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AN ABEL TYPE CUBIC SYSTEM

GARY R. NICKLASON

ABSTRACT. We consider center conditions for plane polynomial systems of
Abel type consisting of a linear center perturbed by the sum of 2 homogeneous
polynomials of degrees n and 2n — 1 where n > 2. Using properties of Abel
equations we obtain two general systems valid for arbitrary values on n. For
the cubic n = 2 systems we find several sets of new center conditions, some
of which show that the results in a paper by Hill, Lloyd and Pearson which
were conjectured to be complete are in fact not complete. We also present a
particular system which appears to be a counterexample to a conjecture by
Zotadek et al. regarding rational reversibility in cubic polynomial systems.

1. INTRODUCTION

In this work we consider center conditions for the origin for differential polyno-
mial systems in the plane having the form of a linear center perturbed by homo-
geneous polynomials of degrees n and 2n — 1 where n > 2. We refer to these as
generalized cubic systems since they contain the cubic system (n = 2) as a particu-
lar case. Specifically, we assume nonlinearities such that the resulting phase plane
equation is one of Abel type. The most general form of this type of system is

dx dy
o = Y@y —m(ey), o =ctalzy) +ely) (1.1)
where
p1(z,y) = apz™ + a2y,

2n—1 2n—2

p2(x,y) = cox +cix Y,

q1(2,y) = box™ + bz 'y + boa" 2y 4 bya" 3y,
@(z,y) = doz® ! + d122 2y + dox®3y2 + d3z?4yP

where b3 = 0 for the cubic system. To avoid the large number of possible subcases
which can arise in , we assume throughout that ap = ¢ = 0 (except for section
6) and that all other parameters are nonzero. Systems of a more general type
consisting of a linear center perturbed by polynomials of degrees n and 2n — 1 have
been studied previously. For specific examples of this see the papers by Giné and
Llibre [7], 8, [@].

(1.2)
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The ordinary differential equation

dv y+pi(z,y) +pAz,y) '
corresponding to this system is an Abel equation of the second kind and the prop-
erties of these equations can be used to investigate both the integrability of the
equation and the center properties of the associated system. Most of the results
which we give in this paper are for the cubic system, but we will also give a general
set of center conditions valid for arbitrary values of n. For the purposes of this

work an integrating factor u(x,y) of (1.3)) is a function such that

a% (1, ) (@ + quz,y) + @2(2,y))) — 8%(#(9:, v)(y + p1(z,y) + pa(2,9))) = 0.

We shall frequently make use of the fact given by Reeb [20] that if p(x, y) is nonzero
on a neighborhood of the critical point (0,0) then the corresponding system is a
center of , . Every integrating factor that we determine in this paper will
be of this type, although we might not specifically mention it.

Particular cases of the cubic systems of the type defined by , have been
studied extensively in the past. One of the earliest of these was by Kukles [I5] who
considered the case ag = a1 = ¢y = ¢; = 0. He proposed a set of conditions which
he thought to be both necessary and sufficient for centers of these systems. These
conditions were shown to be not complete by Jin and Wang [I3] who obtained a
system not contained in the Kukles’ condition. The complete set of conditions was
given in papers by Lloyd et al. [16] [19].

The case ag = ¢y = ¢; = 0 was considered by Hill, Lloyd and Pearson in [12].
They obtained three separate conditions for nonzero parameters and conjectured
that this gave a complete classification of the centers for such systems. One of the
main purposes of this paper is to show that these conditions are not complete. Us-
ing properties of Abel equations, we are able to demonstrate another large class of
centers not contained in those given in [I2]. This approach also allows us to make
further statements regarding the invariant curves and integrating factors for the
systems considered therein. The results for the cases considered previously were
obtained by calculating the Lyapunov coeflicients of the system and then using re-
sultants to obtain common factors. This type of development often leads to massive
expressions which frequently become intractable. Fortunately, for these Abel type
systems there is another approach which will reproduce the same results much more
quickly and also allows for extension to the case ¢; # 0. Analyzing the problem
in terms of Lyapunov coefficients allows for a discussion of both the necessity and
sufficiency of the conditions so obtained, as well as a possible determination of the
number of limit cycles which can bifurcate from the critical point. However since
the results in this paper determine only the integrability of the systems, we consider
just the sufficiency of the conditions.

In the next two sections we develop some of the fundamental ideas concern-
ing Abel differential equations and use them to generate the systems of equations
that define the solutions that we seek. In section 4 we employ the methodology
previously introduced to consider certain aspects of the results given in [I2]. The
case c¢; # 0 is considered in the next section and we present several new sets of
center conditions for these cubic systems. In the final section we look at certain
results by Cherkas and Romanovski [3] which cover some of the cases defined by
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agco # 0 which are not dealt with in this paper. We present a particular system
which seems to be a counterexample to a conjecture made by Zotadek and others
regarding rational (algebraic) reversibility in cubic polynomial systems.

2. ELEMENTS OF THE ABEL DIFFERENTIAL EQUATION

The emphasis of this paper is to use properties of the Abel differential equation
to characterize center conditions for the system , . The primary reason for
doing this is because all of the results having nonzero parameters in [16, [I9] can be
expressed in terms of easily identifiable forms of Abel equations. These are either of
Bernoulli or constant invariant type, terms which we will define more fully below.
In order to do so, we briefly review certain standard aspects of Abel equations as
well as some less known ones.

