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Abstract

This paper investigates a class of planar differential systems characterized by a degenerate singular point.
We demonstrate that this class is Liouville integrable and explicitly derive a first integral using an Abel
equation of the second kind. Moreover, through an analysis based on the Poincaré return map, we establish
the existence of two non-algebraic limit cycles or a single algebraic limit cycle arising near the degenerate
point. The occurrence of these limit cycles is shown to depend sensitively on the system’s parameters.
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1. Introduction

In the qualitative theory of planar polynomial vector fields, key open problems include determining the
number and spatial distribution of limit cycles, distinguishing between centers and foci, commonly referred
to as the center problem and identifying corresponding first integrals. These challenges are central to the
field and remain the subject of active research (see, for example [2], [4], [6], [7], [T1], [20], [21] ). Notably,
these issues are closely related to Hilbert’s 16'" problem [I3], which concerns planar polynomial differential
systems of degree m = max{deg P,,,,deg Qm,},

& = Py, (2,y),
{ § = Qo1 1)
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where P,,, and @, are real polynomials in the variables z and y. As usual, the dot in denotes the
derivative concerning the independent variable ¢. Hilbert’s 16" problem presents considerable challenges;
therefore, in this paper, we restrict our investigation to a specific class of polynomial differential systems,
with particular focus on their integrability and the existence of hyperbolic limit cycles.

For the polynomial differential system , the polynomial vector field associated with it is

0 0
’Y:Pml(l’,y)%‘Fsz(a%y)aiy' (1'2)

The system is said to be integrable on an open set © C R? if there exists a non-constant, continuously
differentiable function F : © — R that remains constant along the trajectories of system contained in
O; that is, if

1(F)lo = 0. (1.3)

The function F is called the first integral of the system on ©. Moreover, F = f is the general solution of
the equation , where f is an arbitrary constant. The existence of the first integrals are of the utmost
importance for a vector field since they help to obtain the phase portrait of the system and reduce the
dimension of the system by its number of independent first integrals, for more details see for instance ([10],
[18], [22]) and references therein.

A limit cycle of system is defined as an isolated periodic solution among the family of all periodic
solutions of the same system. If such a limit cycle lies entirely on an invariant algebraic curve, it is referred
to as an algebraic limit cycle; otherwise, it is called a non-algebraic limit cycle.

In general, the explicit expressions of limit cycles for polynomial differential systems are not known,
except in certain special cases (see, [8], [9], [I7]). However, in recent years, several studies have introduced
planar nonlinear differential systems that admit explicitly known non-algebraic limit cycles. The earliest
such examples were presented in the work of A. Gasull et al. [5]. Since then, considerable attention has been
devoted to investigating the existence and coexistence of both algebraic and non-algebraic limit cycles; see,
for instance, [1], [12], [15] and [16].

This article is devoted to the study of integrability and the existence of limit cycles in a class of polynomial
differential systems, where the origin becomes a non-elementary singular point of the form

{ a::ng(a:,y)—i- ($3+$y2) Q4(xay) _23/@6(33,3/), (1 4)
J = yQa(z,y) + (y2® + ) Qu(z,y) + 22Qs (2, y), '
where

Qa(z,y) = —p(o®y’ +2?),

Qu(z,y) = (6—2°—9?) ((c—ap)a®—a(f—oa)y?),

Qs(z,y) = (y®+27) (2* +y?) (6 — 22 — 2¢7),

in which «, 8, d, u, and o are real constants. We prove the integrability of the system by converting it into
polar coordinates, which yields an Abel differential equation of the second kind. This approach allows us to
derive an explicit expression for a first integral. In addition, we establish sufficient conditions under which
the differential system possesses either two non-algebraic limit cycles or a single algebraic one. These
limit cycles are explicitly constructed.

2. Main result

The main result is stated in the following theorem, which will be proved in this section.

Theorem 2.1. Let us consider the multi-parameter polynomial differential system (1.4). Then, the following
statements are valid:
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(1) The system (1.4) has the first integral:

F(z,y) = ZZ U;ztgitf?;s;:)) - /0*““” z md&
where g
h(O) = exp (/09 2£(E£;)ds> (2.1)
fo(®) = —gu(1+0?+ (1-a?) cos20) (2.2)
9(0) = (a®—1)cos20—a*—1 (2.3)

2)If —3p(1+a?) =% |p(1—0a?)| >0, p<0,6>0, ¢ {-1,1} and 1 — % < 0 Then, the system.
possesses two explicit non-algebraic limit cycles, expressed in polar coordinates (7" 0) as follows

i) - L2 (52 " (52 T 14h(0) <h1(2_”;jéi7;> " ¢(9)>>2> ,

56) - (52 (5 + 4100 (hfzfij;fg)+¢<e>))2>,

f@ 2f0 s

where ¢(6

3) If a € { 1, 1}, 5 > 0, u <0 and 11— % < 0, then system 1} admits explicit algebraic limit cycles,
given in Cartesian coordinates (x,y), by

2
(2® +y?)? = 5(2® + %) + e 0.

