Can. J. Math. Vol. 49 (2), 1997 pp. 212-231

DIFFERENTIAL EQUATIONS DEFINED BY THE SUM
OF TWO QUASI-HOMOGENEOUS VECTOR FIELDS

B. COLL, A. GASULL AND R. PROHENS

ABSTRACT.  In this paper we prove, that under certain hypotheses, the planar differ-
ential equation: X = X;(X,Y) + X2(X,¥), ¥ = Y1(%Y) + Ya(X, y), where (X, Y)),i = 1,2,
are quasi-homogeneous vector fields, has at most two limit cycles. The main tools used
in the proof are the generalized polar coordinates, introduced by Lyapunov to study the
stability of degenerate critical points, and the analysis of the derivatives of the Poincaré
return map. Our results generalize those obtained for polynomial systems with homo-
geneous non-linearities.

1. Introduction and statement of main results. Givenp, q,s € N, we will say that
afunction f:R?> — R is (p, q)-quasi-homogeneous of degree s if f(APX, A%y) = ASf(x,y)
for A € R, (see [1, p. 32]). A vector field X = (P,Q):R?> — R? is called (p, g)-quasi-
homogeneous of degreer if P and Q are (p, g)-quasi-homogeneous functions of degrees
p+r—1and q+r — 1 respectively, see [2, Chapter 7].

Observe that the above definition is the natural one for the following reasons:

(i) When p = g = 1, it coincides with the usual definition of homogeneous vector
field of degree r.

(ii) The differential equation % = %, associated with X, is invariant by the change
of variables X = APX, y = \dy.

(iii) Homogeneous vector fields can be integrated using polar coordinates whereas
(p, g)-quasi-homogeneous vector fields can be integrated using the (p, q)-polar coordi-
nates. These generalized polar coordinates were introduced by Lyapunov in his study of
the stability of degenerate critical points, see [14]. In Appendix 1, we consider a small
modification of these coordinates and their main properties.

The (p, g)-polar coordinates have also been applied recently to study properties of
planar differential equations, see [4, 8].

In this paper we study differential equations of type:

dx d
M (G @) = (oY), QU Y) = X0Y) = Xk y) + Xk, ),
where m > n, and X, is a (p, ¢)-quasi-homogeneous vector field of degree u—p—q+2pQ,
foru € {n,m}.

Note that when p = q = 1, X = Xp+ X,y is the sum of two homogeneous vector fields
with n and m degrees of homogeneity respectively and includes quadratic differential
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equations (p = q = n = 1, m = 2) and polynomial systems with homogeneous non-
linearities (p=qg=n= 1), see [6, 7,9, 10, 12].

In the (p, g)-polar coordinates, (X, y) = (pp Cs(y), p° Sn(<p)), defined in Appendix 1,
and with a new time variable s, given by éﬁs = pP*a=2P4 the differential equation (1)

becomes
p= 3—’; = PRI P(X Y) + YT QX )L,
d
b == = p P IPQUY) — YPOLY)L
Using (1) we obtain
2) P = an(p)p" +am(e)p™,

@ = bu(p)p"™" +bm(p)p™,
where .
(au«a)) _ (Csz‘*—l(so) Snzp—‘«p)) (F’u(Cs(so» Snw)))
bup)) — \ —aSn(e)  pCs(v) ) \ Qu(Cs(y).Sn(y)) )’
u € {n,m} and Sn(y) and Cs(¢) are also defined in Appendix 1.
Finally taking the new coordinates r and ¢ and a new time variable v, given by r =

" o = o, g—\; = p"!, the differential equation (2) writes as

3 r—ﬁ— r r?
3) = dv—an(tp) + am(p)re,

d
p = d_(\i = bn(p) + bm(e)r,

where a,(¢) = ay(¢) - (m—n) for u € {n, m}.
For the values (1, ¢) for which bp(¢) + bm(¢)r # 0, equation (3) can be transformed
into a new equation as follows

dr an(@)r + am(p)r?
¢! — =LY —F
) dp = 0= e b
Most properties that we will prove for system (1) will be studied in coordinates I, ¢
in which this system can be written as (3) or (4). We will define the functions:

®) F(e) = an(@)bm(e) — am(@)bn(p), and  A(p) = bn(p)F(p).

Note that the function bm(p) controls the infinite critical points of (1) in the (p, q)
Poincaré compactification (see Appendix 2). The functions F(¢) and bm(¢) control the
finite critical points of (1), (see Section 2). On the other hand, b,(¢) gives information
about the origin: if by(¢) # 0, (0,0) is a critical point of center or focus type, while if
bn(¢) vanishes, (0, 0) can be the o or w-limit set for some trajectory of system (3). As
the following results show, hypothesizing on A, F, or by we can establish the number of
limit cycles in (1).

The main results are listed in the following theorems. A more detailed account of
these results and related ones, such as cases bn(¢) = 0, F(¢) = 0, is given at the end of
Section 3.

https://doi.org/10.4153/CJM-1997-011-0 Published online by Cambridge University Press


https://doi.org/10.4153/CJM-1997-011-0

214 B.COLL, A. GASULL AND R. PROHENS

THEOREM A.  Given system (1), assume that the function F(¢), defined in (5), does
not change sign. Thus, this system has, at most, one limit cycle and, when it exists, it is
hyperbolic, and surroundsthe origin.

Furthermore, there are examples of (1), with the above hypotheses, and with one limit
cycle.

THEOREM B.  Given system (1), assume that the function A(y), definedin (5), does
not changesign. Thus, this systemhas, at most, two limit cyclesand, whenthey exist, they
surround the origin. Furthermore, if b, () does not vanish, the sum of the multiplicities
of the limit cyclesis, at most, two.