An Abel equation of the first kind is given by

dy
o = 3@ + L@)y’ + fi@)y + fol2) (2.1)
and an Abel equation of the second kind by
dy _ fal@)y + @)y + A@)y+ fola)
dx g1(x)y + go(z)
where the coefficient functions are assumed to be suitably differentiable functions

of z. The form (2.2) can always be transformed to an Abel equation of the first
kind by the variable change

(2.2)

_ 1 go(x)
M= @@ )
If we transform (2.1) by y(z) = u(z) — fo(x)/(3f3(x)) we obtain the equation
CLU — fo(a)u® 3f1( )J;?,JE;(L)— f3 (x)u—i— ;;32((?) (2.3)
where
55(2) = fo(0) (@) + o () + 5 (o) F4(2) — @) o) — () o) o).
(2.4)

Transformations of this type have been given in Kamke [I4]. From sz(z) it is
possible to define recursively an infinite sequence of relative invariants [2] of weight
2k +1 by

1
ki () = (@)l () + (26 = 1) (33 (2) = @) — (@) (o) ) saea(a) (25)
for k£ > 2 and from these, a sequence of absolute invariants can be formed. If the first
invariant I (x) = s3(x )/53( ) is constant, the Abel equation can be transformed to
a separable equation. We shall refer to centers defined by this condition as constant
invariant centers. In [7] the authors use the result

£al@) (B 4 @) fale) = Chala?

to investigate integrability conditions for centers and foci in certain generalized
cubic systems with n = 2, 3. In this C is a constant and if this relation is satisfied
it is sufficient to guarantee that the form of with fo(x) = 0 has constant
invariant. This is an easily derivable extension of the more usual form of the
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condition (see Murphy [17]) (f3(z)/f2(z))" = Cfa(x) for which f(z) = 0 as well.
These conditions can be difficult to use with the full form (if we wish to find
conditions for which the equation has constant invariant) because it is necessary to
know a particular solution in order to eliminate the fy(x) term. We can see from
equation below that we can make fo(x) = 0 for cubic systems (n = 2, b = 0)
simply by taking d3 = 0. However, we do not do this and all of our constant
invariant results in this paper are based on the condition dsz # 0.

If s3(x) = 0 then is a Bernoulli equation and the corresponding systems will
also be centers. This is the case for the two systems given in [I6]. The invariants
of an Abel equation of the second kind are defined to be those of the corresponding
Abel equation of the first kind.

When the Abel equation defined by , is transformed to an Abel equa-
tion of the first kind, the resulting equation has coefficient functions defined by

ngn_g + deQn—4 f ( ) b2xn—2 + d2$2n_3
= s xTr) = 5
14+ aizn=1 4 cra2n—2 ! 14+ arzn=1 4 cra2n—2
bl.’L‘n_l +d1.’132"_2 T+ bQSC” + d0$2n—1

f2(x) = f3(x) =

14+ aizn= 1! + ¢ a2n—2’ 14+ aizn=1 4+ cra2n—2"

fo(x)
(2.6)

From these we can see that the relative and absolute invariants are rational func-
tions. Then from the definition of I;(x) we have s3(x) = I1(x)(s3(x)/s5(x))3 so
that if I; # 0 is constant, s3(z) must be the cube of a rational function up to some
multiplicative constant. If I; = 0 this is not necessarily the case and we will see
that these two separate conditions generally define two distinct classes of centers.
We conclude the section with the following very useful result. We are certain
that this must be known, but this writer has never seen it in print elsewhere.
Lemma 2.1. A necessary and sufficient condition that the Abel differential equation
(2.1) is of type constant invariant is that it has a particular solution of the form
RS asp _ 1 )
() = () = s (Klss@) ™ = 3 ae) (2.7)

for some constant K.

We briefly sketch a proof of this. Using a variable transformation of the form

1 1
v(@) = 7 ()@ = R@(@), (2.8)
we can transform into
Z—Z = f3(2)u® + fi(x)u+1 (2.9)
where
) 3 (2.10)
; (6/3(2) — f3(2) +3f1(2) f3(2))s3(x) — 3fs(w)s5(x)

fi(x) =

3f3(x)s3(x)

The transformation (2.8) is of type which will retain the same equivalence class (see
[2]) as that of (2.1) so the value of the invariant I;(z) is unchanged. For (2.9) we
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). We find that
3
 (fi(@) +3f1($) 3(2))
fa(x)*
and assuming I; is constant, we can solve for fi(x) and write in terms of f3(x)
as

obtain a much simpler functional form for I (x

Il((E) =

(2.11)

du - 1 < fl(x
W Byt + 4 (1) @) - @)u 1.
3 f3()
We can now show that a particular solution of this equation is g(z) = K/(fs(z))1/?
provided K is a solution of the equation

3K3 + (—11)<1/3>K +3=0. (2.12)

Converting back to the original form (2.1]) gives .

