Lipschitz; and the function
V' is a 27 /n—isochronous potential, i.e. all nontrivial solutions of z” +
V’(z) = 0 are 27 /n—periodic, where n is a positive integer. The authors
have provided sufficient bounded conditions related with the functions
involved in equation (1) to ensure the existence of periodic solutions
for this equation. We shall study a particular subclass of equations (1)
which such a bounded conditions are not necessary.

In this paper we consider the subclass

(2) 2"+ f(x)2 +nPx 4 g(x) = 2pi(t) + 2 pa(t),

of Lienard differential equations (1) where n is a positive integer, ¢ is
a small parameter, f : R — R is a C? function in a neighborhood of
x=0,g9:R — RisaC* function in a neighborhood of # = 0, and
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p; : R = R for ¢ = 1,2 are continuous 27—periodic functions. Note
that here we are taking V(z) = n?z?/2 which is a 27 /n-isochronous
potential, already considered in [5].

The objective of this paper is to give sufficient conditions on the
functions f, ¢ and p; to assure the existence of periodic solutions for
the equation (2). Here the functions f and g do not need to satisfy the
bounded conditions of [5].

In general to obtain analytically periodic solutions of a differential
system is a very difficult problem, many times impossible. Here using
the averaging theory this difficult problem for the differential equations
(2) is reduced to find the zeros of a nonlinear system of two functions
with two unknowns. We must mention that the averaging theory for
finding periodic solutions in general does not provide all the periodic
solutions of the system. More precisely, the main tool used will be
the averaging theory of second order for computing periodic orbits,
see [3, 1, 2, 4]. This theory provides a quantitative relation between
the solutions of some non—autonomous periodic differential system and
the solutions of the averaged differential system, which is autonomous.
In this way a finite dimensional function f is computed, the simple
zeros of this function correspond with the periodic orbits of the non—
autonomous periodic differential system for values of a parameter € # 0
sufficiently small. Here a simple zero a of a function f means that
the Jacobian of f at a is not zero. For a general introduction to the
averaging theory see for instance the book of Sanders, Verhulst and
Murdock [7].

In order to present our results we need some preliminary definitions
and notations. We define the constants

a= /027r p1(t)sin(nt)dt and f = /027r p1(t) cos(nt)dt.

and the two functions

2,2 | 2
% <3n2(a1b1 — apn®)u + (1003 + n?(a? — 9b2))v>

_273n3 /0 " in(nt) (( /O ' pu(s) cos(ns) d5>

- (=b1v + (n?ayu + byv) cos(2nt) + n(a;v — byu) sin(2nt))

+n <np2(t) + ( /0 (o) sin(ns) j’in(ns) ds>

-(nblu +n(byu — ayv) cos(2nt) + (n*ayu + byv) Sin(Znt))>> dt,

for(u,v) =
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and
n’u’® 4 v? 2 20,2 2
foa(u,v) = W((mbl +n*(a? — 9by))u + (3n*ay — 3a1b1)v>
1 w0 " pi(s) sin(ns)
Sy /0 (n pa(t) cos(nt) + cos(nt) (/0 e ds)
n(nbyu + n(biu — ayv) cos(2nt) + (n*ayu + byv) sin(2nt))
t
+ cos(nt) (/ p1(s) cos(ns) ds)
0
(= biv + (nfagu + byv) cos(2nt) + najv — byu) sin(2nt))> dt,
where

! " 1 ! 1 "
i =f10), a=5f"0) b=3g"0), and b= g"(0)

Our main result is the following.

Theorem 1. Assume that the functions f and g of the Lienard dif-
ferential equation (2) satisfy that f is a C* function in a neighbor-
hood of x = 0, g is a C* function in a neighborhood of x = 0, and
f(0) = g(0) = ¢'(0) = 0. Suppose also that the constants o = 3 = 0.
Then for € # 0 sufficiently small and for every simple zero (u*,v*) of
the system

f21(uav) =0, f22(U,U) =0,

there exists a periodic solution x(t,e) of the differential equation (2)
such that z(0,¢) ~ eu* + O(e?) and 2'(0,¢) =~ ev* + O(e?).

Theorem 1 is proved in section 2.
In the next corollary we apply Theorem 1 to a given Lienard differ-

ential equation (2) and we show that such an equation has two periodic
solutions.

