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PHASE PORTRAITS OF INTEGRABLE QUADRATIC
SYSTEMS WITH AN INVARIANT PARABOLA AND AN
INVARIANT STRAIGHT LINE

JAUME LLIBRE' AND MAURICIO FRONZA DA SILVA?

ABSTRACT. We classify the phase portraits of the quadratic polynomial
differential systems having an invariant parabola, an invariant straight
line, and a Darboux first integral produced by these two invariant curves.

1. INTRODUCTION AND STATEMENT OF MAIN RESULTS

Consider planar polynomial differential systems of the form

(1) .T:P(l‘,y), y:Q(%@/),

where P and Q are real polynomials defined in R?. The dot denotes deriv-
ative with respect to the independent variable ¢. The degree of system (1)
is the maximum of the degrees of the polynomials P and ). When a poly-
nomial differential system (1) has degree two we call it simply a quadratic
system.

Let U be a dense and open subset of R2. A first integral of a differential
system (1) is a non-locally constant C* function H : U — R which is constant
on the orbits of the system (1) contained in U, i.e. H satisfies

OH

©) @ P) + G (@ )Q) =0

in the points (z,y) € U. We say that a quadratic system is integrable if it
has a first integral H : U — R.

After the linear differential systems in the plane, i.e. the polynomial
differential systems of degree one, the quadratic systems are the easier ones
and they have been studied intensively, and more than one thousand papers
have been published on those systems, see the references quoted in the books
of Ye [24, 25] and Reyn [20]. But the classification of all the integrable
quadratic system is an open problem.

The phase portrait of a differential system is the decomposition of its
domain of definition as union of all its oriented orbits. The phase portraits
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of a polynomial differential system is drawn in the Poincaré disc which,
roughly speaking, is the closed disc centered at the origin of coordinates
with radius one, the interior of this disc is diffeomorphic to R? and its
boundary S! corresponds to the infinity of R?, each point of S! provides a
direction for going or coming from infinity. For more details see section 3 or
Chapter 5 of [7].

Many classes of integrable quadratic systems have been studied, and for
these classes the topological phase portraits of their quadratic systems have
been classified in the Poincaré disc. A relatively easy class of integrable
quadratic systems is formed by the homogeneous quadratic systems studied
by Lyagina [16], Markus [17], Korol [11], Sibirskii and Vulpe [22], Newton
[18], Date [5] and Vdovina [23],... An important class of integrable qua-
dratic systems are the ones with centers studied by many authors see for
instance Dulac [6], Kapteyn [9, 10], Bautin [3], Lunkevich and Sibirskii [15],
Schlomiuk [21], Vulpe [27], Zotadek [28], Ye and Ye [26], Artés, Llibre and
Vulpe [2], ... In general all polynomial differential systems having a center
with purely imaginary eigenvalues are integrable, see for instance Poincaré
[19] and Liapunov [12], and one example in [13]. Another interesting class is
the one formed by the Hamiltonian quadratic systems, see Artés and Llibre
[1], Kalin and Vulpe [8] and Artés, Llibre and Vulpe [2].

We say that the algebraic curve f(z,y) = 0 is invariant by the polynomial
system (1) if

Q P + 50wy = K )

for some polynomial K (z,y), this polynomial is called the cofactor of the
invariant algebraic curve f(z,y) = 0. Note that an invariant algebraic curve
of system (1) is formed by orbits of that system.

Recently the topological phase portraits in the Poincaré disc of a new class
of integrable quadratic systems having an invariant ellipse and an invariant
straight line have been classified in [16].

The objective of this paper is to classify the topological phase portraits
in the Poincaré disc of a class of integrable quadratic systems having an
invariant parabola and an invariant straight line. After an affine change of
variables we may suppose without loss of generality that the equation of
the invariant parabola and the one of the invariant straight line are y = 22
and azx + by 4+ ¢ = 0 respectively, where a,b and ¢ are constants such that
a? +b? #0.

More precisely we shall classify the topological phase portraits in the
Poincaré disc of the class of quadratic systems

= b\ (y — %) — Xa(az + by + ¢),

4
) § = —a(y — 2%) — 2\oz(az + by + ¢),
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FIGURE 1. Phase portraits of systems (4) in the Poicaré disc.

where a,b,c,\; and Ay are real parameters such that a?> + > # 0, and
A2 + A2 # 0 otherwise we will have the null differential system. Note that
system (4) depends on five parameters.
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It is easy to check using the definition of invariant algebraic curve (3) that
the quadratic systems (4) have the invariant parabola y — 22 = 0 and the
invariant straight line ax 4+ by + ¢ = 0. At the end of section 2 we will show
that the quadratic systems (4) is a subclass of all quadratic systems having
an invariant parabola and an invariant straight line.

Using the Darboux theory (see Theorem 8.7 of [7]) it is easy to obtain
that

(5) H(z,y) = (y — 2*) 7 (az + by + o).

is a first integral of the system (4) in the open and dense subset of R?
where it is defined. In fact it is immediate to check that it is a first integral
using the definition (2). The existence of this first integral shows that the
quadratic systems have no limit cycles.

Theorem 1. The phase portraits in the Poincaré disc of systems (4) with
(A2 + 22)(a® + b?) # 0 are topologically equivalent to one of the 26 phase
portraits shown in Figure 1. The correspondence between systems (4) and
the phase portraits of Figure 1 are provided in Table 1.

This work is organized as follows. In section 2 mainly we present the def-
initions concerning the classification of singularities of planar vector fields.
In section 3 we introduce the Poincaré compactification. We perform the
study of the singularities of system (4) in sections 4 and 5. Finally in section
6 we prove Theorem 1.

2. PRELIMINARY DEFINITIONS AND RESULTS

Consider a vector field X : U — R? defined on the open subset U of R? and
denote the Jacobian matrix of X at (x,y) € U by DX («x,y). Let (xg,y0) € U
be a singularity of X. We say that (z, yo) is elementary if one of the following
three conditions holds: either the real part of both eigenvalues of DX (xq, yo)
are different of zero, in this case (x, yo) is a hyperbolic singular point; or the
eigenvalues of DX (xg,y0) are purely imaginary and (xg,yp) is a focus or a
center; or only one of the eigenvalues of DX (xq,yo) is different of zero, in
this case (zg,yo) is a semi-hyperbolic singular point. If both eigenvalues of
DX (xg,y0) are zero then (x9,yo) is a non-elementary singular point of X.

The topological classification of the flow near a hyperbolic or semi-hyperbolic
singular point of X is given, for instance in Theorems 2.15 and 2.19 of [7],
respectively.

Suppose that (zg, yo) is a non-elementary singular point of X. If the matrix
DX (xg,y0) is not zero, then (xq, yo) is a nilpotent singularity. If DX (xq,yo)
is the zero matrix then (zg, yo) is a linearly zero singularity. The topological
classification of a nilpotent singular point is given, for instance in Theorem
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Global Phase Portrait
of Figure 1

Parameters of system (4)

a

)\1 =0 and bAQ 750

A1 =0,b=0 and aXy # 0.

)\2 =0 and bAl 750

b
c
d

A2 =0,b=0 and aA; # 0.

ar1 > 0,axo > 0,b =0 and a(A; — 2A3) > 0 or

< 0.

<0 or
> 0.

(
a1 < 0,al2 < 0,0 =0 and a(A; — 2X2
a1 > 0,aXo > 0,6 =0 and Q(Al — 2
ar; < 0,aXo < 0,b =0 and Q(Al — 2

~— — [ — —

aM >O,a/\2 >0,b:0and A1 = 2y Or
ar1 < 0,aro < 0,b=0and A\; = 2.

>

a1 > 0,al2 < 0,0 =0 and a(A; —2X2) >0 or
a1 < 0,axy > 0,b =0 and Q(Al — 2)\2) < 0.

Al = Ay # 0,b# 0 and a® — 4bc > 0.

A =X #0,b# 0 and a® — 4bc = 0.

|| .

A =X #0,b# 0 and a® — 4bc < 0.

o~

0< A2 <A <2X\,b#0 and a? —4bc > 0 or
2Xo < A < A2 < 0,b# 0 and a® — 4be > 0.

0 <2y = A1,b# 0 and a® — 4bc > 0 or
Al =2y < 0,b# 0 and a® — 4bc > 0.

0 <2\ < A,b#0and a? — 4bc > 0 or
A1 < 2X\y < 0,b# 0 and a? — 4bc > 0.