Moreover, there are examples of (1), with the above hypothesis, with two, one or no
limit cycles.

THEOREM C.  Given system(1), assumethat thefunction A(¢)bn(¢) doesnot change
sign. Thus, for this system, if there arelimit cycles, they surround the origin and the sum
of their multiplicitiesis, at most, three.

Note that Theorem C gives new information only if A(¢) changes sign.

Theorems A, B and C generalize several results obtained for differential equations
with homogeneous non-linearities to systems of type (1) (see again [7, 9, 10, 12]).

We would like to point out that most of the proofs that we present differ from the proofs
that appear in the above mentioned papers. In the main, these papers use the transforma-
tion of equation (3) into an Abel differential equation (see [5, 13]) whereas our different
proofs are based directly on the expression (3), although the ideas used are similar.

The organization of the paper is as follows: Section 2 contains some results on the
location of the critical points and limit cycles of system (1). In Section 3, we give the
proofs of Theorems A, B and C with more detailed information about the number of limit
cycles. There we also consider some examples. Finally, there are three appendices. The
first two of them have already been mentioned. The third one discusses how to verify the
existence of N and min such a way that a differential equation can be written in form (1).

2. On the location of the finite critical points and the limit cycles. In this Section
we study the situation of the finite critical points and periodic orbits of system (1).

Here we will use the generalized tangent function Tn(¢) = SnP(p)Cs%(¢) and its in-
verse ArcTn(X), introduced in Appendix 1. Let T = T(p, q) be the period of the functions
Sn(¢p) and Cs(¢).

Let C,, be the half-curve of points of R* — {(0,0)} that has the generalized polar
angle of its points equal to ¢ in the (r, o) coordinates considered in Section 1. Note that

Coo UC%% = {(x,y) eR?: ArcTn(i—Z) = <p0}

= {(X,y) €ER?: ArcTn(i—Z) = o+ g}

We have the following result
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LEMMA 1. (@) If bn(1) - bm(¢1) = 0 and by(¢1) + bm(e1) # 0 or if F(p1) # 0
then system (3) has no critical pointson C,,, .
() 1f ba(¢1) = bm(¢1) = 0then C,, isaninvariant curvefor (3).
(©) If F(¢1) = 0 and by(e1) - bm(e1) < 0, then system (3) has exactly one finite
critical pointon C,, .
(d) If F(¢1) = 0andbn(pr)-bm(e1) > 0, then system(3) hasnofinite critical points
onC,,.

PROOF. (a) In the first case, by(¢p1) = 0 for some u € {n,m}, and then by(p;) +
bm(@1)r # 0 for all r # 0. To prove that if F(¢;) # 0, (3) has no critical points on C,,,
note that if (ry, ¢) is a critical point different from the origin then an(¢;) + am(e1)r; =
bn(p1) + bm(e1)ri = 0, and F(p;) = 0.

(b) Itis obvious from expression (3).

(c) If wetaker; = o) then (ri, 1) is a critical point of system (3).

bm(Wl) ’
(d) This case follows from (c) because if (I, ¢) is a critical point, thenr; > 0. =

REMARK 2. (a) Itis notdifficult to prove that, if pand g are both odd, f,(p+T / 2)=
(= 1)"fy(¢p) for fy equals either a, or by and u € {n, m}. Therefore, in this case it is
possible to relate the number of critical points on C,,, to the number of critical points on
Cg,l o1 taking into account the parity of m— n.

(b) Where p = g, C,, is the half ray through the origin with slope tan ¢.

Let K be the subset of points of R* on which the angular component of the vector
field (3), ¢, vanishes. In the following lemma we study the geometry of K, when it has
no curves like (e) of Figure 1. We exclude this case because, as we will see in Propo-
sition 4(i), the presence of such curves forces the non existence of periodic orbits. This
lemma improves Lemma 2.2 of [7].

LEMMA 3.  Let X bethe vector field associated with system (3). Then
(@) K isthe graph of the functionr = %ﬁff.
(b) At point a = (X,¥o) € K, X(a) is tangent to the half-curve C, where ¢ =

ArcTn(z—g).

(c) If K has no curves of type (€) given in Figure 1, then K is either the finite union
of curves given by sectors of type (a), (b), (c), (d) and (f) of Figure 1, or K isone
of the curves which delimit the sets shown in Figure 2.

© (d) © NG
Figure 1

(@)
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FIGURE 1. The subset K can be a finite union of the curves given by these sectors.
The shadowed regions in cases (b) and (c) are either positively or negatively invariant
by the flow of (3). In cases (a) and (d) the same happens when one of the hypotheses
assumed in Proposition 4(iii) is satisfied.

_
-
_

() @ )
Figure 2

FIGURE 2. The subset K can be one of the curves which delimit the shadowed re-
gions. These shadowed regions are either positively or negatively invariant by the flow
of (3), when one of the hypotheses assumed in Proposition 4(iii) is satisfied.

PROOF. Parts (a) and (b) follow from direct calculations.

(c) When there are ¢; and ,, not equal, and with b,(p)bm(p) < 0 for all ¢ in
(p1,®2) we have (a) if ba(¢1) = bn(p2) = 0; (b) if ba(p1) = bm(e2) = 0; (c) if
bn(¢2) = bm(e1) = 0; (d) if bm(¢1) = bm(v2) = 0. When there is only one ¢ such that
bn(¢1) = 0, bm(p1) # 0 and ba(p)bm(e) > 0, for all ¢ # ¢4, then we have case (f).
When for all ¢ in some interval (o1, ¢2) we have by(¢)bm(p) > 0, then K has no points
in this region and we are in case (f). When there exists ¢ such that b,(¢1) = bn(p1) = 0,
then ¢ = ¢ is invariant by the flow of system (3), and we get case (e).

