/ Electronic Journal of Qualitative Theory of Differential Equations
C *J;L‘;ﬁj( 2021, No. 6, 1-56; https://doi.org/10.14232/ejqtde.2021.1.6 www.math.u-szeged.hu/ejqtde/

Geometry and integrability of quadratic systems
with invariant hyperbolas

Regilene Oliveira®!, Dana Schlomiuk? and Ana Maria Travaglini'

1Departamento de Matemaética, ICMC-Universidade de Sdo Paulo, Avenida Trabalhador Sido-carlense,
400 - 13566-590, Sao Carlos, SP, Brazil
2Département de Mathématiques et de Statistique, Université de Montréal, CP 6128 succ. Centre-Ville,
Montréal QC H3C 3]J7, Canada

Received 15 July 2020, appeared 18 January 2021
Communicated by Gabriele Villari

Abstract. Let QSH be the family of non-degenerate planar quadratic differential sys-
tems possessing an invariant hyperbola. We study this class from the viewpoint of
integrability. This is a rich family with a variety of integrable systems with either poly-
nomial, rational, Darboux or more general Liouvillian first integrals as well as non-
integrable systems. We are interested in studying the integrable systems in this family
from the topological, dynamical and algebraic geometric viewpoints. In this work we
perform this study for three of the normal forms of QSH, construct their topological
bifurcation diagrams as well as the bifurcation diagrams of their configurations of in-
variant hyperbolas and lines and point out the relationship between them. We show
that all systems in one of the three families have a rational first integral. For another
one of the three families, we give a global answer to the problem of Poincaré by produc-
ing a geometric necessary and sufficient condition for a system in this family to have
a rational first integral. Our analysis led us to raise some questions in the last section,
relating the geometry of the invariant algebraic curves (lines and hyperbolas) in the
systems and the expression of the corresponding integrating factors.
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1 Introduction

Let R[x, y] be the set of all real polynomials in the variables x and y. Consider the planar
system

x = P(x,y),

1.1
¥ =Q(xy), D
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where x = dx/dt, y = dy/dt and P, Q € R[x,y]. We call the degree of system (1.1) the integer
max{deg P,deg Q}. In the case when the polynomial P and Q are relatively prime i. e. they
do not have a non-constant common factor, we say that (1.1) is non-degenerate.

Consider 5 5
X:P(x;]/)a‘i‘Q(xzy)@ (1-2)

the polynomial vector field associated to (1.1).

A real quadratic differential system is a polynomial differential system of degree 2, i.e.

X =po+pi(dxy)+ p2d,xy) =paxy),

- ) ) ) (1.3)
y=q0+q(a,xy)+ q(d,xy) = q(@x,y)

where

po=a, pi(@xy)=cx+dy,  padxy) = gx*+2hxy + ky?,
qgo=0b  qaxy) =ex+fy,  qdxy)=I1x*+2mxy + ny*.
Here we denote by @ = (a,¢,d, g, h,k,b,e, f,1,m,n) the 12-tuple of the coefficients of system
(1.3). Thus a quadratic system can be identified with a point 4 in R!2.
We denote the class of all real quadratic differential systems with QS.

In this work we are interested in polynomial differential equations (1.1) which are endowed
with an algebraic geometric structure, i.e. which posses invariant algebraic curves under the
flow. We are interested both in their geometry and also in the impact this geometry has on
the integrability of the systems.

Definition 1.1 ([11]). An algebraic curve C(x,y) = 0 with C(x,y) € Clx,y] is called an invariant
algebraic curve of system (1.1) if it satisfies the following identity:

C:P+C,Q = KC, (1.4)

for some K € C[x,y| where C, and C, are the derivative of C with respect to x and y. K is
called the cofactor of the curve C = 0.

For simplicity we write the curve C instead of the curve C = 0 in C2. Note that if system
(1.1) has degree m then the cofactor of an invariant algebraic curve C of the system has degree
m—1.

Definition 1.2. Let U be an open subset of R2. A real function H: U — R is a first inte-
gral of system (1.1) if it is constant on all solution curves (x(t),y(t)) of system (1.1), ie.,
H(x(t),y(t)) = k, where k is a real constant, for all values of t for which the solution
(x(t),y(t)) is defined on U.

If H is differentiable in U then H is a first integral on U if and only if
H,P + H,Q = 0. (1.5)
Definition 1.3. If a system (1.1) has a first integral of the form
H(x,y) = CM - C,™ (1.6)

where C; are invariant algebraic curves of system (1.1) and A; € C then we say that system
(1.1) is Darboux integrable and we call the function H a Darboux function.
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Theorem 1.4 ([11]). Suppose that a polynomial system (1.1) has m invariant algebraic curves
Ci(x,y) = 0,1 < m, with C; € C|x,y] and with m > n(n + 1)/2 where n is the degree of the
system. Then there exist complex numbers Ay, ..., Ay such that C{‘l ...Cp is a first integral of the
system.