0 <A < Ao,b+#0and a® — 4bc > 0 or
)\2<)\1<0,b7é0anda2—4bc>().

Ao < 0,b# 0 and a® — 4bc > 0.

0 <A< A <2X\,b#0and a? —4bc =0 or
2Xy < A1 < Ay < 0,b# 0 and a® — 4bc = 0.

0 <2\ = A,b#0and a® —4bc =0 or
A =2X\y < 0,b# 0 and a? — 4bc = 0.

0 <2\ < A1,b#0 and a® — 4bc = 0 or
Al < 2o < 0,b# 0 and a® — 4bc = 0.

0 <A < Ao,b#0and a®> — 4bc = 0 or
Ao < A1 < 0,b# 0 and a® — 4bc = 0.

A2 < 0,b# 0 and a® — 4bc = 0.

A2 < 0,b# 0 and a? — 4bc < 0.

0 <A < X,b#0and a® —4bc < 0 or
Ao < A\ <0,b%# 0 and a® — 4bc < 0.

0< A2 <A <2X\,b#0and a? —4bc < 0 or
22Xy < A < A2 < 0,b# 0 and a? — 4be < 0.

0 <2\ = A1,b#0 and a® — 4bc < 0 or
Al =2X\y < 0,b# 0 and a? — 4bc < 0.

w

0 <2\ < A1,b#0 and a® — 4bc < 0 or
)\1<2/\2<0,b7£0anda2—4bc<0.

TABLE 1. Classification of the phase portraits in the Poincaré
disc of the quadratic systems (4).
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3.5 of [7]. The main tool used for studying the local phase portraits of the
the linearly zero singularities are the changes of variables called blow-ups.

In general a quasi-homogeneous blow-up is a change of variables of the
form
(z®, 2Py), positive a-direction,

(—x®,2%y), negative z-direction,
(xy® yﬁ) positive y-direction,

(z,y) — (xy® ,—yﬁ), negative y-direction,
where «, 8 are positive integers. For quasi-homogeneous blow-ups in the
x-direction (respectively y-direction), when a (respectively ) is odd, the
information obtained in the positive z-direction (respectively y-direction)
is useful to the negative x-direction (respectively y-direction). A suitable
choice of a and [ avoids successive homogeneous blow-up’s (see p. 104 of
[7])-

In this work, all isolated singularities are hyperbolic, nilpotent, or linearly
zero. The classification of nilpotent singularities could be perform using
Theorem 3.5 of [7]. But in order to obtain information on the localization of
the separatrices of the nilpotent singularities we will use quasi-homogeneous
blow-ups (see Lemmas 10 and 15).

For showing that the class of quadratic systems (4) having the invariant
parabola y = z2, the invariant straight line ax 4+ by + ¢ = 0, and the first
integral (5) are not all the quadratic systems having the invariant parabola
y = x? and the invariant straight line ax + by + ¢ = 0, it is sufficient to
provide an example. Consider the invariant straight line

L=ax+by+c=8x+16y+1=0,

and the subclass of quadratic systems (4) having this invariant straight line
are

©) i = 161 (y — 22) — X\a(8z + 16y + 1),
7 = —8X\1(y — 2?) — 202 (8z + 16y + 1).
But the quadratic system

i =14 3z + 33y — 3622 + 4ay,

§ = 2(z — 4y + T2% — 3y + 49?).

also has the invariant parabola y = z? with cofactor kp = —8(1 + 92 — ¥)
and the invariant straight line L with cofactor k; = 8(1 — = + y), it is
not contained in the subclass and it has no a first integral of the form (5),
because according statement (i) of Theorem 8.7 of [7] such a first integral
only exists if there are real numbers p; and po not all zero such that

paky + pokr = =81 (1 + 9z — y) + 8uz(l —z +y) =0,
but these p; and pe do not exist.
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3. THE POINCARE COMPACTIFICATION

The Poincaré compactification is a helpful technique to study the behavior
near the infinity of a polynomial vector field defined in R?. In this section X
is the planar polynomial vector field defined by the polynomial differential
system (1) of degree d.

We shall use the notation S? = {(21,29,23) € R% 2 + 22 + 22 = 1}
and S! = {(21, 22, 23) € S% 23 = 0} for the two-dimensional sphere and its
equator, respectively. We identify R? with the tangent plane 7 of S? at the
point (0,0, 1). Considering the central projection from 7 into S, we obtain
a vector field X’ on S?\ S! such that the infinity points of 7 are projected
in S'.

Observe that the vector field X’ is symmetric with respect to the center
of S?. X’ is an unbounded vector field near S', but after a multiplication by
an appropriate factor, the resultant vector field p(X), called the Poincaré
compactification of X, is analytic and defined in the whole sphere S?. The
symmetry means that it is sufficient to consider p(X) defined only in the
closed northern hemisphere H of S?. We project the vector field p(X) on H
using the ortogonal projection into a vector field on the disc {(z1, 22, 23) €
R3: z% + z% < 1,23 = 0}, called the Poincaré disc. 1t is on this disc where we
draw the phase portraits of the polynomial differential systems, its interior
is diffeomorphic to R? and its boundary S corresponds to the infinity of R2.

To obtain an explicit expression of the Poincaré compatification p(X),
the northern and the southern hemisphere of S? are denoted by HT =
{(21, 22,23) € S%;23 > 0} and H™ = {(21, 22, 23) € S%; 23 < 0}, respectively.
We consider the central projections of 7 := {(21, 22,23) € R% 23 = 1} in HT
and H~, which are defined by

ff:m — HT f/:m —» H~
1 1
zZ = m(Zl,ZQ,l) and zZ = m(—Zh—ZQ,—l) ’

respectively. Here A(z) = /22 + 22 + 1,z € 7. Define the vector field X’
on S?\ St by

/ [ Dff(2)X(z) ifw=fT(2),
X {w) —{ Df-(:)X(2) ifw=f(2).

The vector field X’ is unbounded in a neighborhood of S!, but the vector
field wd X’(w) is an analytical extension of X’ to the whole S?. This extension
is the Poincaré compactification of X that we have denoted by p(X).

In general, the vector field p(X) is C*“-equivalent, but not C“-conjugated,
to X in each hemisphere of S?. Then we study the trajectories of X near
a singularity using the correspondent singularities of p(X). Since p(X) may
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has singularities in S', a singular point of p(X) which belongs to S? \ S! or
to S! is called finite or infinite singular point of X, respectively.

We can prove that S! is invariant under the flow of p(X). Using the
expressions of fT and f~ we obtain that p(X) is symmetric with respect to
the origin, then it is sufficient to study the trajectories of p(X) in HT US!.

We will obtain the expressions of p(X) in the local charts of S%. For
j = 1,2,3 consider U; = {(21,22,23) € S%2; > 0}, V; = {(21,22,23) €
S% 2z; < 0} and @; : U; — R? 4, : V; — R? defined by
(22723)

, @2(2) — _1/)2(2) _ (21,23)’ cpg(z) _ (21,22)'

22 z3

p1(2) = —1(z) =

We denote by (u,v) the value of ¢; or ¢; at the point z. The expression of
p(X) in the chart (Ui, ¢1) is

1 1 1
v Vv v

The expression of p(X) in the chart (Us, o) is

and the expression of p(X) in the chart (Us, ¢3) is
= P(u,v), ©v=Q(u,v).

The expression of p(X) in the chart (V}, ;) is the expression of p(X) in the
chart (Uj, ;) multiplied by (—1)4~1, for j = 1,2 and 3.

Notice that (u,v) € Uj is an infinite singular point of X if and only if the
expression of p(X) in the chart (Uj, ¢;) vanishes at (u,v) and v = 0.

Due to the symmetry of p(X) with respect to the origin of coordinates, if
z is an infinite singular point of X then —z is also an infinite singular point
of X. Then we only need to study p(X) in the charts (Uj, ¢;),j = 1,2,3.

If z is an infinite singular point of X with z € Uy and z # (0,0,0) then
z € Uy U Vi. Then, to study all the infinite singular points of p(X), it is
sufficient to study the singularities of p(X) in U; and the origin of Us.

From the definition of the Poincaré compactification follows Remarks 2-4.

