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EXPLICIT LIMIT CYCLES OF A FAMILY OF POLYNOMIAL
DIFFERENTIAL SYSTEMS

RACHID BOUKOUCHA

ABSTRACT. We consider the family of polynomial differential systems

z' =z + (ay — Bx)(ax? — bzy + ay®)™,

y' =y~ (By + ax)(az® — bry + ay?)",
where a, b, a, (3 are real constants and n is positive integer. We prove that these
systems are Liouville integrable. Moreover, we determine sufficient conditions

for the existence of an explicit algebraic or non-algebraic limit cycle. Examples
exhibiting the applicability of our result are introduced.

1. INTRODUCTION

An important problem in the qualitative theory of differential equations [9] 13|
20)] is to determine the limit cycles of systems of the form

,  dx dy

r = E = P(Z’,y) and y/ = E = Q(xay)v (11)

where P(z,y) and Q(x,y) are coprime polynomials. Here, the degree of system
is denoted by n = max{deg P,deg@}. A limit cycle of system (l.1) is an
isolated periodic solution in the set of all periodic solutions of system, and
it is said to be algebraic if it is contained in the zero level set of a polynomial
function [I8]. In 1900 Hilbert [I7] in the second part of his 16th problem proposed
to find an estimation of the uniform upper bound for the number of limit cycles of
all polynomial vector fields of a given degree, and also to study their distribution
or configuration in the plane R%2. An even more difficult problem is to give an
explicit expression of them [T}, [I5]. This has been one of the main problems in the
qualitative theory of planar differential equations in the 20th century. We solve
this last problem for a system of type (1.1). Until recently, the only limit cycles
known in an explicit way were algebraic. In [3| [12] [I5] examples of explicit limit
cycles which are not algebraic are given. For instance, the limit cycle appearing in
van der Pol’s system is not algebraic as it is proved in [19].

Let Q be a non-empty open and dense subset of R2. We say that a non-locally
constant C! function H :  — R is a first integral of the differential system
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in Q if H is constant on the trajectories of the system (|1.1)) contained in €, i.e. if

dH(x,y)  OH(z,y)
dt o ox

OH (z,y)
dy

P(x,y) + Q(z,y) =0 in Q.

Moreover, H = h is the general solution of this equation, where h is an arbitrary
constant. It is well known that for differential systems defined on the plane R?
the existence of a first integral determines their phase portrait. There is a lot of
literature on the existence of a first integral [2] @].

A real or complex polynomial U(x,y) is called algebraic solution of the polyno-
mial differential system (L.1)) if

oU(z,y)

Q) py y) 4 P0)

Oz Ay Qr,y) = K(z,y)U(z,y),

for some polynomial K(z,y), called the cofactor of U(x,y). If U(z,y) is non-
algebraic the cofactor may not be algebraic [10, 1T, 16]. If U is real, the curve
U(z,y) = 0 is an invariant under the flow of differential system and the
set {(z,y) € R?, U(z,y) = 0} is formed by orbits of system (L.I). There are
strong relationships between the integrability of system and its number of
invariant algebraic solutions. It is shown [8] that the existence of a certain number
of algebraic solutions for a system implies the Darboux integrability of the system,
that is the first integral is the product of the algebraic solutions with complex
exponents [5l [6, [7, 14]. In [21], it is proved that, if a polynomial system has a
Liouvillian first integral, then it can be computed by using the invariant algebraic
solutions and the exponential factors of the system .

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

d
v =S =+ (ay — fr)(ar® — boy + ay?)",
(1.2)
dy n
v =L =y~ (By+ aw)(az® — by + )",

where a, b, «, 3 are real constants and n is positive integer. We prove that these
systems are Liouville integrable. Moreover, we determine sufficient conditions for a
polynomial differential system to possess an explicit algebraic or 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. Consider a multi-parameter polynomial differential system .
Then the following statements hold.

(1) The curve U(z,y) = —a(z? + y?)(ax?® — bzy + ay?®)™ = 0 is an invariant
algebraic of system .