Proof. First, to determine the equilibrium points of system (|1.4), we note that if (z,y) is an equilibrium
point, then it must satisfy the system of equations:

{(w,y) e R?, yi —aj = —2 (a®y? +22) (a® +42)° (22 + 24° — 5)} ,

includes this point, we conclude that the origin, also known as an equilibrium point is a degenerate non-
elementary singular point of the system ((1.4)), for the reason that the linear part of this system is identically
zero, and any other equilibrium points, if they exist are present in the equation curve’s

222 +2y* — 6 = 0. (2.4)

Proof of statement (1).
The differential system ((1.4), when expressed in polar coordinates, takes the following form

7= f2(0)r" 4+ f1(0)r° + fo(O)r®
{9——T (6 2r) 9(0), ’ (2:5)

where
f2(0) = —% (0 +0a® —2aB + (0 — 0a®) cos 26)
f1(0) = —% (2008 — 00?5 — 06 + (005 — 06) cos 20)
fo(0) = —%u (14 + (1 - a?) cos26)

9(0) = (a?—1)cos20—a®—1
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The differential system 1' where 72 # g, can be written as the equivalent differential equation

@ B f2(9)7“4 + fi (9)7“2 + fo(0)
g 2r (6 — 212) g(0)

(2.6)

Via the change of variables p = 72, the differential equation (2.6)) is transformed into the Abel equation

of the second kind s\ d f2(0) f1(0) fo (0)
p_ L 1 0
(”‘2) = 0" 0" ) 7

With the aid of the change of variables

o 8o £30)

the differential equation (12.7)) is reducible to a Abel equation of the second kind

ww' = E1(0)w + Ey(0), (2.8)
where
_ 0 s
B0) = 5 (h 0+ @) e ([ F0as),
and
_ 2 0 S
Bul6) = 55 |70+ 510+ LR @) ew (2 [ $5as).

The coefficients of (2.7) satisfy the functional relation

f1(0)+df2(0) =0,
then the general solution of Abel equation (2.7)) is

7 2fo(s)
2 0
p9—5p9:h9<k‘—|—/ ds), 2.9
6) = 50(0) = o) (+ [ 2T (29)
where h(0) = exp ( fog 2§ (()S) ds) and k is an integration constant for more details see ([3], [19]).
Thus, the implicit solution of differential equation (2.6|) is given by
" 2fo(s)
H(r,0) =r* —6r? — h(0 (k:+/ 0ds>. 2.10
(r,0) (6)  J)h(s) (2.10)

By passing to Cartesian coordinates, we deduce that the first integral takes the form

Fla.y) = (372 T2 5) (22 + 1) - /arctanz 2fo (s) i 2.11)
’ - I Hﬂ ' '
exp (an ctan ¥ %S)ds) 0 g(s)h(s)

Therefore, system is Liouville integrable, since this first integral is a function that can be expressed
through quadratures of elementary functions.
Proof of statement (2). System exhibits a periodic orbit precisely when equation admits a
positive solution that is 27-periodic. This condition is equivalent to the existence of a function (6, r,) such
that r(0,7,) = r(2m,ry) and r(0,r,) > 0 for all € [0, 27].
The implicit form of the solution r(6,rg) of the differential equation such as r(0,79) =19 > 0, is

H(r,0) = rd—6r? — h(6) (’I“é — 57“8 + gb(é’)) .
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where ¢(0) = 0 g%f;)(())ds To ensure periodicity of a solution to system (|2 , the condition r(27m,79) =

7(0,79) must hold. Th1s requirement leads to the equation:

h(2m)g(2r)

R (2.12)

4 2 _
rg —o0rg =

This corresponds to the value k = 7‘3 — 57‘8, and allows a reformulation of the implicit solution to the
differential equation in terms of k. (2.6) as

H(r,0) = r* = 6r% — h(0) (hl(@qé? + ¢(0)) =0. (2.13)
Next we prove that )
0 < —h(6) <h1(2_7r3j2(227:;) + (;5(9)) < % for all 0 € R. (2.14)

Let w(8) — ¢(0) = £h(0), where h(6) = exp (— 7 200 ds) .