If a system (1.1) admits a rational first integral we say that (1.1) is algebraically integrable.
Poincaré was enthustiastic about the work of Darboux [11] which he called “oeuvre magis-
trale” in [22] and stated the problem of algebraic integrability which asks to recognize when a
polynomial vector field has a rational first integral. Jouanolou gave a sufficient condition for
recognizing that a polynomials system has a rational first integral.

Theorem 1.5 ([15]). Consider a polynomial system (1.1) of degree n and suppose that it admits m
invariant algebraic curves C;(x,y) = 0 where 1 < i < m, then if m > 2+ ”(”TH), there exists integers

Ny, Ny, ..., Ny, such that I(x,y) =TT/, CZNi is a first integral of (1.1).

In connection to this problem Poincaré stated a number of definitions among them the
following definitions below.

Let H = f/g be a rational first integral of the polynomial vector field (1.2). We say that
H has degree n if n is the maximum of the degrees of f and g. We say that the degree of H
is minimal among all the degrees of the rational first integrals of x if any other rational first
integral of x has a degree greater than or equal to n. Let H = f/g be a rational first integral
of x. According to Poincaré [22] we say that ¢ € C U {oo} is a remarkable value of H if f + cg
is a reducible polynomial in C[x,y|. Here, if ¢ = oo, then f + cg denotes g. Note that for all
c € C the algebraic curve f 4+ cg = 0 is invariant. The curves in the factorization of f + cg,
when c is a remarkable value, are called remarkable curves.

Now suppose that ¢ is a remarkable value of a rational first integral H and that u{" - - - u?
is the factorization of the polynomial f + cg into reducible factors in C[x, y|. If at least one of
the «; is larger than 1 then we say, following again Poincaré (see for instance [14]), that c is a
critical remarkable value of H, and that u; = 0 having a; > 1 is a critical remarkable curve of the
vector field (1.2) with exponent «;.

Since we can think of ¢ € CU {0} as the projective line P; (R) we can also use the following
definition.

Definition 1.6. Consider F(,, .,) : c1f —c2¢ = 0 where f/g is a rational first integral of (1.2).
We say that [cq : ¢;] is a remarkable value of the curve F., ., if F(, ., is reducible over C.

It is proved in [4] that there are finitely many remarkable values for a given rational first
integral H and if (1.2) has a rational first integral and has no polynomial first integrals, then
it has a polynomial inverse integrating factor if and only if the first integral has at most two
critical remarkable values.

Given H = f/g a rational first integral, consider F, .,) = c1f — cog where deg F, .,y = n.
If F¢,c,) = f1f2 where deg f; = n; < n then necessarily the points on the intersection of f; = 0
and f, = 0 must be singular points of the curve F, .,). So to find the irreducible factors
of F, ., we start by finding the singularities of F, ,), i.e., the points on the curve which
annihilate both first derivatives in x and y.

The following notion was defined by Christopher in [5] where he called it “degenerate
invariant algebraic curve”.
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Definition 1.7. Let F(x,y) = exp (fl((fcz ))) with G, H € C|x,y] coprime. We say that F is an

exponential factor of system (1.1) if it satisfies the equality

F.P+ F,Q =LF, (1.7)
for some L € C[x,y]. The polynomial L is called the cofactor of the exponential factor F.
Definition 1.8. If system (1.1) has a first integral of the form
H(x,y) = GM - C,EF#1 - - Fta (1.8)

where C; and F; are the invariant algebraic curves and exponential factors of system (1.1)
respectively and A;, p; € C, then we say that the system is generalized Darboux integrable. We
call the function H a generalized Darboux function.

Remark 1.9. In [11] Darboux considered functions of the type (1.6), not of type (1.8). In recent
works functions of type (1.8) were called Darboux functions. Since in this work we need to pay
attention to the distinctions among the various kinds of first integral we call (1.6) a Darboux
and (1.8) a generalized Darboux first integral.

Definition 1.10. Let U be an open subset of R? and let R : U — R be an analytic function
which is not identically zero on U. The function R is an integrating factor of a polynomial
system (1.1) on U if one of the following two equivalent conditions holds:

div(RP,RQ) =0, RyP+RyQ=—-R div(P, Q), (1.9)
on U.

A first integral H of
x = RP, y=RQ

associated to the integrating factor R is given by

H(x,y) = [ R(x,y)Py)dy+h(),
where H(x,y) is a function satisfying Hy = —RQ. Then,
t=H, y=—H.

In order that this function H be well defined the open set U must be simply connected.

