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PERIODIC SOLUTIONS OF CONTINUOUS THIRD-ORDER
DIFFERENTIAL EQUATIONS WITH PIECEWISE
POLYNOMIAL NONLINEARITIES

JAUME LLIBRE !, BRUNO D. LOPES 2 AND JAIME R. DE MORAES 2

ABSTRACT. We consider third—order autonomous continuous piecewise
differential equations in the variable . For such differential equations
with nonlinearities of the form =™, we investigate their periodic solutions
using the averaging theory.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULT

For studying some electrical circuits Sprott and Sun [9, 10, 11] considered
the third order differential equation = = —& — aZ + g(x), where g is an ele-
mental piecewise function. He showed that some of these equations exhibit
chaos.

In this paper we are interested in studying the third order of differential
equations of the form
(1) T = —&+ || — eax™,

where a and ¢ are parameters and ¢ is small. But our interest is in studying
how their periodic solutions depend on the parameter a and on the exponent
m.

We can write the third order differential equations (1) as the following
differential system of first order

To= Y,
(2) gy = =z
2 = —y+elz| —eaz™,

where the dot denotes derivative with respect an independent variable t,
usually the time.

We remark that the differential system (2) is only continuous due to the
existence of the term |z|, so we cannot apply to it the classical averaging
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theory for studying their periodic solutions because that theory needs that
the differential system be of class C2. We shall apply recent extensions of
the averaging theory to continuous differential systems, see section 2.

In what follows we state our main result. Recall that n!! denotes the
double factorial of n.

Theorem 1. Let |e| # 0 be a sufficiently small parameter. Then the follow-
ing statements hold.

(a) If m is even and a > 0, then system (2) has a periodic solution of
the form

z(t,e) = —ry + O(e), y(t,e) =risint + O(e), z(t,e) =rjcost + O(e),

where )
2(m)!! m—1
o= | —————— ,
am(m — 1)/

bifurcating from the periodic solutions of system (2) with € = 0 o0b-
tained by using the averaging theory of first order.

(b) If either m is odd and a # 0, or m is even and a < 0, or a = 0, then
the averaging theory of fist order does mot provide any information
on the periodic solutions of system (2).

Theorem 1 is proved in section 3. As we said we shall prove it using
the averaging theory of first order for continuous differential systems that
we summarize in section 2. Finally in section 4 we do an application of
Theorem 1 to a particular continuous differential system (2).

2. THE AVERAGING THEORY OF FIRST ORDER FOR CONTINUOUS
DIFFERENTIAL SYSTEMS

Now we summarize the results on the averaging theory that we need for
proving Theorem 1.

We work with a system of the form
(3) X = Fy(t,x) + eFi(t,x) + O(?),
where ¢ # 0 is a small parameter and the functions Fy, F} : R x Q — R”
and Fy : R x Q X (—eg,&9) = R™ are T—periodic in the first variable, Fj is

C', DFy, Fy and R are locally Lipschitz in the variable z, and Q C R” is
an open subset.

We assume that there exists a submanifold of dimension n formed by
periodic solutions of the unperturbed system

(4) % = Fy(t,x).

Consider CI(U) the closure of U. We suppose that there exists an open set
U with CI(U) C Q satisfying that for each z € Cl(U) the solution x(t,z,0)
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of the unperturbed system (4) is T'—periodic. We note that CI(U) is an
isochronous set for system (4), because all its periodic orbits have period T'.

Consider z(t, z, ) the solution of system (4) satisfying the initial condition
x(0,2,¢) = z. The linearization of system (4) in a periodic solution x(¢,z,0)
is given by

(5) y = DxFo(t,x(t,2,0))y,

where y is an n x n matrix. Let M,(¢) be the fundamental matrix of the
linearized system (5) such that M,(0) is the identity matrix.

The next result of the averaging theory allows to obtain T'—periodic solu-
tions of the differential system (3) with ¢ # 0 sufficiently small bifurcating
from the periodic solutions x(t,z,0) contained in C1(U) of the unperturbed
differential system (4). The first version of this result is due to Malkin [6]
and Roseau [7] for C? differential systems, a more clear and shorter proof
of this result was done by Buica et al. in [2]. The extension of this result
to continuous differential systems has been done by Llibre et al. in [4]. For
a general introduction to the averaging theory see for instance the book of
Sanders et al. [8].

Theorem 2. Consider a continuous differential system (3). We suppose
that there exists an open and bounded set U with CLl(U) C Q such that for
each z € Cl(U), the solution x(t,z,0) of system (4) is T—periodic. Let
f:ClU) — R™ be the function

T
10 =% [ MR ez 0

called the averaging function of first order. Then for each a € U satisfying
f(a) = 0 there exists a neighborhood V of a such that f(z) # 0 for all
z € V \ {a} and the Brouwer degree of f at a is not zero, i.e. dg(f,V,0) #
0. Then there exists a T—periodic solution x(t,e) of system (3) such that
x(0,e) — a when ¢ — 0.