Corollary 2. Assume that

f(2) = ayz+asx®,  g(x) = bia’+boa®, pi(t) =1, and pa(t) = sin(nt),
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where

—Tn° 4 2n* +n
M= Tt —dnz 1 27
0y — n(7n” — 6n° — 2n® + 2n* — n3 + 6n? — 2)

(n?+1)2(3n? —1)? ’
5

s s
by — n?(49n® + 132n° — 144n° — 10n* — 960> + 4n? + 48n + 1)'

36(n% +1)2(3n% —1)2

Then, for e # 0 sufficiently small the Lienard differential equation (2)
has two periodic solutions x;(t,e) fori = 1,2 such that

11(0,¢6) e+ O(e?) and 2(0,¢) ~ e+ O(&?),

15(0,¢) ~ 2e + O(?) and 24(0,¢) ~ O(g?).

Corollary 2 is proved in section 2.
In section 3 we summarize the averaging theory of second order for
studying periodic solutions that we shall need for proving Theorem 1.

2. PROOF OF THE RESULTS
In this section we shall prove Theorem 1 and Corollary 2.

Proof of Theorem 1. First we shall write the Lienard differential equa-
tions (3) in the normal form for applying the averaging theory, see
Theorem 3 of the appendix.

We change the variable x by a new variable z doing the rescaling
x = €z. Then equation (3) becomes

£

3) 2t fle2) e+ 8 = o) 1 et
Since f is a C? function in a neighborhood of z = 0, g is a C* function
in a neighborhood of x = 0, and f(0) = g(0) = ¢’(0) = 0, we can write

1
fez)=¢ef(0)z + €2§f"(0)z2 + O(e?) = carz + 2ay2* + O(°),
1 1
glez) = 5259”(0),22 + 5369”’(0)23 + O(e*) = e2b122 + b, 2° + O(e?).
Thus

g(e2)

= e(a1z2 4 b12%) + % (a2%2 + by2®) + O(£%).

flex) +
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We introduce a new variable w = 2’. Then the differential equation
(3) can be written as the differential system

2 =w,
(4) W = —n2z +e(py(t) — arzw — by2%) + e2(pa(t) — apzw — by2?)
+0(%).

Now we change the variables (z, w) by the new variables (u, v) defined
through the equality

sin(nt)
z cos(nt)
5) - z
w —nsin(nt) cos(nt) v

We do this changes in order that the differential system in the new
variables (u,v) starts with terms of order O(e) and we can apply the
averaging theory described in the appendix. Thus the differential sys-
tem (4) in the new variables becomes

1 1
u = gEGl sin(nt) + €2ﬁG2 sin(nt) + O(e?)
= €F11(t7u,1]) —|—€2F21(t,u,v) +O(€3),
1 1
v = 5$G1 cos(nt) + EQEGQ cos(nt) + O(e?)

= eFp(t,u,v) + 2 Fo(t,u,v) + O(e?),

where
G = —n’p(t)+ A(B1 cos(nt) + C4 sin(nt))>
Gy = —n’py(t) + A2 (Bg cos(nt) + Cy sin(nt))a
A = nucos(nt) + vsin(nt),
B, = n(bu+ av),

C; = —nPau+ by,
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In short, the differential system (6) is in the normal form for applying
the averaging theory described in Theorem 3 of the appendix. Using
the notation of the appendix we have that T" = 2.

Let Fi(t,u,v) = (Fa(t,u,v), Fia(t,u,v)) for i = 1,2. Now we com-
pute the function f;(u,v) defined in the appendix and we get, from the
assumptions, that

1 2 2

filu,v) = — / Fn(t,u,v)dt,/ Fio(t,u,v)dt
27\ Jo 0
1

= 5 (-5-8) = 0.0,

Since the function fi(u,v) = (0,0) we shall apply the apply the
averaging theory of second order. So we first compute

! ¢ .
[ Pty - - [0
0 0 n
B 3
12n4

+(byun? + 2a,uvn? — byv?) cos(3nt)

((b1u2n2 — 2auvn® + 3bv?) cos(nt)

—4((—a1u®n® 4+ a;v’n + 2byuvn) sin® (nt)

+byn’u® + 2byv? — a1n2uv)),

t t
/ Fy(s,u,v)ds = / p1(s) cos(ns) ds
0 0

2,2 2
+12n3 ( — n(an®u® — 2byvu — a1v?)
-(3 cos(nt) + cos(3nt) — 4)
—3(2a1uvn® + by (3n*u?® + v?)) sin(nt)
+ (b1 (v? — n?u?) — 2a1n*uv) sin(Snt)),

8F11(t,u,v) (9F11(t,u,v)

(u,v)( 1( 7U7U)) 8F21<t7u71)) aF21(t,u,U)
au 811

Now we are ready to compute the function

(7) f2(U7U) = (f21(U,U)7f22(U7U))7
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defined in the appendix, and we get the functions fo;(u, v) and fa; (u, v)
which appear in the statement of the theorem.