The function w is differentiable for all 6 € [0, 27, then we have

do 4 g() " 9(0)1(6) ()

o)

Since — 2,u(oz +1) %! ( a2)|>0 p < 0 and ‘a —1’—a —1 < 0, we see that

, 11

fo(0) = —i,uoz —5h 5 (,u — Ma2) cos26 >0

and
g(0) = (oz2 —1) cos26 — o —1<0.

Since 1— % < 0 and %(9) > 0 for all § € R, then% (—% + 1) > 0, and the function 6 — w() is

strictly increasing with

2 2
w(0) = % <h(O)% +o(0) (215)
2
= w(f) <w(2m) = h(QW)% + ¢(2m) (2.16)

for all 6 € [0, 2x].
According to (2.15]), we have ’54 h(271') 24 ¢(27), then

I (1 —h(2n)) < h(2m)p(27).
Taking into account ([2.15)) and since 1 — h(27) > 0, it follows that

2 2 T T
~i0) % - 000) < - < 2T

thus

~ 2 T T
00 (<10 - 60) +600) ) < 0) (") +060))



Abdelkrim Kina, Journal of Prime Research in Mathematics, 21(1) (2025), 128-137 133

and

T 7r ~ 2
—(6) (M) o)) < n0) (<h0) - 010) +.600) )

Then —h(6) (h(27r 27r) ) 4 o0 )) < % for all 6 € R.
On the other hand, it can be shown that ¢(f) < 0, h(f) > 0 and for all # € R and 1 — h(27) > 0 we have

—h(0) <h(27r)<b(27r)

1= h(zn) + ¢(0)> > 0.

From equation (2.13)), we obtain the following expression:

h(2m) ¢(27)
rd — 612 — h() (1 ~hn) + ¢(9)> =0.

By applying the substitution p = r2, this equation reduces to:

72(6) ~ 69(6) - 16) ("2 4 0(6)) =0, (2.17)

The discriminant of (2.17)) is A = 6% + 4h(6) (h( h(% Ly o0 ))

Since
h(27) ¢(27) 52
-0 (5 +00) < T

it follows that the discriminant A > 0 for all # € R. Therefore, equation (2.17) has two distinct real

solutions. The roots are given by:
<5 + \/52 + 4h(0) (W + ¢(9)>> :

=3 (5= (w0 (A2 1)) ).

Returning to the change of variables, we deduce

p=

l\.')\r—t

or

) = \f <52 + (52 + 4h(0) <% + ¢(e)>>2> , (2.18)
r3(0) = \f (52 _ (52 + 4n(0) (% + ¢(0)>>2> , (2.19)

where ¢(0) = 06 2fof(b(i) ds.
From equation (2.12f), there exist two distinct values for which the condition (0, ) = 7o holds,

oo (s (e () )
T = ?( ((52+4(h27r ))é)é,

h(2m)p(27)
1-h(2m) -

which are solution of rg — dr¢ =
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Next we prove that r}(6) > 0, for i = 1,2, for all § € R. Indeed since 0 < —h(0) < (QW)M% +o(0 )) %
and 0 > 0 and we have

—6% — 4h(h) <% + ¢(9)> > —6%,
which implies § > (52 + 4h(0) ( (272?%) + ¢(0 )))é , hence
- (o) (MEED )Y

and

5+ (52 + 4h(6) (W - <;5(¢9)>>é > 0.

Therefore r}(#) > 0, ¢ = 1,2, one can see that r7(6), i = 1,2 are 2r—periodic, since ¢ and h are 27—
periodic
To demonstrate that this periodic solution constitutes a limit cycle, we consider the following;:

N

ri(6,6) = 5+ (82 + 4h(0) (€'~ 062 + 6(6)))F)

N

7 (
(

where ¢+ — §¢2 = h(27r]2<(b2(7r))’ and introduce the Poincaré return map & — II(27,§) = r+(27, &), i = 1,2, for

ol
[\ [\D

P30, = (82— (82 +4n(0) (¢ — 56+ 0(0))) )

1
more details see [18].