For details on the Brouwer degree see for instante the paper of Browder
[1]. We must note that if the averaging function f(z) is of class C' then
Brouwer degree dp(f,V,0) # 0 if the Jacobian det(Df(a)) # 0, see for
instance [5].

3. PROOF OF THEOREM 1

First we consider the case m = 2n with n a positive integer. We write
the differential system (2) in the cylindrical coordinates (z,r,6) defined by
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r=ux,y=rsinf, z=rcosf, and we obtain the differential system
T =rsinf,

(6) i =ecosf (|rcosf| — az®)
=1+ ;SinH (az® — |rcos b)) .

Taking as new independent variable the variable 6, system (6) becomes

j—z — a2 =rsinf +esin? 0 (|r cos 0| — axQ") + 0(e?),
(7)
% =71 =ecosf (|rcos| — ax®) + O(e2).

We note that this differential system is now in the normal form (3) for
applying the averaging theory described in section 2.

The unperturbed system (4) is now

z =rsinf
8 / ’
( ) y — 0.

The solution of system (8) with initial condition (zg,70) is ¢(8, (xo,70)) =
(zo + ro(1 — cos ), rg). So all the solutions with rg > 0 of the unperturbed
system (8) are periodic with the same period 2.

The fundamental matrix Mg, ) (0) = M () of the variational differential
system (5) associated to system (8) evaluated on the periodic solution (z¢+
ro(1 — cos@),rg) is

1 1—cosf

Note that M (0) is the identity matrix.

According with the averaging theory of section 2 for studying the periodic
solutions of the continuous differential system (7) we must study the zeros
of the averaging function

2T
Flavro) = 5= [ 20)7 R (0. 0. (z0.r0)a.

where
Fi(0,(x,r)) = (Sin2 O(|r cos 0] — az®™), cos O(|r cos 0] — az®™)) .
Thus we have

1 /27r < (1 — cos8) (ro| cos 0] — a(rg + zo — 7 cos 6)*") ) a0
0

To,T0) = —
flwo. o) 2m cos 6 (ro| cos 8] — a(rg + zo — ro cos 6)*")

B < J1(wo,70) >
B fa(wo,m0) )
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A simple computation shows

2w
(10) / o cos 0] cos |df = 0.
0
Therefore since rg > 0 we have that
21
fo(xo,r9) = —— cos O(rg 4 zo — 7o cos 0)*"dh
2T 0
21 2n
S 2" cos 6 M—COSG do
2m Jo TQ

o 2n 2n—k
a m k{ 2n 0 + Zo ka1
= —— E -1 0de.
21 Jo " k:o( ) < k ) < ro ) o

2w

If k£ is even then / cos*T10dh = 0. So we can rewrite fa = fa(zo,m0)

0
as

n—1 2n—2k—1 ,2r
a 2n on [ To + Zo %42
= _E 0 do
= <2k+1>ro< o ) /0 o

— 27
_a ( on )rgk—i-l (ro +x0)2n—2k—1/ cos2¥2 9 4o
k=0 0

_a 2n % on-2k—2 [77  orio
= %ro(ro—l—wo)kz<2k+l>ro (ro + xo) /0 cos 0do.

Analyzing the last right hand side of the previous equation it is clear that
the function fo(zg,79) only vanishes at g = —rg. Replacing zp = —r¢ in
the integrant of the definition of the function fi(xg, 7o) it becomes

B(#) = —rg cos 8] cos 8] + o] cos O] + ard™(cos®™ L § — cos®™ ).

By using (10) and Formula BI1(68)(8) of [3] (p. 405, with a = 0 and b = 1)
we obtain that

Solving f1(—rp,r9) = 0 in the variable ry, we get the unique real solution

. 22011\ T
o= | ———— :
0 am(2n — 1!

Note that a > 0 ensures the existence of the solution rj > 0, and if a <
0 then the function fi(—rg,79) has no positive real solutions for ry, and
consequently when m is even and a < 0 the averaging theory does not
provide any information on the periodic solutions of the differential system

(7).
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In summary, if m is even and a > 0 the averaging function f(zg,rg) has
the unique zero (—r§, ry) with 5 > 0. Now in order to verify the assumptions
of Theorem 2 we must prove that the Jacobian

