BULETINUL ACADEMIEI DE STIINTE

A REPUBLICII MOLDOVA. MATEMATICA
Number 3(91), 2019, Pages 65-74

ISSN 1024-7696

Polynomial differential systems with explicit expression
for limit cycles
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Abstract. In this paper we give an explicit expression of invariant algebraic curves
of multi-parameter planar polynomial differential systems of degree nine, then we
prove that these systems are integrable and we introduce an explicit expression of
a first integral. Moreover, we determine sufficient conditions for these systems to
possess two limit cycles: one of them is algebraic and the other one is shown to be
non-algebraic, explicitly given. Concrete examples exhibiting the applicability of our
result are introduced.
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1 Introduction

An important problem of the qualitative theory of differential equations [6, 12]
is to determine the limit cycles of a system of the form

dx
!
= — = P
':U dt (:I:7y)7
; (1)
Yy
,_ _—
V= Q(z,y),

where P(z,y) and Q(z,y) are real polynomials in the variables x and y. Here,
the degree of system (1) is denoted by n = max {deg P,deg @}. In the literature
equivalent mathematical objects to refer to these planar differential systems appear
as a vector field

0 0

A limit cycle of system (1) is an isolated periodic solution in the set of all its
periodic solutions of system (1), and it is said to be algebraic if it is contained in the
zero level set of a polynomial function [1, 10]. In 1900 Hilbert [9] 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?, even more difficult problem
is to give an explicit expression of them [2,4]. This was one of the main problems in
the qualitative theory of planar differential equations in the 20th century. In [3, 8]

© Mouna Yahiaoui, Rachid Boukoucha, 2019

65



66 MOUNA YAHIAOUI, RACHID BOUKOUCHA

examples of explicit limit cycles which are not algebraic are given. To distinguish
when a limit cycle is algebraic or not, usually, it is not easy. Thus, the well known
limit cycle of the van der Pol differential system exhibited in 1926, was not proved
until 1995 by Odani [11] that it was not algebraic. The van der Pol system can
be written as a polynomial system (1) of degree 3, but its limit cycle is not known
explicitly.

2 Some useful notions

Let us recall some useful notions.

System (1) is integrable on an open set Q of R? if there exists a non-constant C'!
function H : 2 — R, called a first integral of the system on 2, which is constant on
the trajectories of the system (1) contained in €, i.e. if

dH (z,y) O0H (z,y)

Q (z,y) =0 in the points of 2.

Moreover, H = h is the general solution of this equation, where h is an arbitrary
constant.

Since for such vector fields the notion of integrability is based on the existence of
a first integral [5, 7], the following question arises: Given the polynomial differential
system (1), how to recognize if this polynomial differential system has a first Integral?
and how to compute it when it exists?

A curve U (z,y) = 0, where U (z,y) is a polynomial with real coefficients, is
an invariant algebraic curve of system (1) if and only if there exists a polynomial
K = K (z,y) of degree at most n — 1 satisfying

U (x,y)
ox

U (z,y)

P (x,y) + a9y

Q(z,y) = K (2,y) U (z,y) . (2)

The polynomial K (z,y) is called the cofactor of U (z,y) = 0, if the cofactor
is identically zero, then U (z,y) is a polynomial first integral for system (1). The
corresponding cofactor of U (z,y) is always polynomial whether U (x,y) is algebraic
or non-algebraic. If U is real, the curve U (z,y) = 0 is an invariant under the flow
of differential system (1) and the set {(x, y) €R? U (x,y) = 0} is formed by orbits
of system (1). There are strong relationships between the integrability of system (1)
and its number of invariant algebraic solutions.

In this paper we give an explicit expression of invariant algebraic curves, then
we prove that these systems are integrable and we introduce an explicit expression
of a first integral of multi-parameter planar polynomial differential system of degree
nine of the form
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d
2 = d_f =z + Ps(x,y) + zRs(z,9),
(3)
y_dy _ R
Yy = i _y—|—Q5(3§‘,y)+y S(xay)v

where
Ps(z,y) = — (a4 2) 2%+ (4 + 4b) xy—(2a + 4) 23y* +(8 + 4b) 2%y —(a + 2) zy* +49°,
Qs(z,y) = —42°—(a + 2) ety +(4b — 8) 23y* — (2a + 4) 2%y +(4b — 4) 2y* —(a + 2) ¢/°
and Rg(z,y) = (a+1)x® —4bz"y + (da + 4) 2%)2 — 12025 + (6a + 6) zy*
—12b2y° + (4a + 4) 22y5 — dbzy” + (a + 1) 15,

in which a, b are real constants.