When there is only one ¢ such that by(¢1) # 0and by(p;) = 0 with by(@)bm(e) < 0
for all ¢ # ¢, we are in case (h). When there is only one ¢ such that bp(p1) = 0 and
bm(1) # 0 with by(¢)bm(¢) < 0 for all ¢ # ¢y, then the form of K is that given in (i)
of Figure 2. When for all ¢ we have by(¢)bm(¢) < 0, then we obtain case (j). ]

The following proposition gives information about the periodic orbits of system (3)
that surround the origin.

PROPOSITION 4. (i) Assume that K has associated some sector of type (b), (c) or
(e) of Figure 1, then equation (3) has no periodic orbits surrounding the origin.

(i) Assumethat y isa periodic orbit of (3) surrounding the origin, theny NK = §.

(iii) Assume that one of the functions F(¢) or A(¢) or A(¢)bn(p), associated with
the differential equation (3), does not change sign. If v is a periodic orbit of (3), theny
surroundsthe origin. Furthermore, assume that K has associated no sectors of type (a)
of Figure 1 or that the curveK isnot like the curvesgivenin (i) or (j) of Figure 2, then the
originisthe only critical point surrounded by 7v; otherwise can surround other critical
points.

PROOF. (i) Let be a periodic orbit of system (3), then 7Y cannot cross those sectors,
given by K, because of the sign of bp(¢) + bn(e)r in (3) in cases (b) and (c) (note that
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the shadowed regions in those sectors are either positively or negatively invariant by the
flow of system (3)), or because ¢ = ¢ is an invariant curve of system (3) in case (e).
(ii) Assume thaty N K # (). Then Y crosses K transversally because, otherwise, this
contact point will be a critical point of system (3). Hence, ¥ must cross sectors (a) or
(d) or subsets (h) or (i) or (j) in two points, Rand S because Y surrounds the origin. In
essence, we will have the situation given in Figure 3, where we mark the direction of
rotation of the flow of the vector field (3), by means of small arrows. We also take into
account that K separates the regions where the directions of rotation are opposed. So by
the uniqueness of the solutions we have a contradiction and, therefore, 'Y cannot surround

the origin.
(iii) From the Index Theory, ¥ has to surround a critical point. This point belongs
to the set K. Note that on K, I(r, ) = F@@) — _h@Aw) _ A0l o4t does not

) bim() b (¢0) bm*() Al
change sign on the connected components of K. Hence Y must surround the origin. If,

in addition, K has associated no sectors of type (a) or (i) or (j) of Figures 1 and 2, the
origin will be the unique critical point that ¥ surrounds because the shadowed regions of
Figures 1 and 2 are invariant under the flow of the system (3). In the other cases ¥ can
surround critical points different from the origin. The examples: (a) I = r(10—r)cos? ¢,
@ = 5—(1+sin® p)r; (b) r = r(10—r)sin’ ¢, ¢ = 5cos? p —r, illustrate this situation,

see Figure 4. , L]

|
1

Figure 3

FIGURE 3. Standard situation that occurs when Y N\ K # (, and 7y surrounds the
origin.

“4a) Figure 4 “b)

FIGURE 4. Limit cycles for system (3) surrounding several critical points.

COROLLARY 5. Periodic orbits of differential equation (3) surrounding the origin
can be studied as solutions of (4) satisfying r(¢1) = r(p1 + T) for any ¢;.

PrROOF. Follows from (ii) of Proposition 4. [
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REMARK 6. (a) Note that it is possible that equation (3) has periodic orbits ¥ that
do not surround the origin, and with Y N K # . This can be seen simply by taking a
quadratic differential equation with two limit cycles Y| and Y,, one of these surrounding
the origin and the other one surrounding a different critical point, see for instance [18].
Of course such a differential equation does not satisfy the hypotheses given in (iii) of
Proposition 4.

(b) Observe that the result obtained in Proposition 4(ii) is true not only for periodic
orbits but also for orbits turning around the origin.

Given a subset Cy, we define Dy, C Cy; as the subset of points of Cy, for which the
Poincaré return map, h, is defined, i.€., the set of points, a € C,, for which h(a) := (T, a)
is defined and belongs to Cy;, where (¢, @) is the solution of (4) such that 1(0,a) = a.
Note that Dy, is always an open subset of C,,

PROPOSITION 7. Assume that either the function F(¢) or A(p) or A(p)bn(p), as-
sociated with the equation (3) does not change sign and K is not a simple closed curve
(casej of Figure 2). Then thereis a1, such that

(i) All the periodic orbits of (3) belong to the closest connected component to the
originof Dy.

(i) 1f bn(¢) doesnot vanish, 0 € D,

PROOF. (i) If equation (3) has no periodic orbits, there is nothing to be proved. So,
from Proposition 4(i), cases (b), (c) and (e) will not be considered. We can assume that
there is a ¢ such that Cy, is a half curve without contact. Assume, now, that on Cy, D has,
at least, two connected components D and D, and equation (3) has a periodic orbit Y on
D, (D is closer to the origin than D;). From Proposition 4(ii)—(iii) and Remark 6(b) we
have YNK = 0, and an orbit 7y through a point in D must, always, surround sectors like
(a) of Figure 1, if K has associated some of them. Hence, if we take a point qon Cy, \ Dy,
between D; and D, its a-limit or w-limit set must be non-empty. This is impossible
because between ¥ and 7y there are no critical points. Thus, all periodic orbits of (3) cut
Dy, and (i) follows (see Figure 5).

