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Explicit non-algebraic limit cycle of a family of polynomial
differential systems of degree even
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Abstract Up to now all the examples of polynomial differential systems for which non-
algebraic limit cycles are known explicitly have degree odd. Here we show that already
there are polynomial differential systems of degree even exhibiting explicit non-algebraic
limit cycles.
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1 Introduction

A polynomial differential system is a system of the form

d
i == = P(a,y),

' % (1.1)
j=4=@Q (z,9),
where P(x,y) and Q(z,y) are real polynomials in the variables z and y.
The degree of the system is the maximum of the degrees of the polynomials
P and Q.

A limit cycle of system (1.1) is an isolated periodic solution in the set
of all periodic solutions of system (1.1). If a limit cycle is contained in an
algebraic curve of the plane, then we say that it is algebraic, otherwise it is
called non—-algebraic.

In the qualitative theory of planar dynamical systems see [[3], [9], [15],
[10]], one of the most important topics is related to the second part of the
unsolved Hilbert 16th problem. There is a huge literature about limit cycles,
most of them deal essentially with their detection, their number and their
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stability and rare are papers concerned by giving them explicitly see ([4],
51, [6], [11], [12]).

Until recently, the only limit cycles known in an explicit way were al-
gebraic (see for instance [1], [4], [5], [8], [13] and references therein). On
the other hand, it seems intuitively clear that “most” limit cycles of planar
polynomial vector fields have to be non algebraic. Nevertheless, until 1995
it was not proved that the limit cycle of the van der Pol equation is not
algebraic, see K. Odani [14]. The van der Pol system can be written as a
polynomial differential system (1.1) of degree 3, but its limit cycle is not
known explicitly. Until recently, the only limit cycles known in an explicit
way were algebraic. In the chronological order the first examples were ex-
plicit non-algebraic limit cycles appeared are those of A. Gasull and all [11],
and J. Giné and M. Grau [12] and by Al-Dosary, Khalil I. T. [2] for n = 5.
In [7], an example of an explicit limit cycle which is not algebraic is given
for n = 3.

In this paper, we consider the family of the polynomial differential system
of the form

i=n((ax—y)(wr+vy+1)+vz? —y(wz+1))((a+b) x>+ (a—b)y* +2cxy)"”
+ z(wz + vy + )",
y=n((z+ay)(wr+vy+1)—wy’+z(vy+1))((a+b)a®+(a—b)y* +2czy)"
+y(wa + oy + )",
(1.2)
where a, b, ¢, w,v,l and « are real constants and n is strictly positive integer
(n € N*). We determine sufficient conditions for a polynomial differential

system to possess an explicit non-algebraic limit cycles. Concrete examples
exhibiting the applicability of our result are introduced.

2 Main result

Our main result is contained in the following theorem.

Theorem 2.1 If a <0, w > 0,1 > 0,a > |c[ + |b|, then system (1.2) has
an explicit non algebraic limit cycle, given in polar coordinates (r,0) by

1

7 (0) = B (g (0)p(0,74) + \/(g 6) p" (9,7“*))2 +4lp(9,m)> ,

T2n

0
h 0,r,) = anf [ "*x 0 , 0) = i = d. s
w €T€p( ,T ) e ((U}T* T l)n + .f( )) f( ) g (a+csin 2s+b cos 2s) s

g(0) =wcosf + vsinh and

1 _ _ _ 1
= ,(\/(we%a(ezﬂfﬂ) )%)2 + 4le2ma( f(2m) )% + we?™( f(2m) )).

2 —1 e2mna__q e2mna__q

Moreover, this limit cycle is a stable hyperbolic limit cycle.
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Ezxplicit non-algebraic limit cycle 3

Proof. Firstly, we have
:ry—y:t:n(w2+y2) (vy + wx + 21) ((a+b)x2+ (a—b)yQ—i—an?y)n7

thus, since a > |¢| + |b| then, the equilibrium points of system (1.2) are
present in the straight line

vy+wr+20=0 (2.1)

and the origin of coordinates which is an unstable node because its eigen-
values are ["*! > 0 with multiplicity two, for more details see for instance
[[10], Theorem 2.15].

In polar coordinates system (1.2) reads as

7 =n(a -+ bcos 20 + csin 20)™ (((v + wa) cos  + (va — w)sin ) r + al) r>* 1
+ ((wcosf +vsin@)r+1)" 'y (2.2)

0 =n(a+bcos20 + csin20)" ((wcos O + vsin O) r 4 21) 2.