Liouvillian functions are functions that are built up from rational functions using expo-
nentiation, integration, and algebraic functions. For more details on Liouvillian functions,
see [7].

Theorem 1.11 ([4, 21]). If a planar polynomial vector field (1.2) has a generalized Darboux first
integral, then it has a rational integrating factor.

As for a converse, we have the following result which easily follows from [23].

Theorem 1.12 ([8]). If a planar polynomial vector field (1.2) has a rational integrating factor, then it
has a generalized Darboux first integral.

An important consequence of Singer’s theorem (see [27]) is the following.
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Theorem 1.13 ([5,27]). A planar polynomial differential system (1.1) has a Liouvillian first integral
if and only if it has a generalized Darboux integrating factor.

For a proof see [28, p. 134].
We have the following table summing up these results.

’ First integral Integrating factor ‘
Generalized Darboux << Rational
Liouvillian < Generalized Darboux

Definition 1.14 ([11]). Consider a planar polynomial system (1.1). An algebraic solution f = 0
of (1.1) is an algebraic invariant curve which is irreducible over C.

Theorem 1.15 ([6]). Consider a polynomial system (1.1) that has k algebraic solutions C; = 0 such
that

(a) all curves C; = 0 are non-singular and have no repeated factor in their highest order terms,

(b) no more than two curves meet at any point in the finite plane and are not tangent at these points,
(c) no two curves have a common factor in their highest order terms,

(d) the sum of the degrees of the curves is n + 1, where n is the degree of system (1.1).

Then system (1.1) has an integrating factor
uxy) =1/(CGG - G).

This result of Christopher-Kooij (C-K) is interesting because it relates the geometry of the
configuration of invariant algebraic curves of the systems with the expression of the integrat-
ing factors involving the polynomials defining the curves. In fact this theorem has a geometric
content which is however not completely explicit in the algebraic way their theorem is stated.
We restate the above result in geometric terms as follows:

Theorem 1.16. Consider a polynomial system (1.1) that has k algebraic solutions C; = 0 such that
(a) all curves C; = 0 are non-singular and they intersects transversally the line at infinity Z = 0,
(b) no more than two curves meet at any point in the finite plane and are not tangent at these points,
(c) no two curves intersect at a point on the line at infinity Z = 0,

(d) the sum of the degrees of the curves is n + 1, where n is the degree of system (1.1).

Then system (1.1) has an integrating factor
ulxy) =1/(GG - G).

In the hypotheses of this theorem the way the curves are placed with respect to one another
in the totality of the curves, in other words the “geometry of the configuration of invariant
algebraic curves” has an impact of the kind of integrating factor we could have. One of our
goals is to collect data so as to extend this theorem beyond these limiting geometric conditions.
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There are some important invariant polynomials in the study of polynomial vector fields.
Considering C»(d, x,y) = yp2(d, x,y) — x92(d, x,y) as a cubic binary form of x and y we calcu-
late

(@) = Discrim|[Cy, ¢], M(d, x,y) = Hessian[C,],

where { = y/x or { = x/y. It is known that the singular points at infinity of quadratic systems
are given by the solutions in x and y of C»(d,x,y) = 0. If # < 0 then this means we have one
real singular point at infinity and two complex.

Remark 1.17. We note that since a system in QSH always has an invariant hyperbola then
clearly we always have at least 2 real singular points at infinity. So we must have 7 > 0.

The family QSH can be split as follows: QSH,_¢) of systems which possess either exactly
two distinct real singularities at infinity or the line at infinity filled up with singularities and
QSH|,,-¢) of systems which possess three distinct real singularities at infinity in P,(C).

In [18] the authors proved that there are 162 distinct configurations and provided necessary
and sufficient conditions for a non-degenerate quadratic differential system to have at least
one invariant hyperbola and for the realization of each one of the configurations. These
conditions are expressed in terms of the coefficients of the systems. They obtained the normal
forms for family QSH and in this paper we study the following 3 normal forms:

. x? 2xy
{x_a_i_T (1.10)
2 .

y:4a—302—4%+%, where a # 0.

2
g=_x_ X

23 2 (1.11)
y‘:b—ﬂ—ky—, where b # 0.

2 2
‘— 9 2
X = 2a+ gx” + xy, (112)
y=a(2g—1)+(g—1)xy+y? wherea(g—1) #0.

Our first goal in this paper is to do a complete study of these three families of quadratic
systems which possess an invariant hyperbola. Our interest is in the geometry of these sys-
tems, as expressed in terms of their invariant algebraic curves, in the impact of this geometry
on the integrability of these systems, on their phase portraits and in the dynamics of the
systems expressed in the bifurcation diagrams of the families we study. Our third goal is to
confront our results with the existing results in the literature and bring to light some missing
cases in theses other studies which we point out here. Our geometric analysis is done in detail
as this is part of a program of collecting data in order to obtain more global results on the
family QSH and its Darboux theory.