Remark 2. Suppose that k : R? — R is a polynomial function of degree
dy and X is a polynomial planar vector field with degree do. Define X =
kX. Let p;(X) and pj()Z) the expression of X and X in the chart (Uj,95),
respectively, for j =1 and 2. Then

1 u

pr(X) = v (;, ;) () and pa(X) = vtk (g, 1) (%),



PHASE PORTRAITS OF A CLASS OF INTEGRABLE QUADRATIC SYSTEMS 9

Remark 3. Ifb # 0 then the points of R? of the straight line ax+by+c =0
of R? are mapped into the points of {a-+bu+cv = 0yNUy with v # 0. Observe
that the straight line a + bu + cv = 0 cuts the line of the infinity v =0 at
the point (—a/b,0).

Remark 4. Ifb = 0 then the points of R? of the straight line ax+by+c =0
of R? are mapped into the points {au + cv = 0} N Us with v # 0. Observe
that the straight line au 4+ cv = 0 cuts the line of the infinity v = 0 at the
point (0,0).

Remark 5. For each k € R the points of R? of the parabola y = x> + k
contained in the half-planes y > 0 or y < 0 are mapped into the points of
the form v = u? + kv? of U, or into the points of the form —v = u? + kv?
of Va, respectively.

4. PHASE PORTRAITS OF SYSTEM (4) FOR THE CASE A\ = 0 AND
A+ A3 #£0.

In this section we present the phase portrait in the Poincaré disc of system
(4) for the case AjAg = 0. If A\; = Ay = 0 and A2 + A3 # 0.

Lemma 6. Suppose that \y = 0 and Ay # 0. If b # 0 or b = 0 then the
phase portrait in the Poincaré disc of system (4) is shown in Figures 1-a or
1-b, respectively.

Proof. After the rescaling given by ds = \s(ax+by+c) dt system (4) becomes
(7) ¥ =-1, ¢y = -2z,

where the prime denotes the derivative with respect to the variable s. The
phase portrait in R? of system (7) is given in Figure 2-a.

The expression of the Poincaré compactification of system (7) in the charts
(Ul, gol) and (UQ, (pg) is

(8) w=uv—2, v=1%
and
(9) 0 =2u®—v, v=2uw,

respectively. We present the phase portrait of system (8) in a sufficiently
small neighborhood of the axis v = 0 in Figure 2-b.

Each orbit of system (7) is contained in a parabola given by y = 22 + k,
for an appropriated choice of k € R. From Remark 5 it follows that the
phase portrait of system (9) is the one of Figure 2-c.

Combining the informations of Figure 2-a-c we obtain the phase portrait
in the Poincaré disc of system (7) in Figure 2-d. Using Remark 2 with
k(z,y) = Ag(az + by + ¢) and X = (—1,—2x) we obtain the conclusions of
Lemma 6. t
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FIGURE 2. (a) Phase portrait in R? of system (7). (b) Phase
portrait of system (8) in a neighborhood of the axis v = 0. (c)
Phase portrait of system (9). (d) Phase portrait in the Poincaré
disc of system (7).

Lemma 7. Suppose that A1 # 0 and Ao = 0. If b # 0 or b = 0 then the
phase portrait in the Poincaré disc of system (4) is given in Figures 1-c or
1-d, respectively.

Proof. After the rescaling given by ds = A1 (y — %) dt system (4) becomes
(10) =5 y =—a.

The phase portrait in R? of system (10) is shown in Figure 3.

a b

FIGURE 3. Phase portrait of system (10). (a) b > 0; if b < 0 then
the orientation of the orbits is reversed. (b) b = 0 and a > 0; if
b= 0 and a < 0 then the orientation of the orbits is reversed.

The expression of the Poincaré compactification of system (10) in the
charts (Ui, ¢1) and (Us, ¢2) is

(11) = —(a+bu), 0= —bv,
and

(12) u=au+b, v=av,
respectively.

We present the phase portrait of systems (11) and (12) in Figures 4-a-d.

Combining the informations of Figures 3 and 4 we obtain the local and
the phase portrait in the Poincaré disc of system (10) in Figure 5. Using
Remark 2 with k(z,y) = Ai(y — 22) and X = (b,—a) we conclude the
proof. O
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FIGURE 4. (a) Phase portrait of system (11) with b > 0; if b < 0
then the orientation of the orbits is reversed. (b) Phase portrait
of system (11) with ¢ > 0 and b = 0; if @ < 0 and b = 0 then the
orientation of the orbits is reversed. (c) Phase portrait of system
(12) with b > 0; if b < 0 then the orientation of the orbits is
reversed. (d) Phase portrait of system (12) with @ > 0 and b = 0;
if a < 0 and b = 0 then the orientation of the orbits is reversed.

HQGQ

FIGURE 5. (a) Local phase portrait in the Poincaré disc of system
(10) with b > 0; if b < 0 then the orientation of the orbits is
reversed. (b) Local phase portrait in the Poincaré disc of system
(10) with b =0 and a > 0; if b = 0 and @ < 0 then the orientation
of the orbits is reversed. (c¢) Phase portrait in the Poincaré disc of
system (10) with b > 0; if b < 0 then the orientation of the orbits
is reversed. (d) Phase portrait in the Poincaré disc of system (10)
with b =0 and @ > 0; if b = 0 and a < 0 then the orientation of
the orbits is reversed.

5. LOCAL PHASE PORTRAITS OF SYSTEM (4) FOR THE CASE A1\ # 0

In this section we will study the local phase portraits in the Poincaré disc
of system (4) when A A2 # 0.

5.1. Finite singularities of system (4). We denote the parabola y = 22
and the straight line ax + by + ¢ = 0 by p and [, respectively. In this
subsection we consider the cases b = 0;b # 0 and Ay = A9; b # 0 and
A1 # A9 in Lemmas 8-10, respectively.

Lemma 8. Suppose that Ay s # 0 and b = 0. Then system (4) has a unique
singularity (xo, o) and the local phase portrait in R? of system (4) at (zo, o)
is given in Figure 6.

Proof. From the hypothesis a? + b # 0 it follows that a # 0. The unique
singularity of system (4) is (29, yo) where zg = —c/a and yo = ¢?/a?. Observe



12

that (xo,y0) € pNland [ is given by the equation z = x¢. Moreover §|;—z, =

J. LLIBRE AND M.F. DA SILVA

a b

FIGURE 6. Local phase portrait of system (4). (a) b =0,aX\; >0
and aly > 0. If b = 0,a)\; < 0 and a)Xy < 0 then the orientation
of the orbits is reversed. (b) b = 0,aA; > 0 and aXy < 0. If
b =0,a\; < 0 and aXy > 0 then the orientation of the orbits is
reversed.

—aX(y — yo).

The eigenvalues of the Jacobian matrix of the vector field de-
fined by system (4) evaluated at (zg,yo) are —al2 and —a)\;. Then
(z0,90) is a hyperbolic singular point. Since (zg,y9) € p N, for the
saddle point case it follows the separatrices are contained in p U!.
We presented the local phase portrait of system (4) in Figure 6.

Lemma 9. Suppose that A\iAs # 0,0 # 0 and Ay = Xo. The local phase

portrait of system (4) is shown in Figure 7.

FIGURE 7. Local phase portrait of system (4). (a) Ay = Az, bA; >
0 and a® — be > 0. If A\; = X2, b)\; < 0 and a? — 4bc > 0 then the
orientation of the orbits is reversed. (b) Ay = A3,0A; > 0 and
a? —4bc = 0. If A\; = X2,bA\1 < 0 and a®? — 4bc = 0 then the
orientation of the orbits is reversed. (¢) Ay = A2 and bA; > 0. If
A1 = A2 and bA; < 0 then the orientation of the orbits is reversed.

Proof. Taking the rescaling given by ds = A; dt system (4) becomes

(13)

In system (13) we have 2’ = 0 if and only if 2 = (a = va? — 4bc/(2b)). Then

o= —br? —ax —c, y =—(2bz+a)y— az® — 2.

we consider three cases.
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Case 1: a? —4bc > 0. In this case system (13) has two singularities, (z1, 1)

and (x2,y2), where 1 = —(vVa? — 4bc + a)/(2b), xz2 = (Va? — 4bc — a)/(2b)

and y; = x? for j =1,2.

Observe that for j = 1,2 we have (z;,y;) € pNl. The eigenvalues
of the Jacobian matrix of the vector field defined by system (13)
evaluated at (z;,y;) are equal to (—1)*'va2? — 4bc. Then (z;,y;) is a
hyperbolic singular point, j = 1,2. We show the local phase portrait of
system (4) at (x1,y1) and (x2,y2) in Figure 7-a.