(i1) The proof follows from (i) taking into account that when b, () does not vanish
the origin behaves like a periodic orbit. L]

Figure 5

FIGURE 5. C, with two different connected components.
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REMARK 8. When K is a simple closed curve and the other hypotheses of Propo-
sition 7 hold, system (3) can have periodic orbits in different connected components of
Cy. For instance, one periodic orbit turning counterclockwise and another one turning
clockwise. This is the reason why this case will be studied separately in the following
section. Observe that this situation can only occur when bp(¢) and bm() do not vanish.

3. Proof of Theorems A, B and C. First, we will give some preliminary results.

PROPOSITION 9 (See [15]).  Leth(x) bethereturn map associatedwith the differential
equation dr /dy = S(r, ), then
(i) Moy = exp i $(r(e. %, ) do,
(i) W) = H[ 5 3r§(r(<p,x) o) exp{[§ E(r(s.x).9)ds)} d],
(iii) h"(x) = H(x)[3 (h,g;)z +J7 gg(r(@,x), fp) exp{2 J $(r(s.x),s) ds} dep |,
wherer (¢, X) denotes the solution of the differential equation such that r(0, x) = x.

Direct calculations give the following lemma,

LEMMA 10. For equation (4) we have:
— 2@y 4 Flo) F(¢)ba(p)

(1) S0) = 5" * Bl — B n(p e
(“) _(r ©) = am(<P) F(@)ba(p)

b (<P2)F( )?)rnn((%))(hq(w)+bm(<ﬁ)r)2’
CoF (o)l
(iii) § ar2 P(r.p) = <bn</f>+bgn<<p)r)3*
iv) &3 — __OApn(p)
V) F5r.9) = G

When the return map is defined we obtain the next result,

LEMMA 11. Thefirst derivative of the return map associated to a periodic orbit,
r(¢), of equation (4) is
(i) exp{Jy f);‘zg; d(,Fo} ifr=0,
N ; .
(i) ep{— & Gy dehifr 0.
dr

PROOF. (i) follows from the expression obtained for the function §r, ¢) = dp in
Lemma 10(ii), and from Proposition 9(i).
To prove (ii), note that from equation (4),
_ [T /T an(p) + am(e)r
0 I’((p) () + bm(e)r
B /T (an(sa) + am(@)r ) (bn(p) + br(e0)r) d
= > ,
0 (bn() + bm()r)
and, from this last expression, we have that
/T an(p)bn(p) + am(w)bm(so)r /T —r(an()bm(p) + bn(p)am(p)) do
0 (bn() + bn(o)r )’ (bn() + b))’
Hence, using this equality, (i) of Proposition 9 and (ii) of Lemma 10, (ii) holds. [

The calculations made in the following lemma are inspired by [16] and are straight-
forward. See also Remark 24.
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LEMMA 12. Letri(¢) > ra(e) > ri(¢) bethree positive solutions of (4). If

Sri, ) —Sra2, )  Sri,e)—Sr3, @)  Sra,e) Sri3, @)
H(p) = — _ ’
) = = ) —he) ) | hap)

where S(ri, ¢), for i = 1, 2, 3isdefined in (4), then we have

A (@) (ra(p) — 13(9))
bn() + bn(@)r1) (bu(¢p) + bin(p)r2) (br(ep) + bin(ep)rs)”

(6)

) H(p) = (

The next lemma follows from direct computations and is based on the change of vari-
ables made in [5].

LEMMA 13.  If bp(¢) does not vanish, the transformation 7(r, ¢) = (p, ¢), where
. r

bn(¢) + bm(p)r’

isa diffeomor phismbetween R? \ K and itsimage. Furthermore, the differential equation
(4) istransformed into the following Abel differential equation:;

o

d
®) ﬁ = alp)p® + Bp)p +V()p,
where
bm(e) F(p)bm(e)  Alp)
a(p) Br(0) [an(@)bm(p) — am(e)bn(e)] b () Br(0)
1 b (2)bm(g) — ()b,
B(¢) = ——[bn(@)am(12) — 2an(2)bin(p)] + 212m(P) — Dnlp)Brn(1p)
bn(‘P) bn(‘P)

an() — bl(¢)

0=

REMARK 14. Observe that, from the above lemma, the periodic orbits of (4) that do
not cut K are transformed into T-periodic solutions of (8).

Following [7], equation (8) can be written in a different way as the next lemma shows.

LEMMA 15. Equation (8) is equivalent to

d(p™" — bm F b,
© (™! = b)) :(p_l_bm(sa))( @) () n<<p>)_

de ba(@’  Bn()  bu(@)

REMARK 16. Observe that from equation (9), when bp(¢) and by(¢) do not vanish,
plp) = m is a T-periodic solution of (8). Note that this solution is mapped onto infinity

in the (r, ¢) coordinates.
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LEMMA 17.  Itisnot restrictive, when the function A(p)bn(¢) doesnot changesign,
to consider A(p)bn(y) > 0 for every ¢.

PROOF. By using the following change of variables, (r, ¢) — (r, T — ¢), the lemma
follows. .

PROPOSITION 18.  Assume that the function A(y)bn(¢) does not change sign. Then
the third derivative of the Poincar & return map, h, of (4) is positive.