(2) If a > 0 and a > %|b|, then system has the first integral

2nf
naw)

—2n03 y arctan £ eXp(—
H(z,y) = (22 +y>)"e ( arctan 7> —|—2n/ ( )dw.
(@,9) = y7)" exp « x 0 a(a — $bsin2w)?
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(8) If a >0, >0 and 2a > |b| then system (1.2) has an explicit limit cycle,
given in polar coordinates (r,0) by

_ Boy(2n /9 exp(—220v) 1/(2n)
r(0,r.) = exp (a9) (7"* 2n i (a(a — %bsinZw)”)dw) ,

where o
2 exp(— 222w

~ex (Qﬁﬂ)(anb (a@fébﬂﬁm@n)dw>1mzm

Ty = €Xp o exp(%)_l .

Proof. (1) We prove that U(z,y) = —a(z? + y?)(az® — bzy + ay®)" = 0 is an
invariant algebraic curve of the differential system (|1.2)).
Indeed, we have

oU (z,y)
o P(z,y)+

U (z,y)
TQ(x7 y) = U(xv y)K(x7 y)7
Y
where
K(z,y) = 2+ 2n + (26 — 26n)(az® — bxy + ay®)"
—nab((y? — 2%))(ax? — bay + ay®)" L.
Therefore, U(z,y) = —a(z? +y?)(az? —bry+ay®)™ = 0 is an invariant algebraic
curve of the polynomial differential systems (1.2)). Hence, statement (1) is proved.
(2) To prove our results (2) and (3) we write the polynomial differential system
(1.2) in polar coordinates (r,6), defined by x = rcosf and y = rsinf. Then the
system becomes

1
' =r—B(a— ibsin 2602t

1 (2.1)
0 = —a(a— ibsin 20)" 2",
where ¢/ = 90/ = dr.

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

reads p 5 )

r - 1-2n

—_— = -7 + r s 2.2
dd o  afa—ibsin29)” (2:2)

which is a Bernoulli equation.
By introducing the standard change of variables p = r
equation

2n we obtain the linear

dp  2nf3 —2n
a0~ o " ala— Ibsin20)n
The general solution of linear equation (2.3)) is

(2.3)

7(0) = exp (ge) (c —2n /06 (a(z}(_r)(;_l)zlf:;)n)dw) 1/(2n),

where ¢ € R. From these solution we can obtain a first integral in the variables
(z,y) of the form

2n,8w)

_277/6 y arctan £ eXp(—
H(z,y) = (2> +y*)"e (7arctanf> —|—2n/ ( & )dw.
(z,9) = ( y7)" exp ! x 0 a(a — 3bsin 2w)"

Since this first integral is a function that can be expressed by quadratures of
elementary functions, it is a Liouvillian function, and consequently system (|1.2) is
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Liouville integrable. The curves H = h with h € R, which are formed by trajectories
of the differential system (1.2)), in Cartesian coordinates are written as

2
22y’ = (h exp (Lﬁ arctan g)
@ x
Qan)

) QTLﬁ y arctan £ eXp(— . 1/n
— 2nexp ( — arctan = T dw ,
a x/ Jo a(a — 5bsin 2w)"

where h € R. Hence, statement (2) is proved.

(3) Since a > 0 and a > 3|b], it follows that —a(a— $bsin26)" < 0 for all § € R,
then €’ is negative for all ¢, which means that each orbit of system encircle
the singularity at the origin.

Notice that system has a periodic orbit if and only if equation has a
strictly positive 27 periodic solution. This, moreover, is equivalent to the existence
of a solution of that satisfies r(0,7,) = 7(2m,7,) and r(0,r,) > 0 for any 6 in
[0, 27].

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

r(0.r0) = e (0) (1 20 /00 (a(f(é—b:ﬁ)@n)dw) -

where ro = r(0).
A periodic solution of system ([1.2]) must satisfy the condition (27, r¢) = (0, ro),
which leads to a unique value rg = r4, given by

2 27 exp(7%) d
@N nJo " (GaTremzay) w)1/<2n)
exp(4nﬁﬂ-) -1 .