Taking as new independent variable the coordinate 6, this differential system
reads

dr_(a-+bcos 26+csin 26)"(((vtwa) cos f+ (va—w) sin ) r+al )"

o 2.3
de (a+ bcos20 + csin 20)" ((wcos O 4+ vsin0) r + 21) r2» (2:3)
N (weos@ +vsin®)r+1)"r
n(a+ bcos20 + csin20)" ((wcos@ + vsinh) r + 21) r2n’
he change of variabl r h
Via t i = t
ia the change of variables p (weosd T osind)r 3 17 en
dp _ n((wcosf +vsinb)r+21) r2n-l dr  n(vcosf —wsinf) r2ntl
do (wcos@ +vsin®)r+ 1" dd  ((wcosf+vsind)r+ )"+
and the equation (2.3) is transformed into the linear equation
dp 1
— = . 2.4
a0~ "t (a+ csin260 + bcos 20)" (24)

The general solution of linear equation (2.3) is

p(0.k) =™ (k+ [ (6)),

where k € R, f(6) is the function defined in the statement of Theorem 2.1.
Consequently, the general solution of (2.3) is

,r2n

IR TIOET

— e (k4 f(0) =0, (2.5)
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where k € R, f(6) and g (#) are the functions defined in the statement of
Theorem 2.1. Going back through the changes of variables we obtain the
first integral

2 2 arctan ¥ —ans
x*+y )n —amn arctan ¥ / v €
e e —
0 (

H =(—— d
(z,9) (wx—i—vy-i-l a + c¢sin2s + bcos 2s)” °

From solution (2.5) we can obtain a two different values of r: one of them is

equal to ry (0,k) = 1 (g (0) p% 0,k) — \/(g @) p% (0,k))2 + 4lp% (0, k)

and we do not consider this case (because since — (Jw|+[v|) < g(6) <
|w| + |v|, then r1 (8) can not be strictly positive) and the second value is

r(0,k) = % <g (0) p (0,k) + \/ (9(0) 0" (0. k>)2 +dipn <9,k>> ,

where p (0, k) = e (k + £ (9)).

Notice that system (1.2) has a periodic orbit if and only if equation (2.3)
has a strictly positive 27 periodic solution. This, moreover, is equivalent
to the existence of a solution of (2.3) that satisfies r(0,7,) = r(27,r.) and
r(6,7r,) > 0 for any 6 in [0, 27].

To go a step further, we remark that the solution such as r(0,r¢) = ro > 0,
corresponds to the value

,r2n

(I +wr)™

The solution r(6,r¢) of the differential equation (2.3) such that r(0,7) = rg
is

k:

r0r) =5 (g )% 0.1+ (50) 0% 0.10)) " + a1p} <e,ro>> ,

,,,2n
where p (6,79) = e ((H—zgiro)” +f (9)) .

A periodic solution of system (1.2) must satisfy the condition r(27,rq) =
r(0,79). Since g (0) = g(2m) = w, then r(2w,r9) = 7(0,7¢) if and only if
p(2m,rg) = p(0,r9) and there are two different values with the property
r(2m, o) = 79, so one of them is equal to

1 1

1 - % - n - w
_5 \/(w627ra (%) > + 427 (ezfn(gi)l) L ,we27ra (327{*502‘71)1>
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and we do not consider this case because since a > |c¢| 4 |b| then
0

>0 forall 0 € R thus f (0) = [ fros
0

—ans
e

(a+csin é@+b cos 20)™

—ans
e

n2s+bcos 2s)"

ds >0

1
for all # € R. Since o < 0,1 > 0,w > 0, it follows that (e;fn(f:r)l) " >0 and

1\ 2 1 N
\/(w€2m (5532) n) + 4le?me (e;f(%i) "> we™ (egf@:r)l) ,
thus
1 1\ 2 1 1
(o () e ) - i (12)) <o

We only take into consideration the following value 7, which satisfies
r(2m,re) =1 >0

1
E

1 _ 0\’ _ L _ :
=1 \/ (1wetme ()" ) -+t (SHEL) "+ wene (240 )

After the substitution of these value r, into r(0,7y) we obtain

0= <g (0) p (0,7) + \/(g 0)p* (0.7)) +4ip? (0,7"*)> . (2.6)

where p (0,7,) and g (6) are the functions defined in the statement of The-
orem 2.1.

Clearly the curve (r(0) cosf,r(0)sinf) in the (z,y) plane with

W — et (W +f (9)) =0 (2.7)

is not algebraic, due to the expression eo‘”e%.
In what follows we prove that the straight line (2.1) does not intersect the
orbit (2.7). This straight line in polar coordinates becomes rg (6) + 20 = 0

where g () is the function defined in the statement of Theorem 2.1. To show
this, we have to show that the system

,,,2 " anf r2n _
<9 O)r + l> ° <”+“’“)n o (9)) -0 (2.8)

g@)r+20=0,
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has no solutions. Indeed the system (2.8) can be written as

() - (o) -

which leads

2n n

2 _ _g,a0 s "
re=—le ((l wr)? + f(9)> . (2.9)

Since r.« > 0,w > 0,1 > 0 and f (€) > 0 for all § € R, then
2n
anf Ts
) = T 2.1

p(B,rs) =€ ((l_'_wr*)n +f(9)> >0 (2.10)

for all 6 € R.
By (2.10) and taking into I > 0 singular points satisfying (2.9) do not exist.
Hence, (2.8) has no solution.

To show that r(6,r.) is a periodic solution, we have to show that:

i) the function 8 — r(0,r,) is 27 -periodic.

ii) 7(0,r) > 0, for all # € [0, 2~].