The proof of sufficiency is quite stralghtforward Assuming a solution of the
form and substituting into (2.1]), we can show that the Abel equation can be
reduced to
s5(x

K3
B @B

K+3=0.

Since K is a constant, so is I;.

Since the constant invariant form of the Abel equation is always solvable, it is
not a complete surprise that a solution like should exist. Depending upon the
roots of it can define up to three invariant curves of the system and these
can be used to construct Darbouz type integrating factors. For our purposes we
assume that a Darbouxian function is a function of the form

N
7y) = ka(x7y)ak
k=1

for constants «j and where each fi(z,y) is a polynomial which is a particular
solution of (|1.3)). Each solution satisfies
Ofk

(@+aq(z,y) + qz(x,y))ﬁfy = (y+pi(z,y) +p2(2,y))
where A;(x,y) is called the cofactor of fi(z,y) and is a polynomial of degree at
most 2n — 2 for generalized cubic systems. If an equation has a first integral of
Darboux type or a Liouvillian first integral then it has an integrating factor of
Darboux type (see [4]) with the possible inclusion of an exponential factor. For the
case where [I; is constant we can use (2.7)) to generate the forms for the invariant
curves.

% = Xz, 9) fu(z,y).

3. DEVELOPMENT OF GOVERNING EQUATIONS

Here we develop the ideas of the previous section into a set of conditions which
will lead to the integrable Bernoulli and constant invariant forms of the Abel equa-
tion. This will generally produce a system of equations which is simpler, although
not necessarily fewer in number, than the usual approach of determining center
conditions in terms of Lyapunov coefficients. We do not give the specific forms for
these systems because they are very straightforward to obtain. They are deter-
mined by calculating the numerators of the appropriate expressions and forming
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the systems by setting the coefficients of each power of x equal to zero simultane-
ously. In no case that we give did the solutions of the system result in the vanishing
of the denominator. There are usually a number of ways to proceed in order to
accomplish this, but the systems so obtained are often not equivalent with regards
to solvability. As an example of the general procedure, the Bernoulli conditions for
the generalized cubic system defined by (1.2)), (with ag = ¢y = 0) are obtained
by calculating s3(z) from using the coefficient functions (2.6). This results
in a system of 6 equations which is simple enough that it may be solvable without
the use of a computer algebra system. We give these solutions at the end of the
section. All symbolic computations in this paper were carried out using Maple 13
or later versions of the software.

It was noted in [12] (¢; = 0) that 1+ a2z = 0 is an invariant line for the solutions
obtained therein. In the following we will find that a similar consideration holds
for the more general cases ¢; # 0 that we wish to consider. For this reason it is
helpful to define a new parameter by

¢ = i (a% — 012) , (3.1)
which allows for factorization of the denominator 1 + a1z + c12? in simple linear
terms. We express the following systems in terms of C7, which has the slight
disadvantage that solving these systems often produces two solutions having similar
form, only one of which is needed to define the coefficient conditions. However, it
is useful because we can directly recover the solutions in [12] by setting Cy = +ay
in our results.

For the constant invariant form we consider only the cubic n = 2 case and for
this we must distinguish between the two cases I; # 0 and I; = 0. We begin
by assuming that I; # 0. We need to obtain the functional forms for s3(x) and
s5(x) and a little consideration will show us that they must have similar functional
components in order to obtain the cancellation necessary to produce a constant
value for I;. Using , with n = 2 and b3 = 0 gives

sg(x) = k;igm) 3 (3.2)
((a1 =+ Cl)l‘ + 2) ((a1 — Cl){L‘ + 2)

where k is a polynomial in = having maximum degree 6 and minimum degree 2. (So
s3(x) = 0 would produce 5 equations in this case.) We were able to use this form to
produce a one parameter family of solutions for the case ¢; # 0 by taking specific
values for several parameters in conjunction with some of the following ideas. What
we found for these solutions was that s3(x) actually has a much simpler form in
the case when I; is constant. With this in mind we define

'Q/J(x) - (a1 + Cl)iﬂ + 2

(3.3)

and then take

s3(z) = K1*(z),  ss(x) = Ka9°(2) (34)
where K7, Ko are nonzero constants. These forms now give the desired constant
invariant value I; = K3/K?}. If C; = a1 (c; = 0), (3.3) reduces to the form of s3(z)
for the constant invariant solutions in [12]. We can also express 1 (x) in terms of
the other linear factor of (i.e. C1 — —C1) but this just leads to the duality of
the solutions mentioned earlier and produces nothing new. So one set of conditions
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is defined by the equivalence of with and (3.4). This can be expressed
as
k(z) — Ki2® (a1 — C1)z +2)* =0 (3.5)

where the coefficients of k(x) are given in terms of the parameters of the system
. This yields a system with 5 equations and in this we can see that K; occurs
with degree at most one in any equation. So it is easily solved for and this under-
scores one of the advantages of this method. Using the previous results, we will
introduce a second independent parameter which also occurs at low degree. Not
only does this allow us to solve for these extra parameters in terms of the system
parameters, but it also seems to produce the system which is the simplest to solve.