Now, from Theorem 3, we obtain that for every ¢ # 0 sufficiently
small and for every simple zero (u*, v*) of the system (7), i.e. satisfying
that

Ofan (Ua U) ale(uy U)

det ou ov 0,
af22(u7 U) 8f22(u, U) #
ou ov (u,0)=(u*v*)

there exists a periodic solution (u(t, ), v(t, €)) of the differential system
(6) such that

(u(0,¢),v(0,¢)) = (u*,v*) when e — 0.

Going back through the change of variables (5) the periodic solu-
tion (u(t,e),v(t,e)) of the differential system (6) becomes the periodic
solution

+(t€) = cos(nt)u(t, 2) + %sin(nt)v(t, ),

w(t,e) = —nsin(nt)u(t, ) + cos(nt)v(t, &),
of the differential system (4) such that
(2(0,¢),w(0,¢)) = (u*,v*) when e — 0.

Finally, since © = ez the periodic solution (z(¢,¢),w(t,¢)) of the differ-
ential system (4) provides the periodic solution

(t,e) = (cos(nt)u(t, £) + S sin(nt)olt, 5)) ,

n
of the Lienard differential equation (2) such that

2(0,¢) = eu* + O(e?).
Moreover, since ' = ew the theorem follows. U

Proof of Corollary 2. We shall apply the results of Theorem 1 to the
Lienard differential equation of the statement of Corollary 2. So we
compute the functions fo(u,v) and foo(u,v) defined just before the
statement of Theorem 1, and we obtain

—(u3—7u—0—6)n4+(u3—2vu2—(v2+2)u+8v—4)n2—2113+u(v2—1)—|—2
4n (3n* +2n% — 1)
(Tv+u (2u? —vu—8)) n* + v (u® + 2vu —v? = 2) n? + 03 —v
4n (3n* 4+ 2n2 — 1) ’

respectively.
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Doing the resultant of the functions fy; and fo5 with respect to the
variable v we obtain a cubic polynomial in the variable v which has
the following three roots

—3n% +31n* — 252 +5
(n2 +1)°
In a similar way doing the resultant of the functions f5; and fos with

respect to the variable u we obtain another cubic polynomial in the
variable v which has the following three roots

—15n5 + 35n* — 13n?2 + 1
v = 1, Vg = O, V3 = 3
(n*+1)

From the properties of the resultants it follows that all the solutions
(u*,v*) of the system fa1(u,v) = 0, foa(u,v) = 0 are of the form (u;, v;)
being w; and v; some of the above roots. Trying the nine possible
solutions, we obtain only two solutions for the system fo;(u,v) = 0,
foz(u,v) = 0, namely

(up, 1) = (1,1) and  (uy,v3) = (2,0).
Then applying Theorem 1 the corollary follows. 0

u1:1, U2:2, us =

For more information about the resultants see for instance [6].

3. APPENDIX: THE AVERAGING THEORY OF SECOND ORDER

In this section we recall the averaging theory of second order to find
periodic orbits.

Theorem 3. Consider the differential system
(8) @(t) = eF\(t,r) + 2 Fy(t, ) + 2 R(t, 2, €),

where Fy, Fy : RxD — R", R: RXxDx(—¢y,e5) = R" are continuous
functions, T-periodic in the first variable, and D is an open subset of
R™. Assume that the following hypothesis (i) and (ii) hold.
(i) Fi(t,-) € CH(D) for allt € R, Fi, F», R and D,F; are locally
Lipschitz with respect to x. We define fi, fo: D — R" as

fi(z) = %/0 Fi(s, z)ds,
fa(z) = %/o [D.Fi(s, 2) /08 Fi(t, z)dt + Fy(s, z)]ds.

(ii) ForV C D an open and bounded set and for eache € (—ey,e5)\{0},

there exist a € V' such that fi(a)+efa(a) =0 and dg(fi+efa) #
0 (see its definition later on).
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Then for |e| > 0 sufficiently small, there exists a T'—periodic solution
(-, €) of the system such that p(0,e) — a when ¢ — 0.

As usual we have denoted by dg(f1+¢f2), the Brouwer degree of the
function fi; +efy : V — R” at its fixed point a. A sufficient condition
for showing that the Brouwer degree of a function f at its fixed point
a is non-zero, is that the Jacobian of the function f at a (when it is
defined) is non—zero.

If the function f; is not identically zero, then the zeros of f; + cfs
are mainly the zeros of f; for e sufficiently small. In this case Theorem
3 provides the so-called averaging theory of first order.

If the function f; is identically zero and f5 is not identically zero,
then the zeros of f; + €fy are the zeros of f,. In this case Theorem 3
provides the so-called averaging theory of second order.
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