0
(11) det(D f(—rg,70)) = % (0,70)=(~r0,0) -

From the expression of fs(xg,79) we obtain that

Ofs _a 2n o1 _(2n—1)N
9ag IO = 5o ( 2n — 1 >7‘0 2T o
B 2an "t (2n — 1)!!
B (2n)!! ’
and
Ofs ~ 0fy
87*()( T0,70) = axo( 70,70)-
Analogously writing f; as a binomial expression we get
0f1 0fa
8%0( 7"0,7’0) 8%0( TOv’rO)v
0f1 Jf2
—(- = 2/m—2—"=(— .
8r0( 70,70) /T 83;0( 70, 70)

Now replacing ro by 75 in the previous derivatives we have the Jacobian
matrix

dn 2 — 8n
* % ™ s
Df(=rg,15) = An An )
3 3

8n(2n — 1)

and its determinant is 5 # 0 for all positive integer n. Hence (11)
T

holds and we can apply Theorem 2 to the continuous differential system (7).

From Theorem 2 it follows that system (7) has the periodic solution
z(0,e) = —r;+0(e), r(f,e)=r;+O(e).

Going back through the change of cylindrical coordinates system (2) has the
periodic solution

x(t,e) = —ry + O(e), y(t,e) =rgsint + O(e), z(t,e) =ricost + O(e).

This completes the proof of statement (a) of Theorem 1.
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Now suppose that m = 2n + 1. Then we have that

2w

cos B(ro + zo — 79 cos 0)*"1dh

f2($07T0) = _2_
™ Jo

o 2n+1

a ro + Zo

= —— TS"H cosf [ ——— —cosf df
2w 0 To

o 2n41 In+1—k
o7 /. i kz_o (—1) < 2 o cos .

2m
If £ is odd then / cos”df = 0. So we can rewrite the function fo (g, 7o)
0

as follows

2n—2k pon
a 2n+1 on+1 [ 7o + Zo / 2k+2
_ =2 0do
fQ(l‘o,’f'o) 2T kZ:O < 2]{7 + 1 ) TO To 0 08

n—1 21
_a 2n+1 Y\ o 2n—2k 2%-+2
= 370 kE_O < 9% + 1 ) ro" (ro + o) /0 cos 0do.

Therefore since 19 > 0 the function fa(xg,79) does not vanish, and the
averaging function f(xg, 7o) has no real zeros, and consequently if m is odd
the averaging theory of first order does not provide any information on the
periodic solutions of the differential system (2).

The case a = 0 is the most simple, because its averaging function is

f(xo,m0) = <27Tﬂ70> ;

which again has no zeros when 7y > 0, and so the averaging theory of
first order does not provide any information on the periodic solutions of the
differential system (2).

In short, taking into account that inside the proof of statement (a) of
Theorem 1 we have shown that if m is even and a < 0 the averaging theory
of first order does not provide any information on the periodic solutions
of the differential system (2), the proof of statement (b) of Theorem 1 is
completed.

4. AN APPLICATION OF THEOREM 1

In this section we provide an application of Theorem 1. Consider the
perturbed system

(12) y=2
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where ¢ is a small parameter.

Writing system (12) in the previous cylindrical coordinates we obtain the
system
T =rsinf,

7 =ecosf (r|cos€| - %),

esin 0(4x2—7rr\ cos €|)

r !

=1+

or equivalent the following system with the independent variable 8

4 2
2’ =rsinf + esin? 6 <7‘]cos€\ - i),
7r

4 2
' =¢ecosb <r|cos€| - i)
s

The unperturbed system and the fundamental matrix associated to it are
given respectively in (4) and (9). For system (12) we have that the function

2 2
P8, (z,r) = <sin29 <7‘]COS€\ - 4i> ,cos <7‘]cos9\ — 4i> )
™ ™

So the averaging function

1 2w

f(x07T0): % 0 M(@)_lFl(Q,(p(@,(x(),?‘o)))de

e ( (1 — cos 8)(ro| cos O] — A(0)) > W

27 Jo cos 0(ro| cos 8] — A(0))

where

AD) = 4(r0+x0—r00050)2‘

77
Computing the previous integral we obtain

2
fxo,m0) = — (57‘8 + 6roxg — ro + 2:1:3, —2ro(ro + :E(])) .

The second component of the function f(xg,79) vanishes at xg = —rp. Re-
placing z¢g = —rg in the first component of the function f(zg,rq), we get

fl(l‘o,T‘(]) = 27’0(7’0 — 1).

Since 19 > 0 it is clear that fy(zg, 7o) only vanishes when ro = 1. So the
unique zero of the function f(zg,ro) is (xg,70) = (—1,1). Moreover the
Jacobian matrix of f(zg,79) evaluated at the zero (—1,1) is

4 6

T
4 4
m s
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and its determinant is 8/7% # 0. Thus, from Theorem 1 system (12) has the
periodic solution

xz(t,e) = =14+ 0(e), y(t,e) =sint+ O(e), z(t,e) =cost+ O(e).
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