Case 2: a? — 4bc = 0. In this case we can write system (13) into the form
(14) = —blx —x0)?, ¥ = —(2by + az)(x — z0),

/
x
with g = —a/(2b). After the rescaling given by dr = (z — x¢) dt system
(14) becomes

(15) j—i = —b(x — x9), Z—@T/ = —(2by + ax).
The singularity of system (15) is (zg,y0), where yo = z2. Observe that
(z0,y0) € pN 1 and the tangent line to p at (xg,yo) is [.

The eigenvalues of the Jacobian matrix of the vector field de-
fined by system (15) evaluated at (xg,y0) are —b and —2b. Then
(z0,y0) is a hyperbolic singular point of system (15). We give the
local phase portrait of system (4) at (zg,yo) in Figure 7-b.

Case 3: a® — 4bc < 0. In this case system (4) has no singularities. We
present the phase portrait of system (4) in Figure 7-c. O

The a—limit and the w—limit set of the orbit " are denoted by «(T") and
w(T), respectively. We say that the orbit I' connects the singularities (x1,y1)
and (x2,y2) when o(I') = {(z1,11)} and w(l') = {(x2,y2)}; or a(T") =
{(z2,y2)} and w(I') = {(z1,y1)}. From now on for system (4) we denote by
P, N and X the subsets of R? such that & > 0,4 < 0 and & = 0 respectively.

Lemma 10. Suppose that AAg # 0,b # 0 and A\ # Ao.

(a) The local phase portrait in R? of system (4) is given in Figures 8-11.
(b) For the case of Figure 11-a, if ' is a separatriz of the saddle point
and TN P # 0 (respect. T NN #0) then T C P (respect. I' C N).

Proof. (a) Solving the equation & = 0 for y and replacing the result in the
equation ¢ = 0, we obtain that a point (z,y) is a singularity of system (4)
when x satisfies
(16) 262\ Ao + 3abAi Mox? + (2bc + a®)A Aoz + achi Ay = 0
and y is given by
_ b)\liL‘Q + CL)\Q.CE + C)\Q
Y b(h2 — A1)
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FIGURE 8. Local phase portrait of system (4) with A\ A2 # 0, A1 #
A2,b# 0 and a®? —4bc > 0. (a) A\; > A2 > 0and b > 0or A\; < Ay <
Oand b< 0. If A\ <X <Oandb>0o0r0< X< A andb<0
then the orientation of the orbits is reversed. (b) 0 < A; < A2 and
b>0o0rXd <A <0andb<0.If g <A1 <Oand b > 0 or
0 < A1 < A2 and b < 0 then the orientation of the orbits is reversed.

FIGURE 9. Local phase portrait of system (4) with A\ A2 # 0, A1 #
A2,b # 0 and a? — 4bc > 0. The figure corresponds to cases Ay <
O<AXandb>0o0r A\ <0< X and b<0.If A\{ <0 < Ay and
b>0o0r A\ <0< A and b < 0 then the orientation of the orbits
is reversed.

Dividing by 2b>A1 A2 and performing the change of variables given by z
x + a/(2b), equation (16) becomes

4bc — a?
3, e @

12 x = 0.

(17) x
Then we consider three cases.

Case 1: a? > 4bc. There exist three singularities (j,95),5 = 0,1,2, of

the system (4), where xg = —a/(2b),x1 = xg — \/a?/b?> — 4¢c/b, x5 = xo +
a?/b? —4c/b, yo = —(bMxd + adaxo + cX2) /(DA — bA1) and y; = a7 for
j =1,2. Notice that (z;,y;) € pNifor j =1,2 and (xo,y0) ¢ pUL.
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FIGURE 10. Local phase portrait of system (4) at (zg, yo) for the
case bA1A2(A1 — A2) # 0 and 4bc = a?. (a) 0 < Ay < A\; and b > 0
or A\ <X <0andb<0.If A\ <X <O0andb>00r0< Ay < A
and b < 0 then the orientation of the orbits is reversed. The
separatrices are contained in the straight line ax + by + ¢ = 0 and
in the region y > 22. (b) 0 < A\; < dgand b > 0 or Ay < A\; <0
and b < 0. If Mg <A1 <0andb>00r0< A\ <Xandb<0
then the orientation of the orbits is reversed. The separatrices are
contained in region ax + by + ¢ < 0 and parabola y = 22. (c)
A <0< Xdandb>00r A <0< A andb<0.If Ag <0< Ny
and b > 0 or \; < 0 < Ay and b < 0 then the orientation of the
orbits is reversed. The separatrices are contained in the straight
line ax + by + ¢ = 0 and in the parabola y = 2.

a b

e}

FIGURE 11. Local phase portrait of system (4) at (xo,%0). (a)
Ay < 0,b(/\1 — )\2) < 0 and a? — 4bc < 0. If A < O,b()\l —
A2) > 0 and a? — 4bc < 0 then the orientation of the orbits is
reversed. (b) AMA2 > 0,b(A1 — A2) < 0,A2(A1 — A2) < 0 and
a? —4be < 0. If Ao > O,b()\l — )\2) > 0,)\2()\1 — )\2) < 0 and
a®? — 4bc < 0 then the orientation of the orbits is reversed. (c)
A1y > 0,b(/\1 — /\2) < 0,)\2(/\1 — )\2) > 0 and a2 — 4bec < 0. If
A1y > O,b()\l — )\2) > 0,/\2()\1 — )\2) > 0 and (12 — 4be < 0 then
the orientation of the orbits is reversed.

15

The eigenvalues of the Jacobian matrix of the vector field de-
fined by system (4) evaluated at (x¢,y) are

(18)

EV4 ((12 - 4bc))\1 )\2
+ .
V2




16 J. LLIBRE AND M.F. DA SILVA

The eigenvalues of the Jacobian matrix of the vector field defined
by system (4) evaluated at (z;,y;) are

. JaZ —1 . JaZ—1
(—1)i+! 6]\ 0;7 be (—1)7+! D] A2 C; bC, i=19

It follows that (z;,y;) is a hyperbolic singular point, for j =1, 2.
Moreover, if A\jAy > 0 then (zp,yp) is a hyperbolic singular point
and, if \jA2 < 0 then (z9,y0) is a center. Since (z;,y;) € pNI for
j = 1,2 we obtain that p and [ are separatrices of system (4). We present
the local phase portrait of system (4) at the singularities (zo,yo), (1,91)
and (z2,y2) in Figures 9 and 12.

We will prove that the saddle point is connected with the attracting node
and with the repelling node in the cases shown in Figure 12. From this we
obtain Figure 8.

b
l
— R - D
~ | l
e — - & =
a b

FIGURE 12. Local phase portrait of system (4) with A; Ay #
0,\1 # Xo,b # 0 and a® — 4bc > 0. (a) A\ > X2 > 0 and
b>0o0r A\ < Xd<0Oandb<0.If A <X <O0Oandbdb>0
or 0 < Ay < A and b < 0 then the orientation of the orbits is
reversed. (b) 0 < Ay < dgand b > 0or A2 < Ay <0 and b < 0.
If Mg <A1 <0andb>00r0< A\ < Ay and b < 0 then the
orientation of the orbits is reversed.

We consider only the case given by Figure 12-a, because the case given
by Figure 12-b follows in a similar way. The portion of Figure 12-a which
corresponds to the region below to [ is shown in Figure 13. We will prove
that «(I'1) = {(z1,y1)}. It is sufficient to prove that I'y C P. The proof of
a(T's) = {(x2,y2)} is analogous.

In Figure 13 we suppose that a/b < 0. The case a/b > 0 is treated in a
similar way.

Under the hypotheses of Lemma 16 we obtain that 3 is given by the points
of the parabola b(A; — \2)y = bA12% + adox + cAy and it is represented as
the dashed line in Figure 13. Observe that (z;,y;) € £,57 = 0,1,2 and
1 < g < x9. Since P and N are connected subsets of R? we obtain that
the sets I' M P and I' N NV are also connected, for all orbit I" of system (4).
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<‘ P :
(z1,11) o (22, y2)
+. > @® =
)3 P
+ Fl Fg +
Iy
N (‘T07y0)

FIGURE 13. Proof of a(T'1) = {(x1,91)}.

