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THE NULL DIVERGENCE FACTOR

J. CHAVARRIGA*, H. GIACOMINI AND J. GINE*

Abstract

Let (P,Q) be a C! vector field defined in a open subset
U C R2. We call a null divergence factor a C'! solution V (x,y) of
the equation P%—Z + Q%—‘; = (%—i + %) V. In previous works
it has been shown that this function plays a fundamental role in
the problem of the center and in the determination of the limit
cycles. In this paper we show how to construct systems with a
given null divergence factor. The method presented in this paper
is a generalization of the classical Darboux method to generate
integrable systems.

1. Introduction

We consider in this paper two-dimensional autonomous systems of
differential equations of the form

m b= Pley), §=Qy, =L

with P(z,y), Q(x,y) € C'(E) and where E is an open subset of R2.
The two fundamental problems of the qualitative theory of system (1)
are the problem of the center and the determination of the number of
limit cycles and their location in phase space.
In recent works it has been shown that a unified method can be used
to study these problems [1], [2], [3], [4], [5], [9], [10], [11], and [12].
The method is based on the determination of a function V(z,y) €
C1(E) that satisfies the equation

oV oV (9P 9Q
(2) Pa_$+ 8—y—<%+a—y>v
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Let us consider first the center problem for polynomial systems of the
form:

(3) ﬂ'c:—y—&-X(:my), :l'j:.T-I-Y(.%‘,y),

where X (z,y) and Y (z,y) are polynomials without independent and
linear terms.

The problem of the center consists in giving necessary and sufficient
conditions on the coefficients of X (z,y) and Y (x,y) in order to have a
continuous family of periodic orbits in a certain neighbourhood of the
origin. If for system (3) we can find a solution V(z,y) € C1(E) of (2)
that is not zero at the origin, then we can obtain a first integral of (3)
well defined in a neighbourhood of the origin, because M (z,y) = V(;’y)
is an integrating factor of the system. In that case, the origin will be a
center of (3).

For many systems of type (3) having a center at the origin, it has
been shown in [1], [2], [4], [5] and [11] that the function V(z,y) has
very simple properties, being very often a polynomial. By contrary, the
first integral is, in general, a complicated expression that can not be
written in terms of elementary functions.

In particular, when in system (3) X and Y are both quadratic or
cubic homogeneous polynomials the function V (z,y) is a polynomial for
all center cases (see [1]).

In the general case, i.e. for system (1), it has been shown in [3], [9],
[10] and [12] that any solution of (2) plays a fundamental role in the
determination of the limit cycles of the system. Esentially, V' (z,y) must
vanish on all limit cycles of (1) (for a precise formulation of these results
see [9]).

In this paper we present a method which enables us to generate (or
construct) systems of type (1) with a known function V(z,y). In this
way, for all systems generated with this method, we know at once all
limit cycles and all centers. These results are presented in sections 2
and 3.

2. Construction of systems with a known function V(z,y)

We generalise in this section the classical Darboux method for con-
structing integrable systems [8].

Based in the Darboux method the next result follows easily from
Christopher results (see [6] and [13]).
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The vector field defined by:

i=1 Yy

P:Zai Hf](xvy) W7
-\
n n 8 Z ,
Q=Y o | [L 5w | 2200
i=1 =
i

where f;(z,y) (with j = 1,... ,n) are arbitrary C? functions, n € N and
the a; are arbitrary real parameters, has a first integral given by

(5) I(x,y) = [] £,
i=1
and an integrating factor

©) M) =[] 17

As it is well known, a system with a Darboux type first integral (5)
can not have limit cycles in the domain of definition of the Darboux first
integral. In particular if a; are rational numbers system (4) can not have
limit cycles.

Instead of giving a vector field with a known first integral, we construct
a system with a known function V(z,y) as follows:

Proposition 1. Let (P;,Q;), with i = 1,...,n, be C! vector fields
defined in an open subset U C R?, which have C? null divergence factors
Vi(z,y), i.e.

ovi oV (0P, 0Q
M P = (G T

withi=1,...,n.



44 J. CHAVARRIGA, H. GiacoMminI, J. GINE

Then, the vector field

(9) Viw,y) =] vtz ).

Proof: The proof is straight-forward. The first integral of (8) can be
calculated from the integrating factor M (x,y) = m

In general, this first integral will not be defined in the whole domain of
the definition of the differential system and it is possible for system (8)

to have limit cycles.

It is clear that (4) is a particular case of (8), with V;(z,y) = fi(z,y),
Pi(xay) = %J;7 Qz(xvy) = _%7 )\’L = a; and )\0 =0.