Our paper is organized as follows: in Section 2 we give a number of definitions and
propositions useful for the other sections. In Sections 3, 4, 5 we present a complete study of
families (1.10), (1.11) and (1.12). The choice of the first two families is motivated by the fact
that they do not satisfy all the conditions in the hypothesis of the Christopher-Kooij theorem,
here stated in theorem 1.15, but the conclusion of the theorem still holds, while the last family
does not always posses a first integral and it will provide a counterpoint. In Section 6 we
raise some questions, consider the problem of Poincaré for the family QSH, and make some
concluding comments.
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2 Preliminaries

The notion of configuration of invariant curves of a polynomial differential system appears in
several works, see for instance [26].

Definition 2.1. Consider a real planar polynomial system (1.1) with a finite number of singular
points. By a configuration of algebraic solutions of the system we mean a set of algebraic solutions
over C of the system, each one of these curves endowed with its own multiplicity and together
with all the real singular points of this system located on these curves, each one of these
singularities endowed with its own multiplicity.

Definition 2.2. Suppose we have two systems (S1), (S2) in QSH with a finite number of
singularities, finite or infinite, a finite set of invariant hyperbolas ’Hl1 : hil (x,y)=0,i=1,...,k
of (S1) (respectively le : h%(x,y) =0,i=1,...,k of (S2)) and a finite set (which could
also be empty) of invariant straight lines L]l : g}(x,y) =0,j=1,...,K of (S1) (respectively
L]2- : g%(x,y) =0,j=1,...,k of (S2)). We say that the two configurations C;, C, of hyperbolas
and lines of these systems are equivalent if there is a one-to-one correspondence ®; between
the hyperbolas of C; and C; and a one-to-one correspondence ®; between the lines of C; and
C, such that:

(i) the correspondences conserve the multiplicities of the hyperbolas and lines (in case there
are any) and also send a real invariant curve to a real invariant curve and a complex
invariant curve to a complex invariant curve;

(ii) for each hyperbola # : h(x,y) = 0 of C; (respectively each line L : ¢(x,y) = 0) we have a
one-to-one correspondence between the real singular points on ‘H (respectively on L) and
the real singular points on ®;(H) (respectively ®;(L)) conserving their multiplicities,
their location on branches of hyperbolas and their order on these branches (respectively
on the lines);

(iii) Furthermore, consider the total curves 7' : [TH}(X,Y, Z) HG}(X, Y,Z)Z = 0 (respec-
tively F2 : HH;-Z(X, Y,Z) HG}Z(X, Y,Z)Z = 0) where Hll(X, Y,Z) =0, G]-l(X, Y,Z)=0
(respectively HZ.Z(X, Y,Z) =0, G]-Z(X, Y,Z) = 0) are the projective completions of 7—[1-1, L}
(respectively H?, LJZ). Then, there is a one-to-one correspondence 1 between the sin-

gularities of the curves F! and F? conserving their multiplicities as singular points of
these (total) curves.

It is important to assume that systems (1.3) are non-degenerate because otherwise doing a
time rescaling, they can be reduced to linear or constant systems. Under this assumption all
the systems in QSH have a finite number of finite singular points.

In the family QSH we also have cases where we have an infinite number of hyperbolas.
In these cases, by a Jouanolou result (see Theorem 1.5 on page 3), we have a rational first
integral.

In [18] the authors classified the family QSH, according to their geometric properties en-
coded in the configurations of invariant hyperbolas and invariant straight lines which these
systems possess. If a quadratic system has an infinite number of hyperbolas then the system
has a finite number of invariant affine straight lines (see [1]). Therefore, we can talk about
equivalence of configurations of the invariant affine lines associated to the system. Given two such
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configurations Cy; and Cy; associated to systems (S1) and (Sz) of (1.1), we say they are equiva-
lent if and only if there is a one-to-one correspondence ® between the lines of Cy; and Cy; such
that:

(i) the correspondence preserve the multiplicities of the lines and also sends a real (respec-
tively complex) invariant line to a real (respectively complex) invariant line;

(ii) for each line L : g(x,y) = 0 we have a one-to-one correspondence between the real
singularities on L and the real singularities on ® preserving their multiplicities and their
order on the lines.

Definition 2.3 ([18]). Consider two systems (S1) and (S;) in QSH each one with an infinite
number of invariant hyperbolas. Consider the configurations Cy; and Cy; of invariant affine
straight lines L]1- : g} (x,y) = 0 where j = 1,2,...,k of system (S;) and respectively L]2 :
g]z(x,y) = 0 where j = 1,2,...,k of system (S»). We say that the two configurations Cy; and
Cy; are equivalent with respect to the hyperbolas of the systems if and only if:

(i) they are equivalent as configurations of invariant lines, and

(ii) taking any hyperbola #; : hi(x,y) = 0 of (S1) and any hyperbola H, : hy(x,y) = 0
of (S2), then we must have a one-to-one correspondence between the real singularities
of system (S1) located on H; and of real singularities of system (S;) located on H,,
preserving their multiplicities, their location and order on branches.