The slope of the tangent to ¥ at (zg,yo) is —a/b. The slope of the stable
subspace of the linearized system at (z,yo) is

a  V2+y/(a? — 4bc) Ao

b 2000 — Ag)

which is smaller than —a/b, since 2b(A; —A2) > 0. From the Stable Manifold
Theorem it follows that T'y NP # () and T's N N # ().

Since 9|y, is given by the polynomial function on the left side of equation
(16) divided by b(A2 — A1), we have

(19) Yy >0if x < xj or g < = < X9
and
(20) Y <0ifzy <z <xgorzg <.

Now we will prove that I'y C P. Suppose that this statement is false.
Let ¢ = (¢1, ¢2) the flow of the vector field defined by system (4) and take
z € I'1 N P. Using continuity it follows that there exists ty € R such that
o(to,z) € 3. Observe that ¢(tg,z) # (zo,y0) because z € I';. Then there
exist two possibilities: ¢1(tg, 2) > z¢ or ¢1(to, z) < xo.

Suppose that ¢y (tg,z) > xo. Since ¢1(tg,z) = 0, from (19) it follows
that the solution ¢(tg, z) is transversal to ¥ at ¢(to, z). Using the Flow Box
Theorem there exist 1,2 € R such that t; < 5 < t5 and

t1<t<to=¢(t,z) €N and tg <t <ty = ¢(t,z) € P.

Since t — ¢1(t, ) is an increasing function on the interval (o, t2] we have
that ¢1(te,2) > xo. But limy_ 1o ¢1(t,2) = z0p, then there exists t3 > to
such that ¢; (t3,z) < 0, that is ¢(t3,2) € N. Hence we have t; < ty < t3
with ¢(t1, 2), ¢(t3,2) € N and ¢(t2,2) ¢ N. This is a contradiction with the
fact that the set I'1 N N is connected.

If ¢1(to,2) < xo, using (20) instead (19), we obtain in a similar way a
contradiction with the fact that the set I';y N P is connected.
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Case 2: a? = 4bc. The unique solution of equation (17) is = 0, then

the unique singularity (zg, o) of system (4) is given by z¢o = —a/(2b) and
yo = ¢/b. Observe that (zg,y9) € p NI. Moreover the tangent line to p at
(z0,y0) is [.

The Jacobian matrix of the vector field defined by system (4) evaluated

at (z0,0) is
(A1 = A2) < —a%/b —ba ) '

Then (zg,yo) is a nilpotent singularity of system (4).
Doing the translation given by x +— x —x,y — y—1yo system (4) becomes
T = CL(Al — A2)$ + b(Al - Ag)y - bA1$2,

(21)
y = —4c(A1 — X2)z — a(A1 — X))y — a(2Xy — A\1)x? — 2bAozy.

After the linear change of coordinates defined by

(5) (a1 ) (3)

system (21) becomes

(22) =0\ — Xo)y — b \z?, o = =202 \axy.

In order to obtain information on the localization of the separatrices we
take the quasi-homogeneous blow-up in the z—direction given by x = u, y =
u?v. Then system (22) becomes

(23) @ = b\ — Ao)uPv — D Mu?, b = —2b(A; — Ap)uv? + 262 (A — Ap)uw.
Taking the rescaling given by ds = u dt system (23) writes
(24) ' =b(A — Xo)uv — bPAju, v = —2b(\; — Xo)v? + 262 (N — Ag)v.

The singularities (ug,vp) of system (24) with up = 0 are (0,0) and (0, b).
The eigenvalues of the Jacobian matrix of the vector field defined
by system (24) evaluated at (0,0) and (0,b) are —b?\1,2b%(\; — A2)
and —b%, —2b%(\; — \2), respectively.

Changing y by —y and v by —v, Figure 14 corresponds also to the case

b<O0and \{ < Xy <0.If b <0 and 0 < Ay < A1 then the orientation of the
orbits is reversed.

Changing y by —y and v by —v, Figure 15 corresponds also to the case
b<O0and Ag < A\ <0.If b <0 and 0 < Ay < Ay then the orientation of the
orbits is reversed.

Changing y by —y and v by —v, Figure 16 corresponds also to the case
b<O0and A\ <0< X. If b <0 and Ay < 0 < A1 then the orientation of the
orbits is reversed.
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Observe that for system (22) we have #|,—o = b(A\1 — A2)y. System (22)
is invariant under the change of coordinates (¢,z,y) — (—t,—x,y), then
system (22) is symmetric with respect to the y—axis. Then we obtain the
following conclusions. If A; Ao > 0 then the sectorial decomposition of system
(22) at (0,0) is composed by one elliptic sector, one hyperbolic sector, one
attracting sector and one repelling sector. If Ay A2 < 0 then (0,0) is a saddle
point of system (22).

\\ e
S—— [ >
- - 7)/ -

—- ku -—
1 R
a

FIGURE 14. Local phase portrait of system (22) at (0,0) for the
case b > 0and Ay < Ay < 0.If b >0 and 0 < Ay < A; then the
orientation of the orbits is reversed. (a) System (24). (b) System
(23). (c) System (22).

Y

B L

a b c

\
\

FIGURE 15. Local phase portrait of system (22) at (0,0) for the
case b > 0and Ao < A\ < 0.If b > 0 and 0 < A\ < Ay then the
orientation of the orbits is reversed. (a) System (24). (b) System
(23). (c) System (22).

v v
L I
I R o=
— =—y == = u
e -
a b

FIGURE 16. Local phase portrait of system (22) at (0,0) for the
case b >0and A\ <0 < X. If b > 0 and A2 < 0 < A; then the
orientation of the orbits is reversed. (a) System (24). (b) System
(23). (c) System (22).

Observe that from the blow-up we obtain that the straight line v = b of
system (24) corresponds to the parabola y = bx? of system (22). Then we
have the following conclusions on the separatrices of system (22). For the
cases of Figure 14 the separatrices are contained in the axis y = 0 and in the
region y > bx?. For the cases of Figure 15 the separatrices are contained in



20 J. LLIBRE AND M.F. DA SILVA

y = bxz? and in the region y < 0. For the cases of Figure 16 the separatrices
are contained in y = bz? and in y = 0.

We present the sectorial decomposition of system (4) at (xg,y0) in the
Figure 10.

Case 3: a? < 4bc. In this case the unique solution of equation (17) is = = 0,
then the unique singularity (zg,yo) of system (4) is given by zo = —a/(2b)
and yo = ((4bc—a?) Ay +a?(A1 — A2))/(4b% (A1 — A2)). Observe that (xg,0) ¢
pUl.

The eigenvalues of the Jacobian matrix of the vector field de-
fined by system (4) evaluated at (xo, o) are given by (18). If \; A2 <0
then (xo,yo) is a hyperbolic saddle point of system (4). If A\ > 0 then
the eigenvalues are purely imaginary and (zg, o) is a center of system (4).
We show the sectorial decomposition of system (4) at (xo,y0) in Figure 11.
The proof of statement (a) is complete.

The proof of statement (b) is analogous to the proof of a(I'1) = {(x1,v1)}
done in Case 2. O

5.2. Infinite singularities of system (4). The expression of the Poincaré
compactification of system (4) in the charts (Uy, ¢1) and (Us, ¢2) is

U= Aa(a+bu+ cv)(uv —2) + A1 (1 — uv)(a + bu),

(25) ¥ = Aa(a + bu + cv)v? + bA1(1 — uv)v,
and

U= Xo(au+ b+ cv)(2u? —v) + A (v — u?)(au + b),
(26) 0= 2X\o(au+ b+ cv)uv + ar (v — u?)v,
respectively.

5.2.1. Infinite singularities in Uy. In this section we will determine de sec-
torial decomposition of the singularities of system (25) which are of the form
(u,0), with u € R. We consider the cases \; — 2\ # 0 and \; — 2\ = 0
separately. The first one, studied in Lemma 11, follows from the Grobman-
Hartman Theorem and the proof is omitted. In the second case v = 0 is
a line of singularities and we study the phase portrait of the corresponding
system in Lemma 12.

Lemma 11. Suppose that A Ag # 0 and Ay — 2Xo # 0.

(a) If b = 0 then system (25) has no singularities in a neighborhood of
the azis v = 0.

(b) Suppose b # 0. Then the unique singularity (ug,vo) of system (25)
with vg = 0 is given by ug = —a/b. If bA;1 > 0 and b(A1 — 2X\3) > 0
then (ug,0) is a hyperbolic repelling node of system (25). If bA; < 0
and b(A1 — 2X\3) < 0 then (up,0) is a hyperbolic attracting node of
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system (25). If A1 (A1 — 2X2) < 0 then (ug,0) is a hyperbolic saddle
point of system (25).