In (4) all vector fields (P;, ;) used to generate the system (P, Q) are

Hamiltonian, while in (8) they are arbitrary. This is the key point of our
generalization of the classical Darboux method. B

It is interesting to note that well-known systems can be constructed
from (8) by using linear systems and Hamiltonian systems (P;, @;). Let
us consider several examples:

Example 1. In [14], a quartic system with one center and one limit
cycle has been studied. The system is:

P==2y(2* +y*)(z - 2) + (z — y)(«® + 2¢* - 1) (= — 2),
10) Q=20"+y)(= -2+ @+y("+ 2" - 1) -2

7
- E(wQ + 2y — 1)(2” + 7).
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The null divergence factor of this system is:
(11) V(z,y) = (- 2)(z* +y*)(2® + 2y - 1).

The limit cycle of (10) is the ellipse 22 +2y? — 1 = 0 and the center is
located at the point (3,1). This system can be generated by using (8),
as follows:

P=PVoVa+ PV Vs+ PV Vs,

(12)
Q=Q1VaVa+Q2V1 V3 + Q3 V1 Vs,
where
(Plv Ql) = (_an ‘T)7 with Vl(x7y) = (I2 + 2y2 - 1)7
(13) (P2,Q2) = (O7 1—70) , with  Va(z,y) = (x — 2) and

(P3,Q3) = (x —y,z+y), with Vs(z,y) = (x2 + yz).

For this case we have n = 3, A\g = 0, Ay = Ao = A3 = 1. Sys-
tems (P1, Q1) and (P, Q2) are Hamiltonian. System (P3,Q3) is a linear
non-Hamiltonian vector field.

Let us recall that the null divergence factor of a linear system

o A
is given by
(15) V(x,y) = cx® + (d — a)xry — by*.
For a Hamiltonian vector field P = %ﬁ’y), Q= —%, the null

divergence factor is V(z,y) = f(H(z,y)) where f is an arbitrary func-
tion.

Example 2. The cubic system

P =y + a0 z® + a11 3y — 2a20 y* + az0 bao ¥ + a1 2%y

2, 2 3
—ai1 a0 xY” + ax Yy,

b b
Q=—x—bya?— (bﬂ — ago) zy — boy 22y + a2bO 21 zy?,
20

(16)

20
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with bag # 0 and aggbag + ba1 # 0, has been studied in [11]. It has a
center at the origin and the null divergence factor is:

V(x,y) = (bao + ba1 y)(—azq bao(azg bao + bay ) z°
(17) + (ag1 bag — ago bar) 2%(1 — aso y)
+ @11 baox (1 — az0y)® + bao (1 — azo y)*).

This system can be expressed as the composition of two sys-
tems (P, Q1) and (Pa, Q2), as follows:

P=PVo+ PV,

(18)
Q=01 Va+Q2V1,
where
(19)
—1
P =(— .0 ith Vi=b b d
(P1, @) <azobzo-l—bzl7 )7 A ! 20+ 021y an

(P2, Q2) = ((a0 bao + ba1) (1 + a1 @ + (a3 + az1) 2° — 2 azy

x
— a1y ag ry + a3y y?), b—(—l —baox + a2 y)),
20
with
Vi = —agg bag(aso bag + ba1) 2 + (az1 bag —aso ba1) 2% (1 — azo y)

+ @11 bao (1 — azo y)* + bao (1 — az y)*.

System (Py, Q1) is a constant Hamiltonian vector field and (P, Q1) is
an integrable quadratic system.

Example 3. The cubic system

P =y,

20 k2l2
(20) Q= —z+ k(1 —Da® + kla” + apwy — aska’y + kly* 7 y

2
Yy,

with [ + 1 # 0, has been studied in [7]. It has a center at the origin and
its null divergence factor is
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k23
1+1

(21) V=142klzc+k?1?2° — agy — agklz y — v

This system can be expressed as the composition of two systems, when
kl(1 4+ 1) # 0, as follows:

P=P Vo+ PV,

(22)
RQ=Q1Va+Q2 VW,
with
(P1,Q1) = (y, (11:1—20 (1+klx— @y)) , with i =V and
(23)
(P27Q2) = <O7 W) ) with V2 =1

Example 4. The quadratic system

(24) P =—y—bz?— cay — dy?,
Q =z + azx® + Azy — ay?,

has a center at the origin if and only if one of the following conditions is
satisfied.

(i) A—2b=c+2a=0,
(ii) c=a=0,
(25) (i) b+d=0,
(iv)  c+2a=A+3b+5d=a®+bd+2d*=0.