Furthermore, consider the curves F; : [Thi(x,y) 1] g} =0and 5 : [Tha(x,y) 1 gjz =0.
Then, we have a one-to-one correspondence between the singularities of the curve F; with
those in the curve F; preserving their multiplicities as singularities of these curves.

The definition above is independent of the choice of the two hyperbolas H; : hi(x,y) =0
of (S1) and Hy : ha(x,y) = 0 of (Sy).

Suppose that a polynomial differential system has an algebraic solution f(x,y) = 0 where
f(x,y) € Clx,y] is of degree n given by

f(x,y) = co+ crox + cory + co0x” + craxy + coay® + -+ + cuox + p 11Xy 4 -+ cony”,
with & = (co, c10,- - -, con) € CN where N = (n+ 1)(n +2) /2. We note that the equation
Af(x,y) =0, Ae C"=C - {0}

yields the same locus of complex points in the plane as the locus induced by f(x,y) = 0.
Therefore, a curve of degree n is defined by ¢ where

(€] =co:c10: -t con] € Pn-1(C).
We say that a sequence of curves f;(x,y) = 0, each one of degree n, converges to a curve
f(x,y) = 0 if and only if the sequence of points [c;] = [cio : Ci10 © -+ © Cipn] converges to
[¢] = [co:cr0: -+ : con] in the topology of Py_1(C).
We observe that if we rescale the time ' = At by a positive constant A the geometry of the

systems (1.1) (phase curves) does not change. So for our purposes we can identify a system
(1.1) of degree n with a point

[a():am:~"2a0n1b02b102---:b0n]GSN_l(]R)

where N = (n+1)(n +2).
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Definition 2.4.

(1) We say that an invariant curve

L:f(x,y)=0, feClxy]

for a polynomial system (S) of degree n has geometric multiplicity m if there exists a
sequence of real polynomial systems (Si) of degree n converging to (S) in the topology
of SN"1(R) where N = (1 + 1) (n +2) such that each (S;) has m distinct invariant curves

Lik: fiex,y)=0,...,Luk: fmr(x,y) =0

over C, deg(f) = deg(fix) = r, converging to L as k — oo, in the topology of Pr_1(C),
with R = (r+1)(r 4+ 2)/2 and this does not occur for m + 1.

(2) We say that the line at infinity
Lo:Z=0

of a polynomial system (S) of degree n has geometric multiplicity m if there exists a
sequence of real polynomial systems (Si) of degree n converging to (S) in the topology
of SN"1(R) where N = (n + 1)(n + 2) such that each (S;) has m — 1 distinct invariant
lines

Lik:firx,y)=0,...,Lu 1k fm-1x(x,y) =0

over C, converging to the line at infinity Lo as k — oo, in the topology of P>(C) and this
does not occur for m.

Definition 2.5 ([9]). Let C,[x,y] be the C-vector space of polynomials in C[x,y| of degree at

most m and of dimension R = (2+2m) Let {v1,v,...,vr} be a base of Cy,[x,y]. We denote by
Mpg(m) the R x R matrix
01 (%] e OUR
Ma(m) x(o1) x(v2) ... x(or) 1)
R = ) ) . . ’ .
X o) xR Hw2) .o xR (o)

where x*1(v;) = x(x*(v;)). The mth extactic curve of x, £,(x), is given by the equation
det Mg (m) = 0. We also call &, (x) the mth extactic polynomial.

From the properties of the determinant we note that the extactic curve is independent of
the choice of the base of Cy,[x, y].

Theorem 2.6 ([20]). Consider a planar vector field (1.2). We have &,,(x) = 0 and E,_1(x) # 0 if
and only if x admits a rational first integral of exact degree m.

Observe that if f = 0 is an invariant algebraic curve of degree m of x , then f divides
Em(x). This is due to the fact that if f is a member of a base of Cy[x,y], then f divides the
whole column in which f is located.

Definition 2.7 ([9]). We say that an invariant algebraic curve f = 0 of degree m > 1 has
algebraic multiplicity k if det Mg(m) # 0 and k is the maximum positive integer such that f*
divides det M (m); and it has no defined algebraic multiplicity if det Mg (m) = 0.
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Definition 2.8 ([9]). We say that an invariant algebraic curve f = 0 of degree m > 1 has
integrable multiplicity k with respect to x if k is the largest integer for which the following is
true: there are k — 1 exponential factors exp(g]-/fj), j=1...,k—1, with degg; < jm, such
that each g; is not a multiple of f.