Lemma 12. Suppose that AMqAo # 0 and A\ — 2A5 = 0. The phase portrait
of system (25) in R? is shown in Figure 17.

I/ { Vl\‘
AN e

a

FIGURE 17. Phase portrait of system (25). (a) Ay = 2\y and
bAa > 0. If A\; = 2\ and bAy < 0 then the orientation of the orbits
is reversed. (b) Ay = 2X\2,b =0 and ads > 0. If Ay = 2X3,0 =0
and a)lo < 0 then the orientation of the orbits is reversed.

Proof. After the rescaling given by ds = Ayv dt system (25) becomes

(27) u' = cuv — bu® —au —2¢, v = cv? + (a — bu)v + 2.

We consider the cases b # 0 and b = 0 separately.

Case 1: b # 0. In this case system (27) has no singularities (ug,vo) with

vg = 0 and we show the phase portrait of system (25) in a sufficiently small
neighborhood of the axis v = 0 in Figure 17-a.

Case 2: b = 0. From hypothesis a4 b? # 0 it follows that a # 0. In this case
the unique singularity (ug, vg) of system (27) with vy = 0 is ug = —2¢/a.

The eigenvalues of the Jacobian matrix of the vector field de-
fined by system (27) evaluated at (up,0) are —a and —2c?/a. Then
(up,0) is a hyperbolic saddle point of system (27). We present the phase
portrait of system (25) in a sufficiently small neighborhood of the axis v =0
in Figure 17-b. g
5.2.2. The origin of Uy. We denote by p’ the parabola given by v = 2.
From Remark 5 it follows that the points of p\ {(0,0)} are mapped into the
points of p’.

The Jacobian matrix of the vector field defined by system (26) evaluated

at (0,0) is
< 8 b()\lo—)\g) )

Then we consider the cases b = 0, b # 0 and A\ = A9, and b(A; — A2) # 0
separately. In the last case the origin is a nilpotent singularity of system
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(26). In order to obtain information on the localization of the separatrices
we will use blow-ups to study the singularity (0,0).

Lemma 13. Suppose that A1 Ay # 0 and b = 0.

(a) If A1 # 2)\y then the sectorial decomposition of system (26) at the
origin is shown in Figure 18.

(b) If \i = 2Xy then the sectorial decomposition of system (26) at the
origin is shown in Figure 19.

P P
a b c
FIGURE 18. Sectorial decomposition of system (26) at (0,0) for
the case b = 0. (a) ad1 < 0,a)y > 0 and a(A1 — 2X\2) < 0. If
a1 > 0,a)y < 0 and a(A; — 2X\3) > 0 then the orientation of the
orbits is reversed. (b) aA; < 0,aXs < 0 and a(A; — 2Ag) < 0. If
aXy > 0,a)y > 0 and a(A; — 2X\2) > 0 then the orientation of the
orbits is reversed. (c) ad; < 0,al2 < 0 and a(A1 — 2XA2) > 0. If

a1 > 0,a)y > 0 and a(A; — 2X\3) < 0 then the orientation of the
orbits is reversed.

FIGURE 19. Sectorial decomposition of system (26) at (0,0) for
the case MAg # 0,0 =0, A1 = 2X\3 and aXe2 > 0. If Mg # 0,0 =
0,A\1 = 2Xy and a)y < 0 then the orientation of the orbits is
reversed.

Proof. We consider the cases A\ — 2Xo # 0 and A\; — 2Ao = 0 separately.

Case 1: A\ — 2)\y # 0. We take the quasi-homogeneous blow-up in the
positive v—direction given by u = @ ¥, v = 2. Then system (26) becomes

gl

= % [2cA2 (@ — 1)T% + a(2X2 — M) (@2 — 1)u 7?],
(28)

S0

1
= 5 [C)\Qﬂ v+ ((2)\2 — )\1)@2 + a)q)] 3.
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Taking the rescaling given by ds = 2/2dt system (28) becomes
= ch(@? — 1)+ a(2Xy — A1) (@ — 1)7,
(29)
v o= [C)\Qﬂ U+ (a(2)\2 — )\1)@2 + (I/\l)] v

The singularities (U, Tp) of system (29) with 7y = 0 are (0,0) and (£1,0).
The eigenvalues of the Jacobian matrix of the vector field defined
by system (29) evaluated at (0,0) are —a(2X\2 — A1) and a)\;. The
eigenvalues of the Jacobian matrix of the vector field defined by
system (29) evaluated at (1,0) or (—1,0) are 2a(2X2 — A1) and 2aXs.
Then (0,0) and (£1,0) are hyperbolic singularities of system (29).

For system (26) we have that
(30) Uy—o = a(2Xg — A)u? and D|y—g = arv?

Observe that the straight lines @ = 41 are invariant under the flow of the
system (29), then the parabola p’ contain separatrices of system (26) for
the cases present in Figures 20 and 21. The quasi-homogeneous blow-up in
the positive v—direction is summarized in Figures 20-22.

FIGURE 20. Sectorial decomposition of system (26) at (0,0) with
v > 0, for the case b = 0,a(2X\a — A1) > 0,aXy > 0 and a); < 0. If
b=0,a(2Xy — \1) < 0,a\y < 0 and aA; > 0 then the orientation
of the orbits is reversed. (a) System (29). (b) System (28). (c)
Sectorial decomposition of system (26) at (0,0) with v > 0.

i g

b

FIGURE 21. Sectorial decomposition of system (26) at (0,0) with
v > 0, for the case b = 0,a(2XA2 — A1) > 0,aX2 < 0 and aX; < 0. If
b=0,a(2XAy — A1) < 0,a\y > 0 and aX; > 0 then the orientation
of the orbits is reversed. (a) System (29). (b) System (28). (c)
Sectorial decomposition of system (26) at (0,0) with v > 0.
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FIGURE 22. Sectorial decomposition of system (26) at (0,0) with
v > 0, for the case b = 0,a(2A2 — A1) < 0,aX2 < 0 and aX; < 0. If
b=0,a(2Xy — A1) > 0,a\y > 0 and aA; > 0 then the orientation
of the orbits is reversed. (a) System (29). (b) System (28). (c)
Sectorial decomposition of system (26) at (0,0) with v > 0.

We take the quasi-homogeneous blow-up in the negative v—direction given

by u = v, v=—v2. Then system (26) becomes

. 1

i o=y [2eA2 (T 4+ 1)T + a(A1 — 2X2) (T + 1) 72,
(31)

. 1

vo=— [2cA0u T + a((A1 — 2X0)T” + A\1)] T°

Observe that this change of coordinates maps points (w,v) with 7 > 0 in
points (u,v) with v < 0. Taking the rescaling given by ds = 72/2dt system
(31) becomes

7 = —[2ch (W + )T+ a(M — 2X2) (W + 1),
(32)
v o= [20)\2ﬂ U+ (1(()\1 — 2A2)ﬂ2 + )\1)] v

The singularity (@g, 7o) of system (32) with Tp = 0 is (0,0). The eigen-
values of the Jacobian matrix of the vector field defined by system
(32) evaluated at (0,0) are a(2X\2 — A1) and —a);. Then (0,0) is a hy-
perbolic singular point of system (32).

Using (30) we summarize the quasi-homogeneous blow-up in the negative
v—direction in Figures 23 and 24.

The sectorial decomposition of system (26) at (0,0) shown in Figure 18-a
follows from Figure 20-c and Figure 24-c (with reversed orientation). The
sectorial decomposition of system (26) at (0,0) given in Figure 18-b follows
from Figure 21-c and Figure 24-c (with reversed orientation). The sectorial
decomposition of system (26) at (0,0) shown in Figure 18-c follows from
Figure 22-¢ and Figure 23-c (with reversed orientation).

Case 2: \; = 2)\y. After the rescaling given by ds = Agvdt system (26)
becomes
/

(33) u' = —cv 4 2cu® + au, v =2(cu+ a)v.
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FIGURE 23. Sectorial decomposition of system (26) at (0,0) with
v <0, for the case Ao # 0,b = 0,a\; > 0 and a(2 2 — A1) > 0. If
A2 # 0,0 =0,a)\ < 0 and a(2X2 — A1) < 0 then the orientation
of the orbits is reversed. (a) System (32). (b) System (31). (c)
Sectorial decomposition of system (26) at (0,0) with v < 0.