Moreover, we determine sufficient conditions for a polynomial differential system
to possess two limit cycles: one of them is algebraic and the other one is shown to
be non-algebraic, explicitly given. Concrete examples exhibiting the applicability of
our result are introduced.

3 Main result

Our main result is contained in the following theorem.

Theorem 1. Consider a multi-parameter planar polynomial differential system (3),
then the following statements hold.
1) The origin of coordinates O (0,0) is the unique critical point at finite distance.
2) The curve U (x,y) = o* + y* + 222y — 1, is an invariant algebraic curve of
system (3)with cofactor

K (z,y) = (—4) (a:2 + y2)2 ((—a —1) (m2 + y2)2 + 4bxy (a:2 + y2) + 1) )

3) The system (3) has the first integral

H(z,y) =
(2% +9?) < (2% +¢? > exp (aarctan £ + bcos (2arctan £)) f(arctan ¥)
B ( — 1) exp (a arctan + bcos (2 arctan 2 )) 7

where f(arctan £) = foamtan * exp(—as — bcos 25)ds.
4) The system (3) has an explicit limit cycle, given in Cartesian coordinates by
(T1): 2t +yt +22%y% —1=0.
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5)If a>0 and b e R —{0}, then system (3) has non-algebraic limit cycle (I's),
explicitly given in polar coordinates (r,0) by the equation

exp (af + bcos 20) (%f(Qﬂ') + f(9)> !
r(0r) = —

2ma ’
—1+ exp (abh + bcos 20) <1iie2mf(27r) + f(9)>

where f(0) = foe exp(—as — bcos2s)ds .
Moreover, the non-algebraic limit cycle (I's) lies inside the algebraic limit cycle
(I'1)-

Proof. Proof of statement (1).
By definition, A (xg,y0) € R? is a critical point of system (3) if

xo + Ps (z0,y0) + zoRs (z0,y0) = 0,

Yo + Q5 (o, y0) + yoRs (0, y0) = 0,

we have yoPs (70,%0) — 70Q5 (20,%0) = 4a§ + 4y§ + 1223y¢ + 122392 = 0, then
xg = 0,70 = 0 is the unique of this equation. Thus the origin is the unique critical
point at finite distance.

This completes the proof of statement (1) of Theorem 1.

Proof of statement (2).

A computation shows that U (z,y) = 2% + y* + 222y — 1 satisfies the linear
partial differential equation (2), the associated cofactor being

K(z,y) = (—4) (ZE2 + y2)2 <(—a -1) (3:2 + y2)2 + 4bxy (ZE2 + y2) + 1) ,

then the curve U (z,y) = 0 is an invariant algebraic curve of system (3) with cofactor
K(z,y).

This completes the proof of statement (2) of Theorem 1.

Proof of statements (3), (4) and (5) of Theorem 1.

In order to prove our results (3), (4) and (5) we write the polynomial differential
system (3) in polar coordinates (r,0), defined by x = rcos@ and y = rsinf, then
the system becomes

r = % =7+ (-2 —a+2bsin20)r° + (1 +a — 2bsin 20) r°,
0 (4)
9, = E = —47"4.

Since 6’ is negative for all ¢ € R, the orbits (r(¢),0(t)) of system (4) have the
opposite orientation with respect to those (x(t),y(t)) of system (3).
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Taking 6 as an independent variable, we obtain the equation

dr -1 1 1 1 . -1 a 1 . 5
@:@4-<1a+§—§bsm29>r+<T—Z—|—§bsm20>r- (5)

Via the change of variables p = %, this equation (5) is transformed into the
Riccati equation

d
d—g = (—a— 1+ 2bsin20)p* + (a+ 2 — 2bsin20)p — 1. (6)
This equation is integrable, since it possesses the particular solution p = 1.
By introducing the standard change of variables y = p—1 we obtain the Bernoulli
equation
dy

25 = (Fa+2bsin20)y + (—1 — a+ 2bsin 20)y>. (7)
By introducing the standard change of variables z = % we obtain the linear
equation
d
d—z:(a—2bsin29)z+(1+a—2bsin29). (8)

The general solution of linear equation (8) is

z(0) = 1,
o) A+ foe (14 a—2bsin2w) exp ([, (—a + 2bsin2s) ds) dw
z = )
exp <f06 (—a + 2bsin 2s) ds)
where \ € R.