In addition to (3.5) which guarantees that s3(z) has the correct form, we need
another condition to ensure that I; is constant. We have tried to use the form of
s5(x) given in in conjunction with the general form from , but the imple-
mentation of this is sufficiently complex that we were unable to obtain any general
results using it. We can obtain a solvable system by substituting for s3(x), s5(z)
from into the definition of s5(z) from (2.5). This method gives the values of
K, K5 from which we could calculate I7, but since this is not really of interest we
prefer to proceed in a somewhat different direction. We will make use of some of
the results arising in the proof of the Lemma in the previous section, and in this
regard the simplified functional form of I; (z) given by is quite useful. Also,
the final form can be easily be modified to cover the remaining case I; = 0.

From the definition of I;(z) we see that s2(z) = (s5(z)/ss(z))® /I (z). Then
from we have

: 1 ( s5(x) )3
x) = .
0= 1w \Bes®
Assuming [y is constant, (2.11) gives

s =B _gf gy o) Kadi(e)

fs(x) "~ fa(@)ss(x) Ky fs(x)
when (3.4) is used. With (2.10)), (3.4) this can be written as

@) @) f) ¥3(x)
f3(z) Y(z) f3(z) f3(z)

where K’ = K5/K;. This gives a system having 5 equations, so when combined
with it produces a system having 10 equations in total.

The final integrable form that we consider occurs when I = 0 (i.e. s3(x) # 0,
s5(xz) = 0), but in this case there is no reason to expect that s3(x) will appear as
an exact cube. Fortunately, due to some previous work which we will describe a bit
more fully in the next section, we knew that an appropriate form is s3(z) = Kyw(x)
where K is a nonzero constant and

+3fi(z) + K’

=0, (3.6)

3

x) = 5 (3.7
((a1 + C’l)x + 2) ((a1 — 01).13 + 2)
As in the previous case I; # 0 there is an alternative form of this in which the
powers on the terms in the denominator are reversed, but this again produces
nothing new. The condition corresponding to (3.5) becomes

k(z) — Ki2® (a1 — C)z +2) ((ag + C)z +2)* =0 (3.8)
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and (3.6]) is replaced by

i) W) B
Y0 w@)  fl@ T oh@ =0 (3.9)

To conclude the section we give the parameter dependencies for the Bernoulli forms
of the generalized cubic system.

Proposition 3.1. Let n > 2 be an integer, ag = co = 0 and (1.1)), (L.3]) be given
by (1.2). Then if either

b2d0 + d2 1 bldo(aldl + bldo) 2 d2 — deO
b= 292 771 o — —Z(n—2)b _ 4y 1
0 bidy, 3 3(” b1, @ &2 9(n—1)dy’
d ( 1) b1d0(2b1d0 — aldl) 1 gblbgd% + Qd? 2 b%do — d%
= (n — - =
? &2 9 dody 9(n—1)dy’
1 b1(2b1d0 — aldl) 1 bl(aldl + baody — bldo)
dy= ~(n—1 :
2= g1 dy "3 dy
(3.10)
or
2 bod? — 4bydody + bob2dy 1
Cpot 2 bs = —=(n— 2)b
ai 0 9 (n — 1)d0(b% — 4d0) ) 3 3(71 ) 1,
2 2bod? + bob?dy — 6b1dod,
by = —a1 — (n—2)bo + =
2=—a—(n=2b+3 do(b2 — 4dy) ’
o g 22008+ b — 2hobdods 2. 3.11)
9 (n — 1)d0(b0 — 4d0)
921242 + bobydody — Adod? — 2622
do = —ci — (2n — 3)dy + =201 1 1%
2= —a—(2n=3)do+ g do(b2 — 4dy) ’

1 1 (2bobid; — 4b2dg)d,
ds = ——(2n — 3)d,
3= 3@ =3t o 1o

the corresponding systems satisfy ss(x) = 0 and are centers of (1.1)).

Since these conditions are derived from the consideration of Bernoulli forms for
(1.3) it is obvious that integrating factors can be readily obtained. We can show
that an integrating factor for (3.10)) is given by

o Fl@)dz
(3bydoz™~t + bydyz" 2y + 3d1)3D(x)
where _7:(96) = N (z)/D(x) with
2" 2[(9(n — 1)*b1d3(ardy + bido) + 2(n — 1)dy (2d3 + 9bybadg — 3b3dods)
4d3 (bido — d7))z" ' +27(n — 1)*b1dids + 18(n — 1)badod}]

plz,y) = (3.12)

and
D(z) = [9(n — 1)byd2(ar1dy — bido) + 2d2 (d? — b3dy)|z*" 2
+9(n — Daydodiz™ ' +9(n — 1)dod;.