We compute drggr,ﬁ)’ ;4 =1,2 at the value { = 7,7 = 1,2, we find that
§:T*
-1
=z
a2 €) (47,15 - 257*) (52 + 4h(27) (714 — 072+ qb(27r)))
dé. fZT* 1 % ’
(52 + 52 + 4h(27) (Tifl — 672 + ¢(27T)>) 2)
and .
2
dr (2, €) ‘ B h(27) (267; - 47'33) ((52 + 4h(27) (7'34 - 57’;2 + <]5(27T))>
€ e—r, Ny
& (52 - (52 + 4h(2) (Tg —or2+ ¢(27r)>) 2)
where

s B () )
5= \f (52— <52+4<}%>)§>5,

Taking into account (2.14)), we deduce that

dr}(2m,§)

#1,i=1,2.
dg L=Tf
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It follows that the limit cycles of differential equation are hyperbolic. For additional details, refer
to [1§].

It remains to establish that the limit cycles are non-algebraic. In the phase plane, all trajectories
of system are described by the level curves of the first integral F'(z,y). In particular, the limit
cycles correspond to the level sets F'(x,y) = rg, where 1y is determined by condition . Suppose, by
contradiction, that a limit cycle is algebraic. Then F(x,y) would necessarily be a polynomial. Consequently,

13

there must exist an integer n such that the partial derivative —— vanishes identically. However, this is not
x

the case. The function F'(x,y) contains transcendental terms, such as

arctan(%) 2f0($)
exp (/0 o(s) ds |,

which persist under differentiation of any order. As a result, F'(z,y) cannot be a polynomial, implying that
the limit cycles are non-algebraic.
Clearly the curve (r(6) cosé,r(0)siné) in the (x,y) plane with

h(2m)o (2T
is not algebraic, due to the expression § — h(6) (% + gb(@)) . More precisely, in Cartesian coordinates

the curve defined by this limit cycle is
h(2 2
F(x,y) = (mQ 4 y2)2 -6 (1;2 + y2) — h(arctan %) <1(_7r3:zzé7:)r) + ¢(arctan i)) =0.
If the limit cycle is algebraic this curve must be given by a polynomial, but a polynomial F'(z,y) in the
m

variables x and y satisfies that there is a positive integer m such that

— = 0 and this is not the case

x
oF
because in the derivative £ appears again the expression
x
h(2 2
h(arctan %) (1(_7?52;7:;) + ¢(arctan ?;;)) ,

which is already present in F'(x,y), and continues to appear in its partial derivatives of all orders.
Proof of statement (3). If we take « € {—1,1} in 1' we obtain p?(0) — 5p(6) = —%. Reverting to the
original variables, we obtain the relation

40p) _ 52 _ 2
r(0) 0 (0) =~

By transforming back to Cartesian coordinates (z,y), this yields the expression
2, 2\2 2, 2y, 2
(= +y*)* —o(x +y)+;:0.
This concludes the proof of statement(3). O
Example 2.2. When a = %, u=oc=-1,6=4,5= -2, system l) reads

{ T = 33@2(90,2/) + (.%'3 —+ $y2) Q4(xa y) - 23/@6(-7573/)7 (2 21)
§=yQa2(z,y) + (y2* + ) Qu(z,y) + 22Q¢(z, y), ‘

where
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Qa2(x,y) = (1163/2 + 22
Qulry) = (4— 22— ) <;$2 + 176y2) |
Qs(z,y) = <116y2 + x2> (2% +y?) (4 — 227 — 2%) .

The assumptions in statements (1) and (2) of Theorem 1 are readily satisfied. Consequently, system ([2.21])
admits two non-algebraic limit cycles, as illustrated in Figure [l Their explicit expressions in polar coordi-
nates (r,0) are given by:

- \f<16+<16+4h(9) (%w(m))%)é.

S (T e N

where ¢(60 f9 g2fo ds, fo(0) = 5 (32 + 1 cos20) , g(6) = 12 cos20 — 1L, and h(f) = exp (fg 2§°S ds) .

3. Conclusions

In this work, we introduced and studied a class of planar polynomial differential systems exhibiting a
degenerate singularity. By appropriately choosing the system parameters under the conditions stated in
Theorem 1, we derived an explicit expression for a first integral, thereby enabling a qualitative description
of the system’s trajectories an essential step in the global analysis of dynamical systems. Furthermore, we
established sufficient conditions under which the system admits either two distinct non-algebraic limit cycles
or a single algebraic limit cycle. These limit cycles were presented in explicit form.

Figure 1: The phase portrait in the Poincaré disc of the system 1’
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