Then the general solution of equation (7) is
y@®) = 1,
exp (foe (—a + 2bsin 2s) ds>
A+ foe (14 a—2bsin2w)exp ([, (—a + 2bsin 2s) ds) dw’

y(0) =

where A € R.
Then the general solution of equation (6) is

p(0) = 1,
exp (af + bcos260) (h+ f(0))
—1+ exp (ab + beos 20) (h + f(6))’

where h = (1 + \)exp (—b) € R.
Consequently, the general solution of (5) is

r(0,h) = 1,
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_ exp (af + beos20) (h + f(8))  \13
0= <—1+eXp(a9+b00829)(h—|—f(9))> ’

where h € R.
From this solution we obtain a first integral in the variables (x,y) of the form

H(Z’,y) =

(2% + y2)2 + (1 — (2z* + y2)2> exp (aarctan ¥ + bcos (2arctan £)) f(arctan £)

((:L"2 +y2)? - 1) exp (aarctan £ + bcos (2arctan £))

Hence, statement (3) of Theorem 1 is proved.
The curves H = h with h € R, which are formed by trajectories of the differential
system (3), in Cartesian coordinates are written as

(m2 + y2)2 = 1,

(22 + 2)2 - exp (aarctan £ + beos (2arctan £)) (h + f(arctan £))

vy ~ \ —1+exp(aarctan ¥ + beos (2arctan £)) (h + f(arctan £))
where h € R.

Notice that system (3) has a periodic orbit if and only if equation (5) has a
strictly positive 2m-periodic solution. This, moreover, is equivalent to the existence
of a solution of (5) that fulfills r (0,7,) = r (27, r,) and r(0,7,) > 0 for any € in
[0, 27].

The solution r (6, rg) of the differential equation (5) such that r (0,rg) = rg is
1
4

4
"o

CEDETOA “”)
4
+ f(9)>

exp (af + bcos 20) <

r(6,rg) =

"o

(r3 — 1) exp (b)

—1+ exp (abh + bcos 20) (

where rg = 7 (0).

We have the particular solution p () = 1 of the differential equation (5), from
this solution we obtain 74 (0,1) = 1 > 0, for all € [0, ] is a particular solution of
the differential equation (5).

This is an algebraic limit cycle for the differential systems (3), corresponding of
course to an invariant algebraic curve U (z,y) = 0.

More precisely, in Cartesian coordinates 2 = 2% + y? and 6 = arctan (%), the
curve (I'1) defined by this limit cycle is (I'y): * 4+ y* + 22%y% — 1 = 0.

Hence, statement (4) of Theorem 1 is proved.

A periodic solution of system (3) must satisfy the condition r (27, rq) = r (0, r9),
which leads to a unique value rg = r, given by

4 ebf(27'r)
TN T e ebf2n)
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r4 18 the intersection of the periodic orbit with the O X, axis.
After the substitution of this value r, into r (6, r¢) we obtain

NI

2ma
exp (af + bcos 20) (%esz(%r) + f(9)>

r (9’ 7"*) = e2ma
—1+ exp (abh + bcos 20) <1_7€2mf(27r) + f(9)>

In what follows it is proved that 7 (6, r,) > 0. Indeed

r(6,ry) =

1
exp (ab + b cos 20) <1_7€2mf (2m) — f;w exp (—aw — bcos 2w) dw)

1
—1+exp (af + bcos 26) <1_7€2mf (2m) — f;ﬂ exp (—aw — bcos 2w) dw>

According to @ > 0 and b € R — {0}, hence T < 0, f(2r) > 0 and

_ e27m
fe exp (—aw — beos 2w) dw > 0 for all [0, 7], then we have r(6,r.) > 0 for all
0 € [0, .

This is a limit cycle for the differential system (3). This limit cycle is not
algebraic, due to the expression

exp (a arctan Z + bcos (2 arctan — >>

More precisely, in Cartesian coordinates r? = z? + ¢? and = arctan( ) the
curve (I'y) defined by this limit cycle is (I'g): F (z, ) = 0 where

F(z,y) = (2% + y2)2 —
4

T Dexp(p) |/ retan )>

4

e 1)*exp_(b) + f(arctan %))

If the limit cycle is algebraic this curve must be given by a polynomial, but a
polynomial F' (x,y) in the variables z and y satisfies that there is a positive integer
O F (z,y)

(0x)"

F (z,y) = 0 is non-algebraic and the limit cycle will also be non-algebraic.