R
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FIGURE 24. Sectorial decomposition of system (26) at (0,0) with
v < 0, for the case Ao # 0,b = 0,a\; > 0 and a(2X2 — A1) < 0. If
A2 £ 0,0 =0,a)\; < 0 and a(2A2 — A1) > 0 then the orientation
of the orbits is reversed. (a) System (32). (b) System (31). (c)
Sectorial decomposition of system (26) at (0,0) with v < 0.

The eigenvalues of the Jacobian matrix of the vector field de-
fined by system (33) evaluated at (0,0) are a and 2a. Then (0,0) is
a hyperbolic singular point of system (33). We present the local phase
portrait of system (26) at (0,0) in Figure 19. O

Observe that in Lemma 14-e, we will present a finite number of possi-
bilities for the sectorial decomposition of system (26). But in the proof of
Theorem 1 we will prove that the sectorial decomposition of system (26) at
the origin, for this case, is composed by two elliptic sectors.

Lemma 14. Suppose that A1 # 0,0 # 0 and Ay = Ao.

(a) If a = ¢ = 0 then the sectorial decomposition of system (26) at the
origin is shown in Figure 30.

(b) If c =0 and a # 0 then the sectorial decomposition of system (26)
at the origin is given in Figures 25-c and 26-c.
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(c) If ¢ # 0 and a® > 4bc then the sectorial decomposition of system
(26) at the origin is shown in Figures 27-c, 28-c and 29-c.

(d) If ¢ # 0 and a® = 4bc then the sectorial decomposition of system
(26) at the origin is shown in Figures 31-d and 32-d.

(e) If ¢ # 0 and a® < 4bc then the sectorial decomposition of system
(26) at the origin is given in Figure 33-c.

Proof. Taking the rescaling given by ds = A1 dt system (26) becomes

(34) o' =2cuv +au® — cw? + i, V= 2cuv? + auv + av? + 2buw.
We take the blow-up in the u—direction given by v = u, v = @ v, which

maps points of the form u < 0, v > 0 into points of the form u < 0, v < 0;

and points of the form uv < 0, v < 0 into points of the form uw < 0, v > 0.
Then system (34) becomes

(35) U= —cuv + 20T+ au’ +bu?, V=cUT +auv: +buu.
Taking the rescaling given by ds = wdt system (35) becomes
(36) T = —cU v+ 2¢0°0 + at® + bu, T = T + av® + bv.

The singularities (@o, vg) of system (36) with wy = 0 are (0,0) and (0, vy),
where Ty is a solution of the equation ¢? + a¥ + b = 0. The eigenvalues
of the Jacobian matrix of the vector field defined by system (36)
evaluated at (0,0) are equal to b, then (0,0) is a hyperbolic singular
point of system (36). In order to study the other singularities of system
(36) we consider three cases.

Case 1: a2 — 4bc > 0.

Case 1.1: ¢=0. Then a # 0. The singularities (u, 7o) of system (36) with
u =0 are (0,0) and (0,—b/a). The eigenvalues of the Jacobian matrix
of the vector field defined by system (36) evaluated at (0,—b/a)
are b and —b. Observe that the straight line ¥ = —b/a is invariant for
system (36), then the straight line v = —(b/a)u is invariant for system (26).
Moreover, since \; = Ay and ¢ = 0, the axis v = 0 is invariant for
system (26). We summarize the blow-up in Figures 25 and 26.

Case 1.2: ¢ # 0. The singularities (up,7p) of system (36) with w = 0
are (0,0),(0,71) and (0,72), where 77 = (—a + Va? — 4bc)/(2¢) and Ty =
—(a 4+ va? —4bc)/(2c). The eigenvalues of the Jacobian matrix of
the vector field defined by system (36) evaluated at (0,7;) are
+7;Va? — 4be, for j = 1,2. Observe that the straight line 7 = v; is in-
variant for system (36), then the straight line v = T;u are invariant
for system (26), for j = 1,2. The blow-up is summarized in Figures 27-29.

Case 2: a? = 4bc.
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FIGURE 25. Sectorial decomposition of system (26) at (0,0) for
the case Ay = X3 > 0,a>0,b>0and c=0;0r A\ = X2 <0,a <
0,b<O0and ¢c=0.If \;y = A2 > 0,a < 0,b <0 and ¢ = 0; or
Al = A2 < 0,a > 0,b> 0 and ¢ = 0 then the orientation of the
orbits is reversed. (a) System (36). (b) System (35). (¢) Sectorial
decomposition of system (26) at (0,0).
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FIGURE 26. Sectorial decomposition of system (26) at (0,0) for
the case A1 = A3 > 0,a < 0,b>0and c=0;0or A\ = X2 <0,a >
0,b<O0Oand ¢c=0.If \;y = A2 < 0,a < 0,b >0 and ¢ = 0; or
Al = A2 > 0,a > 0,b <0 and ¢ = 0 then the orientation of the
orbits is reversed. (a) System (36). (b) System (35). (¢) Sectorial
decomposition of system (26) at (0,0).
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FIGURE 27. Sectorial decomposition of system (26) at (0,0) for
the case Ay = Ay > 0,a > 0,b > 0,¢ > 0 and a® — 4bc > 0; or A\; =
X <0,a<0,b<0,c<0anda?—4bc>0.If A\ =X <0,a >
0,b>0,c>0and a® —4bc>0;0r A\ = Xy >0, <0,b<0,c<0
and a? — 4bc > 0 then the orientation of the orbits is reversed.
(a) System (36). (b) System (35). (c) Sectorial decomposition of
system (26) at (0,0).

Case 2.1: a = ¢ = 0. In this case the blow-up is superfluous. Taking
the rescaling given by ds = wudt in system (34), we obtain the sectorial
decomposition of system (26) at (0,0) shown in Figure 30.
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FIGURE 28. Sectorial decomposition of system (26) at (0,0) for
the case A\; = Ay >0,a < 0,b > 0,c > 0 and a® — 4bc > 0; or \; =
X < 0,a>0b<0,c<0anda?—4bc>0.If A1 =X <0,a <
0,6>0,c>0and a®? —4bc > 0;0r Ay =X >0,a>0,b<0,c¢<0
and a? — 4bc > 0 then the orientation of the orbits is reversed.
(a) System (36). (b) System (35). (c¢) Sectorial decomposition of
system (26) at (0,0).
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FIGURE 29. Sectorial decomposition of system (26) at (0,0) for
the case A\; = Ao > 0,b>0,c < 0 and a2 —4bc > 0; or A\; = Xg <
0,b<0,c>0and a?—4bc > 0.If \; = X < 0,b > 0,c < 0 and
a?—4bc>0;0r Ay = Xy > 0,b < 0,¢ > 0 and a® —4bc > 0 then the
orientation of the orbits is reversed. (a) System (36). (b) System
(35). (c) Sectorial decomposition of system (26) at (0, 0).

FIGURE 30. Sectorial decomposition of system (26) at (0,0) for
the case \f = Ay #0,a=c=0and bA\; > 0. If A\; = Xy #0,a =
¢ =0 and b\; < 0 then the orientation of the orbits is reversed.

Case 2.2: ac # 0. The singularities (@, 7o) of system (36) with wy = 0
are (0,0) and (0,v;1), where v; = —a/(2¢). Taking the rescaling given by
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dr = (v — 1) ds system (36) becomes

du u  du
(37) Lo _a@rtoa@+ 2,

I 5 I = cv(v — 11).

The eigenvalues of the Jacobian matrix of the vector field de-
fined by system (37) evaluated at (0,0) are equal to a/2. The eigen-
values of the Jacobian matrix of the vector field defined by system
(37) evaluated at (0,7;) are a and —a/2. Since \; = Ay, for system (26)
we observe that |,—g = —A1cv?, U|y—0 = Au?(au + b) and ¥|,—¢ = A1av?.
The blow-up is summarized in Figures 31 and 32.

C

FIGURE 31. Sectorial decomposition of system (26) at (0,0) for
the case Ay = Ay > 0,a > 0,b> 0,¢ > 0 and a® —4bc = 0; or A\; =
X <0,a<0,b<0,c<0anda?—4bc=0.If \{ = Xy < 0,a >
0,b>0,c>0anda?—4bc=0:0r A1 = X2 > 0,6 <0,b<0,c<0
and a? — 4bc = 0 then the orientation of the orbits is reversed.
(a) System (37). (b) System (36). (c) System (35). (d) Sectorial
decomposition of system (26) at (0,0).