We observe that (3.12) is analytic and nonzero on a neighborhood of the critical
point (0,0) with the same being true for the integrating factor for (3.11)).
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4. THE ARTICLE BY HILL, LLOYD AND PEARSON

In [5] Christopher and Lloyd consider a particular case of centers for the case
a; = ¢ = 0 and Lloyd and Pearson look at the general case in [16]. They find
two general sets of centers which correspond to the Bernoulli centers for cubic
systems from Proposition [3.1] Unfortunately, the parameter assignments for the
second case in [I6] are not correctly given, but correct relations for this are found
in [I9]. Hill, Lloyd and Pearson [I2] consider the case ¢; = 0 and obtain three
independent sets of coefficients for centers. Upon analysis, we once again find that
two of these are Bernoulli centers and the third is constant invariant. Since the
immediate integrability of the systems so obtained is not recognized, they undertake
an exhaustive analysis to determine invariant curves and integrating factors. They
also conjecture that the set of conditions which they obtain are complete. All of
the results in these papers were obtained by calculating and reducing the Lyapunov
coefficients of the system. In the following we will discuss various aspects of the
invariant curves and integrating factors with regard to the methodology introduced
in this paper and further, use it to show that the conditions in [I2] are not complete.
There it was conjectured [12, Conjecture 4.2] that the results given in that paper
for systems satisfying a1b1ds # 0 are complete.

We begin by considering the question of completeness just mentioned. Some time
ago this writer undertook an analysis of the cubic system (ajc; # 0) considered
in this paper. This was done by the attempted reduction of Lyapunov coefficients
along the lines used by other authors. However, the general problem of insufficient
memory quickly appeared and we were forced to make some assumptions in order
to continue. It was decided to impose the condition by + bs = 0 and this drastically
reduced the size of the expressions obtained. Even so, it was necessary at one
point to obtain the factorization of a resultant containing more than 144,000 terms.
Fortunately, this was (indirectly) possible and through it we were able to identify
a class of centers which had not been previously reported. It turned out that they
were of the type I; = 0 arising from , and for future reference we denote
this system by S. These solutions were also very helpful in enabling us to set the
form of s3(x) given by . So, when we became aware of the paper [12] we used
these ideas to check for the possible existence of such solutions in that system. We
quickly found another set of conditions which is given in the following.
Proposition 4.1. Letn =2, ag =cy = c¢1 = b3 =0 and , be given by
(T:2). Set a® = by/(bo + 2bs). Then the system defined by

2
a); = 3(bo + bg), by = 20[(2()0 + 3b2), do = %%,

di = boOé(Qbo + 3b2), do = b0(2b0 + 3b2), ds = (bo + 2b2)(2b0 + 3b2)

wle

satisfies the condition I; = 0 and is a center of (L.1).

Since s3(x) for this system is nonzero, the system is not Bernoulli. It could
be a member of the constant invariant family given in the paper with an added
condition to make I; = 0, but it is easily shown by a number of different methods
(such as the form of s3(z)) that this is not the case. This would have required six
parameter assignments such as the results in Proposition but the authors only
consider the possibility of up to five such assignments. They also state that there
were several cases that could not be fully reduced.
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An integrating factor u(z,y) for the system satisfying u(0,0) # 0 can be con-
structed with the help of . The phase plane equation is an Abel equa-
tion of the second kind which can be recovered from its first kind form by letting
y — 1/y. Then since K = —1 is the only real root of in the case I = 0, an
appropriate form for the particular solution is

(24 @)+ safa) =0 (1)

where s3(z) has the form in which one of the conditions C; = =a; has
been imposed. The integrating factor is of Darboux type and so its construction
will involve determining the invariant curves of the system. From we can
identify two such curves. One is a polynomial P(z,y) of degree 4 and the other
is an invariant line. The integrating factor is then given as u(x,y) = (1 + 3(bo +
bo))~V/3 /P (a, ).

We now briefly consider some other aspects of the results in [12, Theorem 3.1],
particularly with regards to integrating factors and invariant curves. Specifically,
parts (i) and (iii) are Bernoulli and part (ii) is constant invariant. In their discussion
the authors state that the integrating factor for case (iii) is the most complicated
that they had encountered and also that each system required an exponential term.
As the Bernoulli forms of these systems are directly obtainable by setting n = 2
and letting ¢; = 0 in our results ,, we can see that an integrating factor
for these will include an exponential function. The one for case (i) can be found
as a particular case of and the other can be obtained as a particular case of
in the next section. With these forms known, we now consider the remaining
case.

Case (ii) produces a constant invariant equation having rational coefficients and
in our study of such equations (I; # 0) for polynomial systems we have always found
that an integrating factor could be obtained in the form of a rational function. This
is again of Darboux type so we must determine invariant curves for the system. In
this regard it is straightforward to verify that the expression given in [12] for this
case is not such a curve. It is possible to find the general forms for these and from
them to construct an integrating factor. This requires an explicit description of the
system and in terms of the notation in this paper this can be given by

a; = by + ba,
do — (bo + bg)(bl(bo + bg)Oé + (bo - bg)b% + 4b0b2(b0 + 3b2))
0~ 2(b? 4 4b3) ’
di — (b0+b2)(3b2(b0 +b2)0¢+b1(b%+b§ —3bg —6b0b2))
e b2 + 4b3 ’ (4.2)
p (bo + b2 ) (3by (bo + ba)ax + 1262by — bob? + 20bgb% — 3b2b,)
2 = - ’