PROOF. Using Lemma 17, if A(¢)bn(p) does not change sign, one can assume that
A(p)bn(p) > 0. Since, for Lemma 10(iv), 23(r, ) = % > 0, it follows from
Proposition 9 that h"(x) > 0 for all X for which h is defined. n

In a similar way as in equation (4), we can define a Poincaré return map h for equation
(8) between ¢ = 0 and ¢ = T. For this map h we have the following result which has
already been proved in several other papers, see for instance [9].

PROPOSITION 19.  Assume that the function b,(¢) does not vanish and A(¢)bn(¢)
does not change sign, then the third derivative of the Poincar & return map, h, of (8) is

positive.
PROOE. Since %(o:(go)p3 + B(p)p* + 7(90)/)) = 6a(p) = 6%, does not change
sign, the proof follows in the same way as the proof of Proposition 18. L]

REMARK 20. Although the conclusions of Propositions 18 and 19 are similar, we
note that h and h have different properties. For instance, while h(X) is only defined for
positive values of X, h(X) has to be studied in all the real line.

First we will prove Theorems A, B and C only when F(¢), A(p) or by(p) are not
identically zero. The case in which one of the three functions identically vanishes is
easier and is studied at the end of this section.

PROOF OF THEOREM A. From Proposition 4(iii), any periodic orbit of (3) surrounds
the origin. As explained in Remark 8, we will divide the proof into two cases:

CASE a). Kisnot a simple closed curve.

From Proposition 7, there exists a 1) such that all periodic orbits are in the connected
component Dy, of C,,. Take a periodic orbit ¥ of (3). From Lemma 11, since F does not
change sign, it is a hyperbolic stable (resp. unstable) limit cycle if F(y) is greater than
or equal to (resp. less than or equal to) zero. Hence 7 is unique.

CASEDb). K s asimple closed curve.

Periodic orbits of (3) can cut different connected components of C,,. Of course, the
proof of case a) shows that, in case b), our system has, at most, two limit cycles, one
turning clockwise and another one turning counterclockwise but, as we will see, they
can not coexist.
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From Proposition 4, periodic orbits of (3) surround the origin, furthermore, from Re-
mark 14 and since bp(p) does not vanish, we can study the periodic orbits of (3) as T-
periodic solutions of (9). Let r(¢) be a periodic orbit of (3). It gives a T-periodic solution
of (9), p(¢). From Lemma 15, we have that:

d Flo) an(p)  bi(e)
—1 1 — by _ ( . n )7
dp "0 ) =) = | § O~ h )
and since p(¢) is T-periodic,
F
(10) o=[¢ ((*”))p«o) dg +k,

where k = — [ an(¢) /bn(¢) de. Observe that if r1(¢) and r,(¢) are two periodic orbits
of (3), they induce two T-periodic solutions of (9), p1(¢) and p,(¢). We can assume that
p1(¢) > pa(¢). But since F(¢)/bn(¢) does not change sign,

F(e) F(e)
0 (e )m( ¢)d #f b p(sa) ®,
and this contradicts (10). Hence (3) has, at most, one periodic orbit. Using Lemma 11, it
is hyperbolic. u

COROLLARY 21.  Given the differential equation (1), assume that F(p) # 0, does
not change sign and that b,(¢) does not vanish. Setc = fJ %ﬁ"—) de. Then

a) If K isnot a simple closed curve, the unique limit cycle for system (1) only exists
when sign(F) - ¢ > 0.

b) If K isa simple closed curve, it divides R? in two connected components, one
bounded K}, and one unbounded K. Thus, if the limit cycle exists in system (1), itisin

Kp (resp. Ky) if sign(F) - cisplus (resp. minus).
PROOF. Follows easily from Lemma 11 and Theorem A. L]

PROOF OF THEOREM B.  In our hypotheses and from Proposition 4, all periodic orbits
of system (1) surround the origin and do not cut K. Assume that system (1) has three limit
cycles ri(p) > r2(¢) > r3(¢). From Corollary 5, ri(¢), i = 1, 2, 3, can be considered
as positive solutions of equation (4). Since from Lemma 12, A(y) does not change sign,
we have that # () does not change sign and is a continuous function. But, on the other
hand, we have that:

(ri(e) — ra(9))13() } T
0=1 = | H(p)dep,
Og{(rluo)—rg(sa))rz(«p) , = Hords

and this contradicts the continuity of # (). Hence system (1) has, at most, two limit
cycles. Now we have to prove that, when b,(¢) does not vanish, the sum of the multi-
plicities of the limit cycles is, at most, two. In this case, when K is not a simple closed
curve, from Proposition 7 and Corollary 5, all periodic orbits of (4), included the origin,
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belong to the same connected component of D,,. Furthermore, from Proposition 13, the
third derivative of the Poincaré return map of (4), h, is positive. Whence we conclude,
from Rolle’s Theorem, that h(X) = X has, at most, two simple solutions besides the ori-
gin. Therefore the theorem follows. When K is a simple closed curve bm(¢) does not
vanish. Hence, F(¢) = A(p)/bm(¢) neither changes sign. Therefore from Theorem A,
system (1) has, at most, one hyperbolic limit cycle and again the theorem follows. ]

REMARK 22. As we have seen in this last proof, the conclusions of Theorem B can
be improved when K is a simple closed curve. In fact, in such situation, system (1) has,
at most, one limit cycle, and when it exists it is hyperbolic.

In the case where A(p) # 0 does not change sign and b,(¢) # 0, for all ¢ (this is the
case where the local phase portrait of the origin of system (1) is of focus or center type),
we obtain a more precise distribution of limit cycles, as we can see in the next theorem.
This theorem is based on [9, Theorem A].