Case 3. a? < 4bc. The unique singularity (2o, o) of system (36) with 7y = 0
is (0,0). The blow-up is summarized in Figure 33. O

Lemma 15. Suppose that AjAa # 0 and b(A; — A2) # 0.

(a) If \y # 2)g then the sectorial decomposition of system (26) at the
origin is given in Figure 34.

(b) If \i = 2Xy then the sectorial decomposition of system (26) at the
origin is shown in Figure 35.

Proof. We consider the cases \; # 2o and \; = 2\ separately.

Case 1: Ay # 2)Xs. In order to obtain information on the localization of
the separatrices of the sectorial decomposition of system (26) at (0,0), we
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FIGURE 32. Sectorial decomposition of system (26) at (0,0) for
the case A\; = Ay >0,a > 0,b < 0,c <0 and a® — 4bc = 0; or \; =
X <0,a<0,b>0,c>0anda?—4bc=0.If \y =Xy > 0,0 <
0,6>0,c>0and a®? —4bc=0;0r Ay = A2 <0,a>0,b<0,c¢<0
and a? — 4bc = 0 then the orientation of the orbits is reversed.
(a) System (37). (b) System (36). (c) System (35). (d) Sectorial
decomposition of system (26) at (0,0).
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FIGURE 33. Sectorial decomposition of system (26) at (0,0) for
the case A\ = Ao > 0,b>0,¢> 0 and a2 —4bc < 0; or A\; = Ag <
0,b<0,c<0anda?—4bc < 0.If A\ =Xy <0,b>0,¢c> 0 and
a?—4bc < 0;0r Ay =Xy > 0,b < 0,¢ < 0and a® —4bc < 0 then the
orientation of the orbits is reversed. (a) System (36). (b) System
(35). (c) Sectorial decomposition of system (26) at (0, 0).

will use blow-up. Morevover, if we use Theorem 3.5 of [7], then the case
A1 = 3)g should be treated separately.

We take the quasi-homogeneous blow-up in the u—direction given by u =
U, v =71u?7v. Then system (26) becomes
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FIGURE 34. Sectorial decomposition of system (26) at the origin.
(a) b>0and 0 < Ag < A1 < 2Xg;0rb < 0and 2y < A < A2 <O0.
Ifb>0and 2X o < A1 <Ay <0;orb<0and 0 < Ay < A\ < 2A9
then the orientation of the orbits is reversed. The separatrices are
contained in v = u? and in the region v < 0. (b) b > 0 and 0 <
2 g < Ap;orb<0and A\; <2X < 0.If b >0 and Ay < 2)\ < 0;
or b < 0 and 0 < 2\ < A then the orientation of the orbits is
reversed. The separatrices are contained in v = u? and in v = 0.
(¢)b>0,A3>0and A\; < Ag; or b < 0,A2 < 0 and Ay > Ag. If
b>0, < 0and Ay > Ag; or b < 0,A3 > 0 and A\; < A2 then the
orientation of the orbits is reversed. The separatrices are contained
in the region v > u? and in v = 0.

FIGURE 35. Sectorial decomposition of system (26) at the origin.
Case /\1)\2 75 O,b()\l — )\2) 75 0,)\1 = 2)\2 and b)\g > 0. If )\1)\2 75
0,b(A1 — A2) # 0, A1 = 2)\2 and bA2 < 0 then the orientation of the
orbits is reversed.

u= —CAQE462 + (20A2ﬂ4 + CL(Al — Ag)ﬂg + b(Al — )\2)%2)54-
a(2XAa — A1) + b(2Xa — \)T2,
V= 2c\0° + (—2eA®° + a(2Xg — A\)u? + 2b(A\ — A\ )u)v>+

(a()q — 2)\2)@2 + 2()()\1 — )\2)@)5.

After the rescaling given by ds = wdt system (38) becomes.
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T = —cAT0% + (2cAT° + a(A1 — X)W + b(A1 — \o)W)T+

a(2)\2 — )\1)@2 + b(2)\2 - )\1)@,

v = 2C)\2ﬂ253 + (—20A2ﬂ2 + (1(2)\2 — Al)ﬂ + 2b(A2 — Al)ﬂ)ﬁ2+

(a()\l — 2A2)ﬂ + Qb()\l — )\2))5.

The singularities (@, vg) of system (39) with @y = 0 are (0,0) and
(0,1). The eigenvalues of the Jacobian matrix of the vector field
defined by system system (39) evaluated at (0,0) and (0,1) are

b(2Xa — A1), 2b(A1 — A2) and bAg, —2b(A\; — \2), respectively.

Observe that the straight line 7 = 1 is an invariant of system (39), then
the parabola p’ is an invariant of system (26). If u = 0 and |v| is sufficiently
small then the sign of 4 in system (26) is the same than b(A; — A2)v. Then we
will present only the figures of the blow-up for the case b > 0. We summarize

the quasi-homogeneous blow-up in the u—direction in Figures 36-38.
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FIGURE 36. Local phase portrait of system (26) at (0,0) for the
caseb>0and 0 < Ay < A\; < 2Xg;0orb < 0and 22X < A1 < Ay < 0.
Ifb>0and 2X o < A1 <A <0;orb<0and 0 < Ay < A1 < 2A9
then the orientation of the orbits is reversed. (a) System (39). (b)
System (38). (c) System (26).
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FIGURE 37. Local phase portrait of system (26) at (0,0) for the
case b >0and 0 <2 o < Aj;orb<0and A\; <2X <0.Ifb>0
and A\ < 2X < 0;0rb<0and 0 < 2y < A1 then the orientation
of the orbits is reversed. (a) System (39). (b) System (38). (c)
System (26).
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FIGURE 38. Local phase portrait of system (26) at (0,0) for the
case b > 0,2 > 0and \; < Ag; or b < 0,Ay < 0 and Ay < Ay. If
b>0,  <0and Ay < Ay;0orb<0,A3 >0 and A1 < A2 then the
orientation of the orbits is reversed. (a) System (39). (b) System
(38). (c) System (26).

FIGURE 39. Lemma 16.

Case 3.2: A\ = 2\g. After the rescaling given by ds = Ayv dt system (26)
becomes

u' = —cv+2cu® +au+b, v =2(cu+ a)v + 2bu.

Then v/ = b when v = v = 0 and v = 2bu when v = 0. We present the
sectorial decomposition of system (26) at the origin in Figure 35. O

6. PROOF OF THEOREM 1

Combining the informations of Lemmas 6-15 we obtain the local phase
portrait of all the singularities finite and infinite in the Poincaré disc of
systems (4) with A\J + A3 # 0, it is shown in Figure 40. The correspondence
between the systems (4) and the local phase portrait in the Poincaré disc
shown in Figure 40 is given in Table 1.

Using the Poincaré-Bendixson Theorem, the Remarks 3-5 and that we
have the invariant parabola y = 22 and the invariant straight line ax + by +
¢ = 0, we obtain that each local phase portrait in the Poincaré disc given
in Figure 40-a-w, determines a unique global phase portrait in the Poincaré
disc of Figure 1-a-w respectively, except for the case given by figures 40-v
and 1-v. The proof of the phase portrait in the Poincaré disc of Figure 40-v
is given by Figure 1-v follows from the next result.
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Lemma 16. Consider the local phase portrait given in Figure 40-v, which
portion corresponding to the region above the line I is shown in Figure 39.
Then w(T)) and a(Ty) are the origin of Us.

Proof. As before for system (4) we denote by P, N and ¥ the subsets of R?
such that £ > 0,2 < 0 and © = 0, respectively. The corresponding subsets
in the Poincaré disc are denoted by P, N and Y. In Figure 39 we suppose
that a/b < 0. The case a/b > 0 is treated in a similar way.

Since X is defined by the equation b(A; — Xo)y = bA\1z% + aXox + c)g,
the equation of ¥’ in the charts U; and Us is given by b(A — Ag)uv =
bA1 + adgv + cAov? and b(A; — Xo)v = bA1u? + adquv + cAav?, respectively.
Then A ¢ 3 and the origin of Us is contained in X'.

If w(T'y) is different of the origin of Us then w(I'y) = {A}. It follows that
I'y N N’ # (. This is a contradiction with Lemma 10-(b). O
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