2(b? + 4b2)
(b() + b2)2(b1 (bo + bg) - bQOé)
b? + 4b3

ds =

where a? = b? — 4b2 — 8bgba. We can now use this representation along with (2.7)
to determine information regarding invariant curves of the system. Similar to (4.1))
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the appropriate form for the particular solution is

a1 21 K'zx
fé;) + 5 fo(@) = Ksg(2)'/? = f?’;) ML e

for a constant K’. Of course K’ is known but its form is not easy to deal with.
As a component of this solution we can readily identify the hyperbola 1 + bgz +
A(K")y + Bx? + C(K')zy = 0 where B is known and A, C depend upon K’. With
this it is not difficult to determine the invariant curve as

1
C(x,y) =1+ box + §(b1 +a)y

bo + ba)(bob? + 4b2ba + 12bgb3 — b2bs + by (b + b2)ar) o
2(b2 + 4b2) v
(bo + b2) (b3 + 2b1b2 — 2b2b; — 4bgbyby + (2bgbe + b2 + 6b3)a)
2(b7 + 4b2) W
In addition to this the system also has three invariant lines, one of which is a1z+1 =
0. The other two have the form Az + By+ C = 0 and can be obtained by assuming

that they are solutions of ([L.3)). Letting ¢x(x,y) = Agx + Bry+ Cy for k = 1,2, we
find

L

_|_

Ay = (bo + b2)((by + )3 + bo(4b3 + 8boba — b — b1a)),
By = 2bg(bo + b2)? (b1 + ),
Cr = (b1 + )8 + (b + 2bs) (B2 — dbobs + brav),
Az = Ay —2(bo + b2) (b1 + @) B,
By =By, Cy=0C;—2(bi +a)B

where

0= \/bo(lQbobg + Sbgbg — bob% — Zb%bg — 2bgbq (bo + bQ)OZ).

The lines ¢1(x,y) and lo(z,y) will be real if I; > 729/4 and complex conjugates if
I; < 729/4. In the latter case their product will have the form of an empty conic. It
can then be confirmed with the help of a computer algebra system that the rational

function

_ 1+ (bo + bg)fﬂ
MY = 5 (e p)C ) "

is an integrating factor of the system defined by (4.2).

5. THE CASE ¢; #0

Here we extend the ideas presented in sections 2 and 3 to the system in which
c1 # 0. We know that there are two sets of Bernoulli centers given as follows.

Corollary 5.1. Let n =2, ag = co =0 and (L.1)), (1.3) be given by (1.2)). Then if

either

b — b3dy + d?

0 bldl )
by (9b2d0d1 —9a1dydy + 2b1d% + 18b1d%)

dy = R¥E , d3=

_ 9a1b1d%d1 — Qb%dod? — gbfdg + Qd%

B 9dod? ’

b1 (bido + bady)
3d;

b3 = 0, C1
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or
2 bod; — 4bydody + bobido
=bo+3 bs =0
ay 0 9 do(bg _ 4d0) 9 3 )
by = —ay + ngod% + bolﬁdo — 6b1dody ,
9 do (b5 — 4do)
c1 =dy+ ng%dg + bgd% — 2bObldodl - Qdod%
1 0 9 do(b% — 4d0> )
dy = —cy — do + 2 b3di + bobidody — 4dodi — 2b7d]
"9 do (b3 — 4do) ’
ds = fld + i (2b9b1d1 — 4bidy)d:

3797 do (b2 — 4dy)
the corresponding systems satisfy ss(x) =0 and are centers of (1.1)).

An integrating factor for the first case can be obtained from (3.12)) and one for
the second case is given by

ef]:(x)dm

3d0$(}2 + dlxy + bly + 3)3D(.’17)

uley) = | (5.1)

where F(z) = N(z)/D(x) with
N (z) = 2(3b2d3 4 9b2d2 + 4b3d2 — 4dd? — 6bobidod; — 36d3)x
+ 9b3do — 36bod% — 8bydody + 4bod?
and
D(z) = (9b3d3 + 2b3d3 — 4bobydod; + 4b3d% — 4dod? — 36d3)x?
+ (9b3do + 2bob3dy + 2b9d3 — 36bodi — 8bydody ) + 9do (b3 — 4dp).

The system also has general constant invariant solutions and using the results from
section 3, we obtain the following result.

Proposition 5.2. Let n =2, ag = co = b3 =0 and (L.1), (L.3) be given by (L.2).
Then the system defined by

b0:%%7 b2:_b0_%7
by — 10 +2a,0% — 4doC? — BandoC + 32d5 + 3245 | 1 C% —8dy
8 d3C 16 dsC
1 1 5 «
d1 :—§b16—3d3, dgz 50 +a10—3d0—1

where a = 2a;C — 8dy £ 2,/C2C? —16d3, C = C1 — a1 and Cy is given by (3.1)
satisfies the condition I constant and is a center of (L.1)).

The system has a rational integrating factor having the same basic form as
except for the addition of a second invariant line which appears as a factor in
the denominator. This arises from the factorization of the denominators of the
coefficient functions fy, ..., f3. For later reference we also specifically note that no
member of this family satisfies the condition by + by = 0 since C' cannot be zero.

In addition to the general constant invariant solutions, the system also has
analogs of the I; = 0 solution given in Proposition 4.1
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Proposition 5.3. Let n =2, ag = cg = b3 = 0 and (1.1), (1.3) be given by (L.2).