THEOREM 23.  Assumethat in system(1), A(¢) # 0 doesnot changesign, bn(p) # 0,
for all ¢, and K is not a simple closed curve. Then Table| showsthe distribution of limit
cycles when A(p)bn(p) > 0, according to the different values of ¢ and d. (The case
A(p)bn(p) < 0 has associated the table obtained reversing the inequalities for c and d,
in accordancewith Lemma 17).

c<oO0 c=0 c>0
d<0|d=0({d>0{d<0|d=0{d>0
1) 1 1 0 0 2 0 0
) 1 2 3 2 1 1 1

TABLE I. Maximum number of limit cycles of equation (1) when A(p)bn(¢) > 0.
Here ¢ = [] %% de,d=fJ %;L) exp (J z”n—g ds)dep. () maximum number of limit
cycles, taking into account their multiplicity. (II) multiplicity of the solution r = 0.

PrROOF. Using Corollary 3, to study the limit cycles of (1), it is sufficient to consider
equation (4). From the hypotheses, we have that set K is not like the curve in (j) of
Figure 2. Therefore, from Proposition 7, there exists some 1) such that all periodic orbits
of (4) cut a connected subset of Dy, | and, furthermore, 0 € I.

If we define H(X) = h(X) — X, where h(X) is the Poincaré return map associated with
(4) and with 1), we have the following properties for H:

(1) H"(x) > 0, for all x € | (Proposition 9(iii) and Lemma 10(iv))

(if) H(0) = € — 1, and H”(0) = €°d (Proposition 9 and Lemma 11(i))

Note that X = 0 corresponds to solution r = 0, and the fixed points of H correspond
with the periodic orbits of (4). Therefore, using (i) and (ii) and arguing as in the proof of
[9,Theorem A], we obtain Table I. [

PROOF OF THEOREM C. From Proposition 4(iii), if (1) has some limit cycle, it sur-
rounds the origin.
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CASE a). Kisnot a simple closed curve.

From Proposition 7 we have that all periodic orbits cut the same connected component
Dy of Cy. From Proposition 18, the third derivative of the return map, h, when it is
defined, is positive. Therefore, by Rolle’s Theorem, the sum of the multiplicities of the
limit cycles is, at most, three.

CASEb). K is asimple closed curve.
Since in this case bn(¢) does not vanish, the result is that A(p) does not change sign
and we can apply Remark 22. So, in fact, there is, at most, one limit cycle. u

REMARK 24. The proofs of Theorems A, B and C have been essentially based on
two different methods. On the one hand, we considered the function # () given in (7)
and, on the other, we calculated the third derivative of the function Sr, ) defined in (4).
Here, we are going to prove that there is a relationship between both of them.

Fixed ¢, set S(r) = S, ¢). Remember that givenr; € R,i = 1,...,n, we can define
inductively the divided differences of S as:

Srivts - Mijer] = S, - i

ri, et - Majel] = ,
Fitj+1 — T

where Jri] = Srj), see [11, Chapter 6]. It turns out that § ] is a symmetric function of
its variables. As usual, we call it § _j,j;; for short. Then, with this notation, and using

S0) =0,
H(p) =S2—S3—S0+S0=(S13— 032 —I3) = S123(02 — r3)r.

. .. n
At the same time, it is well known that S 1230 = S%!Q, where € € (ro,r1,...,rn).
Therefore, we have that

1 o8,
Hp) = 51 (o) () S ?)

r=E(p N (@) a(9)T3()

When bn(¢) = 0 or A(p) = 0, it is possible to have more precise information about
the limit cycles. And we go on to deal with this below.

When br(¢) = 0 and by(p) Z 0 (in the case by(¢) = br(e) = 0, system (3) has
the solution ¢ = constant, for all ¢), or A(¢) = 0, we can integrate system (3). Hence,
in these cases, we can know exactly the trajectories of all closed solutions. Their initial
conditions are given in the following lemma.

LEMMA 25. In system (3) we assume by(¢) = 0, d; = JJ %ﬁ—; de, and d, =
N %ﬁ% exp (— J§’ 229 ds) dp. Thus, the following hold.

() Ifd; =d, =0, all trajectories of (3), in a neighbourhood of r = 0, are closed.

(ii) If|di|+]dz| # 0, system(3) hasat most two closed solutions. Furthermore, these

solutions are the ones with initial conditions

r0)=0 r0) = &4
e =0f" o0 L6
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PROOF. The proof follows by direct calculations. L]

PROPOSITION 26.  In system (3), assuming A(p) = 0,
(i) If F(¢) = 0 and bm(p) # 0, then system (3) has no limit cycles. Moreover, if
c=J] % dy = 0, thenthe origin isa center for system (3).
(i) If F(¢) # 0 and by(¢) = 0, then system (3) has, at most, one limit cycle. More-
over,ifd = fJ —Fe) exp (J§ & ds) dy, and ¢ is the value given in (i), the fol-

) B2(p) bn(9)
lowing holds:
(@ Ifd = c = 0, all trajectories of (3), in a neighbourhood of r = 0, are
closed.
(b) If |c| + |d| # 0, system (3) has, at most, two closed solutions with initial
conditions e
r0)=0 ang 0=
p0)=0/" ©(0)=0

(iii) Assume F(p) = bn(e) = 0. If by(p) = 0, then all straight lines through the
originareinvariant and if by(¢) # 0 and am(y) = 0, thenthe originis a center.