In the next result we see that the algebraic and integrable multiplicity coincide if f = 0 is
an irreducible invariant algebraic curve.

Theorem 2.9 ([16]). Consider an irreducible invariant algebraic curve f = 0 of degree m > 1 of x.
Then f has algebraic multiplicity k if and only if the vector field (1.2) has k — 1 exponential factors
exp(g;/ f!), where (gj, f) = 1 and gj is a polynomial of degree at most jm, for j =1,...,k—1.

In [9] the authors showed that the definitions of geometric, algebraic and integrable mul-
tiplicity are equivalent when f = 0 is an irreducible invariant algebraic curve of vector field
(1.2).

In order to use the infinity of R? as an additional invariant curve for studying the integra-
bility of the vector field x, we need the Poincaré compactification of the vector field x. For
Z # 0 consider the change of variables

the vector field y is transformed to

X=—Z P(Z,Y)aaz +(Q(Z,Y) =Y P(Z,Y)) (_;;

where P(Z,Y) = Z2P (%, %) and Q(Z,Y) = Z22Q (3, %) )
We note that Z = 0 is an invariant line of the vector field ¥ and that the infinity of R?

corresponds to Z = 0 of the vector field . So we can define the algebraic multiplicity of
Z = 0 for the vector field .

Definition 2.10. We say that the infinity of x has algebraic multiplicity k if Z = 0 has algebraic
multiplicity k for the vector field ); and that it has no defined algebraic multiplicity if Z = 0
has no defined algebraic multiplicity for .

Let’s recall the algebraic-geometric definition of an r-cycle on an irreducible algebraic
variety of dimension n.

Definition 2.11. Let V be an irreducible algebraic variety of dimension n over a field K. A
cycle of dimension r or r-cycle on V is a formal sum

anw
W

where W is a subvariety of V' of dimension r which is not contained in the singular locus of
V, nw € Z, and only a finite number of ny’s are non-zero. We call degree of an r-cycle the

sum
Zi’lw.
W

An (n — 1)-cycle is called a divisor.
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Definition 2.12. For a non-degenerate polynomial differential systems (S) possessing a finite
number of algebraic solutions

F =it filvy) =0, filxy) €C,

each with multiplicity n; and a finite number of singularities at infinity, we define the algebraic
solutions divisor (also called the invariant curves divisor) on the projective plane,

ICDfr = ZniCi 4+ NeoLoo

nj

where C; : F;(X,Y,Z) = 0 are the projective completions of f;(x,y) = 0, n; is the multiplicity
of the curve C; = 0 and 7, is the multiplicity of the line at infinity L, : Z = 0.

It is well known (see [1]) that the maximum number of invariant straight lines, including
the line at infinity, for polynomial systems of degree n > 2 is 3n.

Proposition 2.13 ([1]). Every quadratic differential system has at most six invariant straight lines,
including the line at infinity.

In the case we consider here, we have a particular instance of the divisor ICD because the
invariant curves will be invariant hyperbolas and invariant lines of a quadratic differential
system, in case these are in finite number. In case we have an infinite number of hyperbolas
we can construct the divisor of the invariant straight lines which are always in finite number.

Another ingredient of the configuration of algebraic solutions are the real singularities
situated on these curves. We also need to use here the notion of multiplicity divisor of real
singularities of a system, located on the algebraic solutions of the system.

Definition 2.14.

1. Suppose a real quadratic system (1.3) has a non-zero finite number of invariant hyper-
bolas
Hi . hi(x,y) = 0, i= 1,2,. . .,k

and a finite number of affine invariant lines
L :f]-(x,y) =0,j=12,...,L

We denote the line at infinity L, : Z = 0. Let us assume that on the line at infinity we
have a finite number of singularities. The divisor of invariant hyperbolas and invariant
lines on the complex projective plane of the system is the following

ICD=mH1+ - +mHe+mLy+ - +mL + MeoLloo

where n; (respectively m;) is the multiplicity of the hyperbola H,; (respectively m; of the
line £;), and mc is the multiplicity of L. We also mark the complex (non-real) invariant
hyperbolas (respectively lines) denoting them by H¢ (respectively £5). We define the
total multiplicity TM of the divisor as the sum };n; + ¥, m; + Mco.

2. The zero-cycle on the real projective plane, of singularities of a quadratic system (1.3)
located on the configuration of invariant lines and invariant hyperbolas, is given by

MOCS:rlpl‘l'"'+rlPl+01P100+"'+’0nP;o
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where P; (respectively P]9°) are all the finite (respectively infinite) such singularities of
the system and r; (respectively v;) are their corresponding multiplicities. We mark the
complex singular points denoting them by P-. We define the total multiplicity TM of
zero-cycles as the sum }; r; +); v).