If any one of the following conditions holds, then the corresponding system satisfies

I, =0 and is a center of (L.1).

(i)
1 1
Ci=a, bi=p5, b2=6a+§a1—bo,
1, 1 1
dop = EC& + 6(&1 — b())Oé — Zal(al — 2b0),
dl _ 14(11 - 5b0 a2 + 1(20,1 - bo)(2a1 - 5bo)a
i 3 2 3
_ 34a} — 15aTbg + 26a, b3 — 1603
4 3 ’
3(2a1 — 3b
dy = ydo —aja+ a% — 8ay1bg + Sb%,
0
d3 _ 7i aj; — 2[)0@2 . 1(@1 + bo)(a1 — 2bo)a
12 B 6 3
n 1 3a} — 12a1bo + 24a, b3 — 165}
12 3

where a is a root of the cubic in X,

X3+ (5a; — 8bo) X2 + 3a1 (a1 — 4bg) X — 9a? + 36a2by — 7T2a,1b3 + 48b3 = 0,

and
B* = i((&h — 2bg)a? + (6a3 — 19a1bg + Tb3)a — 9a3 + 33a3by — 63a, b3 + 42b7).
(i)
by =a, by= % —bo, do= —iC(C — 2by),
iy — _Z (a1 — bo)C'a(C’ — 2b0)7 dy = —dy, ds — %C’l(al - b(g(C — 2bg)

where a? = (3bgCy — 3a1C + 3bo(3a; — 2by))/2 and C = C1 + a;.
= by =0, b= E + Lo 2w
a/l - Oé, 1= ’ 2 — 2a 6 1 05
3(0& - bo)do 301d(2) 2016%
di = dy = —dy + ——270
! 5 T W 3des T T b —3dy)
_ 1bgCi (b — 6dp)er 1 boCT (b —2dp) 1 b5C1 (b — 5do)
6 (b§ — 3do)s 6 (b5 —3do)f 3 (b —3do)p

where « s a root of the quadratic in X,

bo (b — 3do) X? — 207 (b — 3do) X — bo(bg — 3do)CT — 2(b5 — 4do) (b5 — do)Ch

+ 4bodo (b3 — 3dy) = 0,

ds =

and
3 7 §boCl(b3 — 5dp)

8% = Zhoa

2
. 2R ad 3+ 6.
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(iv)

1 1
a=a, b =48, b2—§a+601—b0,

dop = E(Oé + Cl>(304 - (1),
i, — 101 +3b o 12C7 + 9boC} — 93Cy — 45b3
2 B 6 (C1 + 3bo) 3
1 O + 9bC3 + 24b2C% + 15b3C — 18b3
6 (C1 + 3by) 3 ’
4y — 1 (a+C1)(2CF +9byC1 — 6C1 o — 15bga + 12b7)
12 bo ’
iy — _1(Cy +3bo)(C1 — 2b0)a2 120} —bCF = 363Cs + 36b8a
6 bo3 18 b3
1 C} + 4boC3 + 3b3C% + 18b]
18 bo3

where « s a root of the cubic in X,
9(Cy + 3bg) X2 4 3(C? — 9b2) X2 — (5C3 + 21 byC? + 36b2C1 + 36b3) X
+ Cf + 6boC3 4 156207 + 24b30, + 363 = 0,

B% = —%(3(01 + 2bg)a® 4 (203 + boCy — 12b3)a — C3 — 5boC7 — 6b5Cy + 6b).
0

These are the systems which remain after removing other simpler forms which
appear as special cases of these. At this time we believe the systems to be indepen-
dent, although it is certainly possible that it may be shown that one or more of them
belong to a larger, more general system. The fact that there are multiple solutions
is somewhat surprising, although it is similar to what happens for the I; = 0 case
[18] for the homogeneous n = 4 system. It can be shown by considering resultants
or numerically that each of the 4 systems does produce real-valued parameters.
Also, each of them has a form for which by 4+ b2 = 0, although the one for (iv) is
not real-valued. This is in contrast to the result from Proposition for which the
general system did not have this property and shows that the two classes of centers
are distinct. We do not give integrating factors for these systems because they are
similar to those already described and can be obtained in the same manner.

Any of the systems for which I; = 0, s3(x) # 0 should be obtainable simply by
solving the system of equations defined by s5(x) = 0 (denote this system by 7)
with the condition that s3(z) is nonzero. In fact, if this had been possible these
results would have been obtained much sooner than they actually were since these
were some of the first solutions that we checked for following the Bernoulli cases.
However, 7 turned out to be totally intractable for the software (Maple) and it was
not until we began adding more specific forms for the various expressions that any
results were forthcoming. Obviously, the system S described in the previous section
is a solution of 7. It was obtained through the reduction of Lyapunov constants,
but even then in the factored forms of the resultants Maple was unable to solve the
much simplified system. Fortunately, we were able to find a parametric form for
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the solution and use it to confirm the I3 = 0 nature of the system. The system S
is equivalent to (iii) with the added condition by + by = 0.