In all the cases, system (24) can be descomposed in terms of more
simple systems.
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The case (i) corresponds to a Hamiltonian system and is a particular
case of (8), with n =1, A\g =1 and Vi(z,y) = H(z,y), where H(x,y) is
the Hamiltonian of the system.

For the case (ii), with (A +b) (A + 2b) # 0, the system can be written
as

oV V2
P= 7(81 2) + P Vot P VA,
(26) ’
oWV Vs
QZ—%—FQHQ—FQQVM
X
where
(27)
(14 A% + 3A%b + 2A?) ,
( 17Q1> ( (A+b)(A+2b) 70 3 wit ‘/1 + Y, and
(1+2A2%b + 6Ab* + 4b%)
P = —A—-b+d— Ady — 2bd
(1+2A% + 6Ab* + 4b3)x) :
with

Vo =—A—b+d+b(A+b)(A+2b)x>+2b(A + b—d)y + bd(A + 2b)y>.

For the case (iii), without loss of generality, we can take a = 0. In this
case, system (24) can be decomposed as follows:

oV, Vs
Pzi(aly 2)+P1V2+P2V1,
(28)
oV Vs
Q:_%‘FQlVQ‘FQQWa

where A+ b # 0 and
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(29)
1— A% — Ab )
(P1,Q1) = (Aiﬂ)’())’ with Vi =1+ Ay and
(P2,Q2) = ((2Ab + 26> — 1+ (Ach + cb® — c)x + (b — 2A4b* — 2b%)y)
(A+b)7Y e+ 2 — 24bx — 2%z — cby),

with

Vo = (1 —by)? + c(1 — by)x — b(A + b)z>.

For the particular case A + b = 0 the decomposition is different. We
have

_ 1+4+¢c2 0(Vy Vo)

P
c2 dy

+ P Vo+ PV,
(30)
1+¢ 0(Vy Vi
Q= Lt L v g,

c ox

where ¢ # 0 and

(31)
(P1,Q1) = (b,c), with Vi=1-by+cx and
3b + 2bc® — bex — 3b%y — 2y — 20%c%y 1 — by
(P2u QQ) = ( C2 3 c )
with

Vo = (1—by)*.

The case A+ b= c =0 is a particular case of (ii).
Finally, for condition (iv) we find the decomposition
oV, Vs

p=20%)  py b,
dy
9(V1Va)
Ox

(32)

Q=- +Q1 Vo4 Qa2 V1,
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with ad # 0 and

(33)
1+ 2a*d?® + 2a%d*
(HJ%)z(—( T2 (1 — aa +ay),
(14 2a*d? + 2a2d*)
- 2ad? (ax - dy) )
with
Vi = d? +a*(a® + d*)x? + 2d(a® + d*)y
— 2ad(a® + d*)xy + d*(a® + d?) y? and
1 — 3a%d? — 3a%d*
(P2,Q2) = (( a4 =y 4 )(1—aa: + a?x? + 2dy—2adzy + d*y?),
1 - 3a*d? — 3a%d*
( a4 o2 a’d’) (a*z? + dy — 2adzy + d2y2)) ,
with

Va(z,y) = d* — a®(a® + d*)2® + 3d(a® + d?)y
— 3ad(a® + d*)xy + 3a®d(a® 4 d*)x?y + 3d* (a® + d*)y?
—3ad?(a® + d*)zy? + d*(a® + d*)y>.

The case ad = 0 is a particular case of condition (ii).

In all cases, the vector fields used in the decomposition of (24) are
Hamiltonian or linear systems.

For the four examples that we have shown above, we have decomposed
systems studied by several authors, in terms of more simple vector fields,
by using expression (8).

3. Systems with the same null divergence factor

If two systems have the same null divergence factor, we can construct
a more general system which has such null divergence factor, as it is
shown in the following proposition:
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Proposition 2. Let (P;,Q1) and (P2, Q) be two C' wvector fields
defined in an open subset U C R?, which have the same null divergence
factor V(z,y), i.e.

ov oV (0P, Qi) .,

no oG- (G52 v-o
(34)

ov ov 0P,  0Q2 _

no oG- (G52 v-o

then the vector field (Py + A P2, Q1 + A Q2) has also the function V (z,y)

as a null divergence factor, for arbitrary values of the parameter \.

Proof: 1t is obvious from the definition of the null divergence factor. B

Let us consider several examples in order to illustrate the utility of
this proposition.

Example 1. In [3] we have studied the following cubic system:

(35) P = Mz —y + dmix® + (mo —my +mims)x®y + Amimaozy® +may®,
Q=+ y—2° + 12’y + (mima — my — D)ay® + dmimay®,
where A\, m; and my are arbitrary parameters.

This system presents a very rich behaviour, with a great number of
bifurcations when the parameters A, m; and my are varied.