[e3%

r*:exp( "

After the substitution of these value r, into r(6,7) we obtain

4npBm 27 _ 2nfw
r(f,r.) = exp (EG) (2” exigﬁ: : / ( eXp(l - ) )dw
a exp(T) — 1 Jo  \afa— 3bsin2w)?
o exp(—2n8w) 1/(2n)
-2 — d .
n/o <a(a — 3bsin 2w)") w)
Next we prove that r(0,7,) > 0. Indeed
4nﬁ7r) 2 eXp(_Qnﬁw)
o) = Vamex (Zo) (e o)y,
r(,r) nexp(a )<exp(47f”)1 0 (a(a—%bsian)") v
0/ exp(—212w) 1/(2n)
-, G ) )
o ‘a(a— 3bsin2w)
2nLw
> )

wanon (C0) ([ (22

d
a— %bsian)Tl) v
_/9( exp(anTW) )dw)l/(%)
1p o n
o ‘a(a— 3bsin2w)
27 2nfw

= 2@exp(§9)</9 (a(eXp(_ & ))n>dw)l/(2n)>0,

a— %bsin?w
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because
oxp(— 27
T >0
a(a — 5bsin 2w)"

for all s € R. Moreover, we compute

dr(2m,ro) 46nm

e = > 1.

d’f’o ”l"():’l”* €Xp ( a )

This is a stable and hyperbolic limit cycle for the differential systems (1.2)). This
completes the proof of statement (3) of Theorem [2.1 O

3. EXAMPLES
The following examples illustrate our result.
Example 3.1. Whena=b=a =0 =n =1, system reads
o' =a+ (y - 2)(@® —axy +y?), (3.1)
Y =y~ (y+a)@® —ay+y7) '

This system is a cubic system that has a non-algebraic limit cycle whose expression
in polar coordinates (r,0) is

0 —2w /
r(0,r.) = ee<rf — 4/0 (;m)dw)l 2,

where 6 € R, and the intersection of the limit cycle with the OX axis is the point

26477 27 ) ) 1/2
. = —20) 4 ) ~1.1912.
" <e4“—1/0 (2—sin2we ) “

dr(2m,1g) }
drg TO=Tx

This limit cycle is a stable hyperbolic limit cycle. This results presented was by
Llibre and Rebiha [3].

Moreover,

= exp(4m) > 1.

Example 3.2. When a =a=8=n =1 and b =0, system (1.2)) reads

o' =x — a3 2%y — ay? + o8,

’ 3 2 2 3 (3'2)
y =y—a’ -2ty —ay’ —y°.

This system is a cubic system that has a algebraic limit cycle whose expression in

polar coordinates (r,8) is

r(0,r.) =1,
where 6§ € R. In Cartesian coordinates it is written
z? + y2 =1.
Moreover,
dr(2m,rg)
TO}TO:T* = exp(4m) > 1.

This limit cycle is a stable hyperbolic limit cycle.
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Example 3.3. When a = =1and a =b=n = 2, system (1.2)) reads

' =x —4x® + 122y — 2023y + 202%y3 — 122y + 49°,
!/ 745 4474327423 4 4745 (33)
y =y—dr tary —4drvy r7y” +dry Y,

This system is a quintic system that has a non-algebraic limit cycle whose expression
in polar coordinates (r,0) is

o expl—4aw 1/4
rory = (- [ (2 mmm)a)

where 6 € R, and the intersection of the limit cycle with the OX axis is the point
4]‘02” (7(6"1’(_4“’) )dw>1/4

2—sin 2w)?

~ (.816 28.
exp(8m) — 1

Te = exp(27r)<
Moreover,
dr(2m,ro)
d’/‘o
This limit cycle is a stable hyperbolic limit cycle.

Example 3.4. Whena=b=a = =1 and n = 3, system (|1.2)) reads
o =z —a" + 425y — 925y + 132ty — 1323y + 9225 — day® + 47,

lro=r, = exp(8m) > 1.

(3.4)
y/ — y _ x7 + 2x6y _ 3$5y2 + $4y3 + $3y4 _ 3x2y5 + 2xy6 _ y7.

This system has a non-algebraic limit cycle whose expression in polar coordinates
(r,0) is
0
8 —6 1/6
r(0,r,) =€’ (rf — 6/ (M)dw) ,
o M(1—35sin2w)?
where 6 € R, and the intersection of the limit cycle with the OX axis is

r.= (GXPO%)) /27r (M)d@% ~ 1.1189.
0

-1+ exp(127 (2 — sin 2w)3
Moreover,
dr(2m,ro) B
dre |T0:T* = exp(127) > 1.

This limit cycle is a stable hyperbolic limit cycle.
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