In the family QSH we have configurations which have an infinite number of hyperbolas.
These are of two kinds: those with a finite number of singular points at infinity, and those
with the line at infinity filled up with singularities. To distinguish these two cases we define
|Sing| to be the cardinality of the set of singular points at infinity of the systems. In the first
case we have |Singe| = 2 or 3, and in the second case |Sing.| is the continuum and we simply
write |Singe| = co. Since in both cases the systems admit a finite number of affine invariant
straight lines we can use them to distinguish the configurations.

Definition 2.15.

(1) In case we have an infinite number of hyperbolas and just two or three singular points
at infinity but we have a finite number of invariant straight lines we define

ILD =m L1+ +mL; + Moo L.

(2) In case we have an infinite number of hyperbolas, the line at infinity is filled up with
singularities and we have a finite number of affine lines, we define

ILD = ﬂ’l1£1 4+ -4 mlﬁl.

Suppose we have a finite number of invariant hyperbolas and invariant straight lines of a
system (S) and that they are given by equations

Floy)=0,ie{1,2,...,k}, fi € Clxyl.

Let us denote by F;(X,Y,Z) = 0 the projection completion of the invariant curves f; = 0 in
P (C).

Definition 2.16. The total invariant curve of the system (S) in QSH, on P>(RR), is the curve

T(S) = HH(X, Y,Z)Z = 0.

In case one of the curves is multiple then it will appear with its multiplicity.

For example, if a system (S) admits an invariant hyperbola &(x,y) with multiplicity two
and the line at infinity Z = 0 has multiplicity one, then the total invariant curve of this
system is

T(S) = H(X,Y,Z)’Z =0

where H(X,Y, Z) = 0 is the projection completion of i = 0. The degree of T(S) is 5.
The singular points of the system (S) situated on T(S) are of two kinds: those which are
simple (or smooth) points of T(S) and those which are multiple points of T(S).

Remark 2.17. To each singular point of the system we have its associated multiplicity as a
singular point of the system. In addition, when these singular points are situated on the total
curve, we also have the multiplicity of these points as points on the total curve T(S). Through
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a singular point of the systems there may pass several of the curves F; = 0 and Z = 0. Also we
may have the case when this point is a singular point of one or even of several of the curves
in case we work with invariant curves with singularities. This leads to the multiplicity of the
point as point of the curve T(S). The simple points of the curve T(S) are those of multiplicity
one. They are also the smooth points of this curve.

Definition 2.18. The zero-cycle of the total curve T(S) of system (S) is given by
Mocr =nPr+---+rP+oiPr° + - +0,P7

where P; (respectively P]-"°) are all the finite (respectively infinite) singularities situated on T(S)
and r; (respectively v;) are their corresponding multiplicities as points on the total curve T(S).
We define the total multiplicity TM of zero-cycles of the total invariant curve as the sum

Zi ri + 2] U]'.

Remark 2.19. If two curves intersects transversally, this point will be a simple point of inter-
section. If they are tangent, we would have an intersection multiplicity higher than or equal
to two.

Definition 2.20 ([24]). Two polynomial differential systems S; and S; are topologically equiv-
alent if and only if there exists a homeomorphism of the plane carrying the oriented phase
curves of S; to the oriented phase curves of S, and preserving the orientation.

To cut the number of non equivalent phase portraits in half we use here another equiva-
lence relation.

Definition 2.21. Two polynomial differential systems S; and S, are topologically equivalent if
and only if there exists a homeomorphism of the plane carrying the oriented phase curves of
S1 to the oriented phase curves of Sy, preserving or reversing the orientation.

We use the notation for singularities as introduced in [2] and [3]. We say that a singular
point is elemental if it possess two eigenvalues not zero; semi-elemental if it possess exactly one
eigenvalue equal to zero and nilpotent if it posses two eigenvalues zero. We call intricate a
singular point with its Jacobian matrix identically zero.

We will place first the finite singular points which will be denoted with lower case letters
and secondly we will place the infinite singular points which will be denoted by capital letters,
separating them by a semicolon ’;’.

In our study we will have real and complex finite singular points and from the topological
viewpoint only the real ones are interesting. When we have a simple (respectively double)
complex finite singular point we use the notation o (respectively ©,)).

For the elemental singular points we use the notation ’s’, ’S” for saddles, 'n’, "N’ for nodes,
"f” for foci and ‘¢’ for centers.

Non-elemental singular points are multiple points. Here we introduce a special notation
for the infinity non-elemental singular point. We denote by ({) the maximum number a (re-
spectively b) of finite (respectively infinite) singularities which can be obtained by perturbation
of the multiple point. For example, when we have a non-elemental point at infinity obtained
by the coalescence from a node at infinite with a saddle at infinite we will denoted it by (J)SN.