According to a > 0 and b € R — {0}, hence < 0, f(2r) > 0 and

exp (a arctan £ 4- b cos (2 arctan %)) <

—1+exp (a arctan £ + b cos (2 arctan %)) (

n such that = 0, and this is not the case, therefore the curve (I'y):

1 — e2ma
f927r exp (—aw — bcos 2w) dw > 0 for all [0, 7], we get

1 2m
exp (af + bcos 20) <mf (2m) — / exp (—aw — bcos 2w) dw> <0,
- 0
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for all [0, 7], then we have r (8,r,) < 1 for all 8 € [0, 7].

We conclude that system (3) has two limit cycles, the non-algebraic (I'y) lies
inside the algebraic one (I'y).

This completes the proof of statement (5) of Theorem 1. O

4 Example

The following examples are given to illustrate our result.
Example 1 If we take a = 3 and b = 1, then system (3) reads

' = x — 5a® + 8xty — 1023y? + 12223 — 5oyt + 4y° + 42° — 428y+
1627y? — 122593 4 2425y* — 1224 + 1623y — 422y + 4298,

(9)
y' =y — 42® — baty — 423y? — 102%y3 — 5yd + 428y — 42Ty? + 16253 —
1225y* + 242ty — 122390 + 1622y" — 4a9® + 49°.

The system (9) has the first integral

H($>y) =

(2% + y2)2 + (1 — (22 + y2)2> exp (3arctan £ + cos (2arctan £)) f(arctan £)

)

((xz y2)? - 1) exp (3arctan £ + cos (2arctan £))

arctan ¥
where f(arctan 4) = [J * exp(—3s — cos 2s)ds.
The system (9) has an algebraic limit cycle (I'y) whose expression is (I'y): % +
yt 4+ 2222 —1=0.
This system (9) has a non-algebraic limit cycle (I'y) whose expression in polar
coordinates (r,0) is

exp (360 + cos 20) <16677T67Tf(27r) + f(9)>
r(0,ry) = _° ,

61
—1 + exp (36 + cos 20) (1 — 667Tf(27r) + f(9)>

where 6§ € R, with f (0) = foe exp(—3s — cos 2s)ds, and the intersection of the limit
cycle with the OX axis is the point having r,

e fozﬂ exp(—3s — cos 2s)ds
l—ebm+e f027r exp(—3s — cos 2s)ds

4
Ty =

=0.76460

We conclude that system (9) has two limit cycles. Since r, = 0.76460 < 1, the
non-algebraic one lies inside the algebraic one.
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Example 2 If we take a =5 and b = —2, then system (3) reads

v =1z — T2’ — daty — 14x3y? — Teyt + 4y° + 629 + 828y + 2427y? + 24253+
3625yt + 24xtyd + 242395 + 82%y" + 618,

y =1y —42® — Tty — 1623y? — 142%y> — 122y* — Ty° + 628y + 827y%+
242093 + 242°y* + 3624 y5 4 242390 4 2422y + S8xy® + 6y°,

(10)
The system (10) has the first integral

H(Z’,y) =

(2% +y?) 24 <1 22 + 92 > exp (Sarctan £ — 2cos (2arctan £)) f(arctan £)

)

((xz +y2)? 1) exp (5arctan ¥ — 2 cos (2arctan £))

where f(arctan ) = foamtan * exp(—5s + 2 cos 2s)ds.

The system (10) has an algebraic limit cycle (I';) whose expression is (I'y): z* +
y* +22%y? — 1 =0.

This system (10) has a non-algebraic limit cycle (I'y) whose expression in polar
coordinates (r,0) is

olom I
exp (50 — 2 cos 20) <mf(27r) + f(9)>

r(0,r.) = i ,
—1+ exp (50 — 2 cos 20) <mf(27r) + f(9)>

where 6 € R, with f (0 fo exp(—bs+ 2 cos 2s)ds, and the intersection of the limit
cycle with the OX axis is the point having r,

—2 2w
e exp(—5s + 2 cos 2s)ds
o= 4 Jo p(% ) — 0.58460
1 — 107 + e—2 fO exp(—s + 2 cos QS)dS

We conclude that system (10) has two limit cycles. Since r, = 0.58460 < 1, the
non-algebraic limit cycle lies inside the algebraic limit cycle.
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