This last condition ensures that r(6,r.) is well defined for all 8 € [0, 2]
and the periodic solution do not pass through the equilibrium point (0,0)
of system (1.2).

Periodicity. Since the function g () is 27 -periodic, it follows that (6, r.)
is 27 -periodic if and only if p (0, r,) is 27 -periodic and we have

2n
p (60 +2m,7,) = e (0+27) <(l+7")n> + ™02 £ (9 + 2m) (2.11)
W
2mno
ecn(0+2m) (;m 1 f (27r)> + ea"(9+2”)f (0 +2n),
e _
we have
0+2m e—ans
0+ 2m) = d
J(0+2m) 0 (a + csin20 + bcos26)" ’

0+2m

—ans

=f(27r>+/ :

d
or  (a+csin26 + bcos26)" %

we make the change of variable u = s — 27 in the integral

0421 e—ans
27 (a+csin 20+b cos 20)™ dS, we get

e—an(u+27r)

9
f(0+2m) = f(2m) "’/0 (a+csin2(u+ 2m) 4+ beos2 (u + 2m))
= f2m) +e"Tf(0).

=du
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We replace f (0 + 27) by f(2m) + e729"7f(0) in (2.11), and after some
calculations we obtain that

p(0 + 2m, 1) = p(0,74).
Since ¢ (f) and p(6,r.) are a 2r—periodic functions, then r(6,r.) is also
2m—periodic function.
Strict positivity of r(6,r.) for 6 € [0, 2x].
Since I > 0, and taking into (2.10), then 4lp% (0,7r) > 0, thus

r(0,r) = % (g () p% 0,7.) + \/<g (9) ,0% (0,n)>2 + 4lp% (9,7’9) >0

for all 6 € [0, 27].

In order to prove that the periodic orbit is hyperbolic limit cycles, we con-
sider (2.6), and introduce the Poincaré return map A — II (27, ) = r(27, A).
Therefore, a limit cycles of system (2.2) are hyperbolic if, and only if

dr(2m, \) :
_ 1
PN 71 in
1 — _ _ 1
Ty = 5(\/(’!1]62”0‘(%)%)2 + 4162““(%)% + w€27ra(€27{n(37:)1)'1’)7
after some calculations we obtain that
dr(2m, ) _
dA A=r.

Consequently the limit cycle of the differential equation is hyperbolic and
stable for the equation (2.3), for more details see [15]. This completes the
proof of Theorem 2.1.

O
3 Examples
As an example let a =v=b=—1,¢=0,w =1=1,a = 2, then the system
(1.2) becomes
d=a(r—y+ 1" —n (22 +3y%)" (202 — 2 + 2y + 7+ 2) (3.1)

y:y(x—y—i-l)nﬂ—n(:c2—|—3y2)n(3xy—$2+y—2m).

It is easy to verify that all conditions of Theorem 2.1 are satisfied. We
conclude that system (3.1) has a non-algebraic limit cycle whose expression
in polar coordinates (r,8) is

0= <g (0) p* (0,1.) + \/ (900" 0.7))" + 407 w,u)) ,

279
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2n 0 ns
where g () = cos@ —sinf, p (0,7,) = e <(li’;*)n + b[ Gcoszs)” 45 |, 0 €

R, and the intersection of the limit cycle with the OX axis is the point

1 —2m f(2m % ’ —27 f(2en
T« 25 \/(e 2 (_672(”21) ) + 4e 2 <_e—2(7rn11>

Moreover,

3=

1
e 2" (;fﬁfﬂ) !

dr(2m, )

=e <1
N e <

A=r.
This limit cycle is a stable hyperbolic limit cycle.
For n =1,

The system (3.1) is a quartic system that has a non algebraic limit cycle
whose expression in polar coordinates (r,6) is

0 = 5 (90 0. 4 5@ p 0P 410 0ur) )

Fig. 1: Limit cycle of system (3.1) for n=1

where g (0) = cos6 —sinf, p(6,r.) = e’ (1;27« + foe 27555230{5)7 0eR,

and the intersection of the limit cycle with the OX, axis is the point
r. = 1.1877.

Moreover,
dr(2m, \)
dA A=

This limit cycle is a stable hyperbolic limit cycle.
For n = 2,

—e 2" < 1.
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Ezxplicit non-algebraic limit cycle 9

The system is of degree 6 and that has a non algebraic limit cycle whose
expression in polar coordinates (r,6) is

01 = <g (0) 03 (0,7, + V (000> 0.7))" +4p} <e,r*>) ,

62"‘

E ds | where

cos 2s

X 0
where g (0) = cos—sinf, p (0,7,) = e=2¢ (14:;*)2 +bf o=

0 € R, and the intersection of the limit cycle with the O X axis is the point
r. = 1.0714.

Moreover,
dr(2m, )

_ 27
i\ =e < 1.

A=r.
This limit cycle is a stable hyperbolic limit cycle.

Fig. 2: Limit cycle of system (3.1) for n=2
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