PROOF. If F(¢) = 0 and assuming by(¢) # 0, we have that system (3) is equivalent
to g—; = %r. With the condition F(¢) = 0 and integrating this equation we obtain the
solutions

r(p) = r(0) - exp ( 0“’ 2(S) ds).

bn(s)
Then (i) follows.
If by(¢) = 0, system (3) becomes

P = an()l +am(p)r?,

(p = bn(go),
or, equivalently, g—; = %r + ‘g’:—((%rz, and the solutions, r(y), of this Riccati equation
are
) exp (Jf 2 ds)
p) = .
— I B exp (J§ 28 dr) ds+1-1(0)
From this expression, (ii) follows. The proof of (iii) is trivial. [

The natural generalization of the example given in [10, Proposition 6.3]
X = apx+ VY9 — (ap™ + Y4 YP/ ) (px + yP ! pPra20),
y = agy — (@0™™ + 79yl 9)(qy — 79! PR,

where p = %/px?d +qy?P, is a system of type (1). For some values of &, 7, p, and g,
this system has one or two limit cycles and it is in accordance with the hypotheses of

Theorem A and B. Therefore, it shows that the results of Theorem A and B cannot be
improved. We also present some different examples for which the above theorems apply.
We stress that they have not homogeneous nonlinearities. Consider

%9 = (=Y~ +Pm(x y), X" + Qu(x, V),

https://doi.org/10.4153/CJM-1997-011-0 Published online by Cambridge University Press


https://doi.org/10.4153/CJM-1997-011-0

226 B.COLL, A. GASULL AND R. PROHENS

where Pp, and Qp are (p, )-quasihomogeneous polynomials of degrees m + 2pq —
g+ 1) and m + 2pg — (p + 1) respectively. For these systems F(X,y) =

— (3P y) + YPTIQu(x.Y)), and A y) = FX )(PXQm(X.y) — QyPm(X,Y)). For
instance, for system

(%, Y) = (=y +ax + bxy, x> + ox* + dx?y),

with (b + ¢)> — 4ad < 0, we get F(x,y) = ax® + (b + c)x*y + dx’y? and taking y = Ax?,
we can prove that F does not change sign. On the other hand, consider

(5, Y) = (—y+ ax’ + by, X + X + dxty + 3bxy?),

3 2 .
where b = b(acd = —229 ;Sﬁ?;;_) d;chZ(sa—d). For this system we have

Fxy) = x(0 + (d — 3a)y)(ay® + BX%y + 7x®), and A(x,y) = x*(ox® + (d — 3a)y)2 .
(ay? +Bx°y+7x5), where a, 3 and Y are real values depending on &, cand d. If we assume
that A = A(a, ¢, d) = (d+3b))>—12b(3bA2+d\+b+C) < 0, where A = ﬁ, then it can
be proved that ay® + X%y + Yx° does not change sign. So, Theorem B can be applied to
the above system under condition A < 0. We observe that this last condition is not empty
because, for instance, A(a,3a — d,d) = d*> — 6ad — 3a’. In fact, when an(¢) = 0 and
bn(¢) = 1, Theorem B can be improved by using Propositions 4 and 19, and Remark 14,
because in this case p = 0 is a periodic orbit of multiplicity two of system (8), and then
system (3) has at most one limit cycle. So the above example has at most one limit cycle.

Before ending we give, for some family of systems of type (1), a compact expression
of functions F and A in complex coordinates (z = X + iy). Consider system

X=AX—Y+Pmn(Xy),

Y =X+ Ay + Qm(X.y),
where P, and Qp, are real homogeneous polynomials of degree m on X and y. It also
writes as Z= (i + \)z+ Hn(z 2), where H(z 2) is a complex homogeneous polynomial
of degree m on z and Z In this setting, the functions F and A, that appear in (5), are

F=(1-—m) Re((l +,\i)Hm(z,E)?) and A= (1 —m) Re((l +ADHm(z, E)f) Im(Hm(z,E)f),
evaluated at z= €¥,7Z= e ¢,

Appendix 1. Generalized Polar Coordinates. Following Lyapunov [14], we intro-
duce the (p, g)-trigonometric functions Z(¢) = Sn(¢) and W(p) = Cs(), as the solutions
of the Cauchy problem:

7= w1,
(A1) w= 241

1
O:zq—’ O:O,
z(0) \p w(0)

where p and g, are positive integers. Observe that we do not explicitly put the dependence
of Sn(¢) and Cs(¢) with respect to p and g. Also note that forp = q = 1, Sn(¢) = sin(¢)
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and Cs(y) = cos(¢). Therefore, it is natural to say that the argument of the functions
Sn(p) and Cs(¢) is an angle.

We define Tn(¢p), Ctn(¢p), Sec(p), Csc(yp), by

_ SoP(y) _ Cs%)
= 5“9 = Sy
1 1
Sec(go) = W’ and CSC((,D) = W

From these definitions, direct calculations give the following lemma.

LEMMA Al. Thefunctions defined above satisfy the following properties
(i) pPCs™(p) +qSn*P(p) = 1,

(i) p+aTn’(p) = Sec’(p),

(iii) pCtn*(p) +q = Csc*(¢),

(V) S5 =),

v) C;( —Sn*! (),
(vi) Tl = o),
(i) 4582 — —pST (o),
(viii) 95te) = g3,
(0 4G =~ G

LEMMA A2. Sn(y) and Cs(p) are T-periodic functions (whose period isT) and T
is given by

a=2p) (129

e N
—2pzqq2p/(1_t) b3 t 2q dt = 2quTM

Tz + 5q)

PROOF. Since f(z, W) = qw?® + pZ%9, is a first integral for system (A1), there exists
T > 0 such that Sn(p) and Cs(¢p) are T-periodic functions.
From Lemma Al:

dSn(p) _ J (1 - anZp(sw)”‘1

de p

)
"0 1 : (/ e dX) 1
=1, or — NI SN =1,
2 (1—93:129( g))ZQ—l de \Jo (1 — opep)y2a-!
p

hence

Sn(p) p2q 1

/ - go + k9

27(1 _ qXZp)2q 1
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where kK = 0, because Sn(0) = 0, (from the initial conditions of the Cauchy problem
(A1)). Otherwise, ¢ is the parameter of derivation in (A1), so the period T is given by:

/ nh_ yet =4 Yoot
7 qx2p)2q— 7 qXZp)Zq 1
where we have used Lemma A1(i). Integrating this last expression we obtain the desired
result. L]

More properties of Sn(¢) and Cs(¢p), are listed in the next lemma.