In [3] we have been able to study in an exact way all these bifurcations,
from the null divergence factor of the system, given by

(36) V(z,y) = (2® +y*)(1 + miz® + mimoy®).

Using Proposition 2, we can write system (35) as the composition of two
more simple cubic systems
P=P + )Py,

(37)
Q=Q1+2Q2,

where

(P, Q1) = (y(=1 4 may® + (ma — my + myma)z?),
(38) (1 — 2% — 9% — myy® + mimay?)) and

(P2, Q2) = (z(1 +my2? + mimay?), y(1 + miz? + mimay?)).

These two systems have the same null divergence factor, given by (36).
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System (P, Q1) has a center at the origin, and system (P, Q2) has a
curve of critical points, given by 1 +miz? + mymay? = 0.

These two systems have a simple qualitative behaviour, but their com-
bination given by (37) presents a very complex pattern of bifurcations.

Example 2. Let us consider the two vector fields

(P1,Q1) = (—y — bx® — dy*,z + Azy) and
(P2,Q2) = (Vi(z,y), Vi(z,y)),

where Vi (z,y) is the null divergence factor of (P, @1), given by:

(40) Vi(z,y) = (1 + Ay) W(z,y),

(39)

where
W(z,y)=—A—b+d+b(A+b)(A+2b)x?

(41) ,
+2b(A+b—d)y+bd (A+2b)y>

The vector field (P1, Q1) is a quadratic integrable system with a center
at the origin. The system (P2, Q2) is a trivial vector field, which has
also a null divergence factor given by (40). From Proposition 2 we can
generate a cubic system

P =—y—ba® —dy* + A\Vi(z,y),

(42)
Q =z + Azy + A\Vi(z,y),
which has also a null divergence factor given by (40).

Example 3. Let us consider the two vector fields

oy Ox

(P2, Q2) = (¢f(x,y), yf(x,y)),
where H(x,y) = (22 +3?)f(z,y) and f(z,y) is an arbitrary C* function.

and

(13) (P1,Q1) = (

These two systems have the same null divergence factor, given by:

(44) V(z,y) = (® + ) f(z,y).
Using Proposition 2 we obtain a new vector field (P, Q)
O0H
P = Dy + Az f(z,y),
(45)
0H

ox
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with a null divergence factor given by (44).

The possible limit cycles of (45) must be contained in the set defined
by the condition f(z,y) = 0.

The problem can be in how to find vector fields X = (P;,@Q1) and
Y = (P2, Q2), such that both vector fields have the same null divergence
factor.

An answer to this question is contained in the following proposition:

Proposition 3. Let X = (P1,Q1) andY = (P», Q2) be two C* vector
fields defined in an open subset U C R?. Assume that the local flows de-
fined by the solutions of X andY commute in the sense of Lie’s bracket,
that is [X,Y] = 0, then the function V = P; Q2 — P, Q1 4s a null diver-
gence factor for both systems.

Proof: Condition [X,Y] = 0 is equivalent to

8P2 6P1 8P2 aPl_

) PlE_Pza_FQl@—y_QZa—y_o’
46

Q2 0Q, 9Q2 Q1

P p Py O + Q1 By Q2 By =0.

From these two equations it is easy to show that V = P, Q2 — P> Q4
satisfies

ov v [(oP | 0Qy

Pla_x_FQla_y_(ax—i_@y)V’
(47)

oV OV (0P, Qs

PzaerQzay_(aer@y)V'

Commuting vector fields have been studied by several authors (see for
instance [15], [16] and references therein). In these works, commuting
systems have been studied in relation to the problem of isochronous
centers, and the transversality condition XAY = P Q2— Q1 Po =V #0
has been imposed.
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In this case, the commuting systems can not have limit cycles (the
limit cycles are contained in the set defined by V = 0, see [9]).

However, if the transversality condition is not imposed, one of the two
commuting systems can have limit cycles, as can be seen in the following
example:

(48) (P, Q1) = (—y+az(1—2"—y*), z+y(l —2® —y*)) and
(PQaQQ) = (_yvx)'

The null divergence factor for both systems is
(49) V(z,y) = (2> +y*) (1 —2° —y?).

These two systems commute in R?. The vector field (P;,Q;) has a
unique limit cycle given by z? + y? — 1 = 0. The vector field (P, Q5)
has a global center. The curve 2 + 3% — 1 = 0 is a trajectory for both
systems. For one of these systems, this curve is a limit cycle, while for
the other one it is one closed curve of the center.

In conclusion, commuting systems can have limit cycles. They can be
easily determined from the equation

V=P1Q2—P2Q1:O. |
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