We have indicated that we had previously attempted an analysis of this system
(c1 # 0) in terms of Lyapunov coefficients. At that time we were unable to calculate
a sufficient number of these coefficients to carry out an analysis without imposing
additional conditions on the system parameters. This author is of the opinion
that the results presented in this section are not obtainable at present using the
conventional development just described because of the inability of computers and
computer algebra systems to deal with the massive expressions required for this
type of analysis.

6. THE CASE apcg # 0

This case is not the general focus of this paper, but we recently learned of the
paper [3] by Cherkas and Romanovski which addressed certain aspects of these types
of systems. They considered certain cubic systems which could be transformed to a
system of Liénard type and used the known center conditions for these systems (see
[6]) to obtain center conditions for the original systems. Specifically, their results
apply to systems of the form

d d
dfatc d—i =+ byx? + bixy + b2y2 + doa® + d1x2y.

We have only analyzed a few of their results in detail, restricting for now our
attention to case () of [3, Theorem 5] where 41 separate systems are listed. Each of
these depends upon at least one arbitrary parameter which is fortunate because it is
necessary to use it in order to transform the results () to cubic systems. Otherwise,
the system of equations which defines this transformation is overdetermined and
has no solution. Even so, some cases do not have solutions and others degenerate
to quadratic systems. Of those which define cubic systems some are Bernoulli and
others are constant invariant. However, there is one system defined by result 9
which is particularly interesting. This is given by

d
—x:—y—AxQ—xy—A:U?’,

dt
dy 2 2 5 3, 1 2
- =r+ux +(2A—1)my—§y +2A(1 -54)z +§(2A—1)x y.
where A is an arbitrary parameter. We have found 6 integrable cases for this
system. Converting it to a first kind form, we see that only f5(x) is dependent

upon A with

2 3
= —y — apr” — a2y — cox”,

(6.1)

faa) = Al —4A)z* + 9A(1 — 4A)2® + 322 + 3z
s 3(z+1)
and since the terms in A are symmetric about A = 1/8, the integrable forms occur
in pairs. Calculation of s5(z) easily shows that if A = 1/12,1/6 the equation is
solvable with I; = 0. For A =1/20, 1/5 the systems have a Darboux first integral
which arises from a non-—constant invariant Abel equation. For A = 1/5 this is
given by U(z,y) = P?(z,y)/Q*(x,y) where
P(z,y) = 648> — 90022y + 4502y — 125¢°
+ 450022 — 3060y + 675y* + 76500 — 2295y + 3825, (6.2)
Q(x,y) = 84x* — 60xy + 25y + 300z — 90y + 225.
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The other forms are obtained by noting that f3(x) will reduce to just z if A = 0,1/4.
The resulting Abel equation

dy o la(e4d) o 12
de Y T3 a1 Y T 35417

(where we have retained y as the dependent variable) is transformable to a Riccati
equation which is solvable in terms of special functions. The exact form of the
transformation which achieves this is difficult to give because of its implicit nature.
However, if we set

dt 1 T , V9 z+3
—=———- t= [t()dr = ————,
dr /81 (z+1)4/3 6 (z+1)1/3

1 1
u(t) = 7 my(@

the Abel equation transforms directly to

% = u® — 2tu?

which is the representative equation for Class 2 given in [2, Appendix A] and which
is shown there to be solvable in terms of Airy functions. These are the only cubic
systems that we know of with this property, although Zoladek [22, Remark 2.4]
has discussed this phenomenon as a common occurrence with regards to complex
cubic systems. No real, homogeneous (p2 = ga = 0) system of degree 3 is solvable
in such a manner although there are homogeneous systems which are so integrable
for each n > 4. The separate cases also show that we needn’t bother trying to
find an integrating factor of Darboux type for the general system even though such
expressions exist for the I; = 0 and Darboux integrable forms.

It has been conjectured by Zol@dek [21] that all real centers for polynomial
systems are either rationally reversible or have a Liouvillian first integral. Other
similar conjectures have been made. See for example Christopher and Llibre [4].
It has been shown by Berthier, Cerveau and Lins-Neto [I] that this is not true
in general, however the conjecture still remains for cubic systems. In the major
work [21] and the follow-up paper [23] the author gives a complete list of rationally
reversible cubic systems. Minor corrections to this list are given by von Bothmer [10]
and von Bothmer and Kroker [I1]. There are 17 such systems given denoted by C'R;
for j = 1,...,17. It has been shown by von Bothmer that CR5, CR;, CRy2 and
CRy¢ are fully integrable and of these CR5; and CR; are constant invariant. Our
brief recent study of these systems has added C Ry and C'R3 as being of Bernoulli
type and C'Ry7 is of type I} = 0 when expressed as dx/dy = &/y. In addition to
these several other systems are almost integrable in the sense that one additional
parameter assignment will lead to an integrable Liouvillian form. In [23] he also
gives a list of 35 Darboux integrable cubic systems which does not appear to include

the system (/6.2)) given above.

The syste has a non—Liouvillian first integral if A = 0, 1/4, so unless these
two cases are rationally reversible the conjectures just mentioned are not true. Our
study of the rationally reversible cubic systems C'R; has shown that is not a
member of these systems. In particular, it cannot be a member of any of the fully
integrable systems described above.
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