LEMMA A3. Functions Sn(y) and Cs(y), satisfy the following relations:
(i) Cs(—p) = Cs(y),

(ii) Sn(—¢) = —Sn(y),

(ili) Cs(3 —¢) = —Cs(g),

(iv) Sn(§ — ¢) = Sn(yp),

(v) Cs(3 +¢) = —Cs(p),

(Vi) Sn(3 +¢) = —Sn(yp).

PROOF. The relations are obtained from the invariance of system (A1) under the
transformations: (Zzw,t) — (z —w,—t), (zw,t) — (—zw,—t) and (Zzw,t) —
(_29 _W7 t)' | |

Given a point (X,y) # (0,0) € R?, we can associate the positive real number r =

X7px2d + qy?P, with it. Hence, ¢ € R/[0,T] and r give the so-called (p, g)-polar coor-
dinates of RZ2. In other words,

X=rPCs(¢), y=r9Sn(yp).
Using these coordinates and a new time variable, given by % = rP*a=209 the system
X=PXy), y=QXY),
is transformed into
b= PRy g y2PTy
¢ = r~*Ppyx — qyx].

Appendix 2. (p, )-Poincaré compactification. In order to study the behaviour of
the orbits in a neighbourhood of infinity we follow a generalization of the approach to
the usual Poincaré compactification, [17], explained in [3].

Let X = (P, Q) be a polynomial vector field of usual degree n > 1. Set M = {(i,)) €

{0,1,..., ,and
Pxy) = > aiXy, Qxy) = > bxy.
(i.)eM (.)emM
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Fixed p,q € N, p > g, we define the following subsetof Z, A= {ip+jg+1—p]| (i,j) €
M}U {ip+jg+1—q] (i,j) € M}. Observe that the smallest element of Ais 1 — p and
the biggest one is np+ 1 — g. Given thatk € Z and r € {p, g}, consider the subset of M,
L, ={@,)) e M| ip+jg+ 1 —r = k}. Define the vector field:

Xe= (P@). Q@) = ( 3 apiyl, 3 byxyl).
(ipeLy (EW

It is clear that Xy is a (p, g)-homogeneous function of degree k. Thus X = Y yea Xy, is the
decomposition of X in (p, g)-quasi-homogeneous vector fields.
The expression of (X, ¥) = X(X,y) in the (p, g)-polar coordinates (see Appendix 1) is:

P = rPa=2Pa S fi (ke
keA

¢ = PPN gk,
keA
where

fi() = ™1 (@)Pi(Cs(¢p). Sn()) +Sn™ ' Qu(Cs(¢p). Sn(y)).  and
k() = PCs()Qk(Cs(ip), Sn(p)) — ASn(p)Pi(Cs(p), Sn(y)).

Putting p = r~!, and replacing the old time t by a new one t;, given by the relation
% = r(1=200+1 "ye get

p= Y flp)p™? 4K,
keA

P =3 )™k,
keA

This last expression gives the (p, ()-Poincaré compactification of the vector field X. Ob-
serve that p = O (the equator) is invariant and the infinite critical points of X are the
points with p = 0 and ¢ satisfying Qnp+1—q(¢) = 0.

Finally, we would like to point out that when p = q = 1, this procedure gives the
usual Poincaré compactification.

Appendix 3. Characterization of the polynomial differential equations given by
the sum of two quasi-homogeneous vector fields. In this appendix we characterize
vector fields defined by the sum of two quasi-homogeneous vector fields. This method
is based on the Newton diagram, see for instance [2, Chapter 7].

Given a polynomial vector field X = (P, Q), where

Pocy) = Y aixy, Qxy) = Y byxy,

i+j=0 i+j=0
we define its support, Sx, as the following subset of R*:
Sc={G0+1j | by #0yU{di,j+1)]|a;#0}.

The next lemma follows from direct computations.
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LEMMA A4. Let X beapolynomial vector field, and let p and g be natural numbers
with (p,q) = 1.

Then, X is given by the sum of two (p, g)-quasi-homogeneous vector fields of degrees
ki+1—(p+q) andk,+1— (p+0q) respectively, if and only if there are two straight lines,
li={(xy) eR®|px+qy=k}fori=1,2,suchthat Sx C I, Ul,.

Furthermore, S, C I;, fori =1, 2.

Observe that, from the above lemma, in order to know if X is given by the sum of
two (P, ()-quasi-homogeneous vector fields, for some p and q, it is sufficient to plot its
support Sy in R? and to check if it is contained in the union of two parallel straight lines.

EXAMPLE. The vector field
(A2) X = (P + Xy + X0y + ¥y 13y +30y7 58y + X!y +x8y0 + xUyA 4 x!4y? 4 x17),

can be decomposed as the sum of two (2, 3)-quasi-homogeneous vector fields of degrees
23 and 32. See Figure A1l

Figure A1l. Support of the vector field (A2).
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