The semi-elemental singular points can either be nodes, saddles or saddle-nodes (finite

7 4

or infinite). If they are finite singular points we will denote them by "n(,)’, 's(5)” and “sny)’,
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respectively and if they are infinite singular points by "¢)N’, '(¢)S” and "(})SN’, where (;) in-
dicates their multiplicity. We note that semi-elemental nodes and saddles are respectively
topologically equivalent with elemental nodes and saddles.

The nilpotent singular points can either be saddles, nodes, saddle-nodes, elliptic-saddles,
cusps, foci or centers. The only finite nilpotent points for which we need to introduce notation
are the elliptic-saddles and cusps which we denote respectively by "es” and "cp’.

The intricate singular points are degenerate singular points. It is known that the neigh-
bourhood of any singular point of a polynomial vector field (except for foci and centers) is
formed by a finite number of sectors which could only be of three types: parabolic (p), hyper-
bolic (1) and elliptic (e) (see [12]). In this work we have the following finite intricate singular
points of multiplicity four described according their sectoral decomposition:

* hpphpp s
* phph
* epepy)

The degenerate systems are systems with a common factor in the polynomials defining
the system. We will denote this case with the symbol ©. The degeneracy can be produced
by a common factor of degree one which defines a straight line or a common quadratic factor
which defines a conic. In this paper we have just the first case happening. Following [2] we
use the symbol &[|] for a real straight line.

Moreover, we also want to determine whether after removing the common factor of the
polynomials, singular points remain on the curve defined by this common factor. If some
singular points remain on this curve we will use the corresponding notation of their various
kinds. In this situation, the geometrical properties of the singularity that remain after the
removal of the degeneracy, may produce topologically different phenomena, even if they are
topologically equivalent singularities. So, we will need to keep the geometrical information
associated to that singularity.

In this study we use the notation (S[|];n¢) which denotes the presence of a real straight
line filled up with singular points in the system such that the reduced system has a node n?
on this line where n? is a one-direction node, that is, a node with two identical eigenvalues
whose Jacobian matrix cannot be diagonal.

The existence of a common factor of the polynomials defining the differential system also
affects the infinite singular points.

We point out that the projective completion of a real affine line filled up with singular
points has a point on the line at infinity which will then be also a non-isolated singularity.
There is a detailed description of this notation in [2]. In case that after the removal of the finite
degeneracy, a singular point at infinity remains at the same place, we must denote it with all
its geometrical properties since they may influence the local topological phase portrait. In this
study we use the notation (SN, (&[|]; @) that means that the system has at infinity a saddle-
node, and one non-isolated singular point which is part of a real straight line filled up with
singularities (other that the line at infinity), and that the reduced linear system has no infinite
singular point in that position. See [2] and [3] for more details.

In order to distinguish topologically the phase portraits of the systems we obtained, we
also use some invariants introduced in [25]. Let SC be the total number of separatrix connec-
tions, i.e. of phase curves connecting two singularities which are local separatrices of the two
singular points. We denote by
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. SC}[ the total number of SC connecting two finite singularities,
* SC7 the total number of SC connecting a finite with an infinite singularity,

* SCZ the total number of SC connecting two infinite.

A graphic as defined in [13] is formed by a finite sequence of singular points r1,72,...,7,
(with possible repetitions) and non-trivial connecting orbits ; for i = 1,...,n such that 7; has
r; as a-limit set and ;1 as w-limit set for i < n and 7, has r, as a-limit set and r; as w-limit
set. Also normal orientations 7; of the non-trivial orbits must be coherent in the sense that if
7j-1 has left-hand orientation then so does ;. A polycycle is a graphic which has a Poincaré
return map.

A degenerate graphic is a graphic where it is also allowed that one or several (even all)
connecting orbits y; can be formed by an infinite number of singular points. For more details,
see [13].

3 Geometric analysis of family (1.10)

Consider the family

2

2

=g X _ XY

(1.10) 3 3 ,
: ) Axy vy
y:4g—30—?+§, where a # 0.

This is a two parameter family depending on (a,v) € (R\{0}) x R. We display below
the full geometric analysis of the systems in this family, which is endowed with at least three
invariant algebraic curves. In the generic situation

av(a — v*)(a — 30%/4)(a + 30%)(a — 8v*/9) # 0 (3.1)

the systems have only two invariant lines J; and ], and only two invariant hyperbolas J3 and
J4 with respective cofactors a;, 1 < i < 4 where

hi=-3V-at+?—x+y, w=+v-ator-i+}
h=3V—at?—xty,  wm=-Voatd-iig

Js=-3a+3vx—x*+xy, az=-v—2%-1%

]4:—3a—3vx—x2+xy, ng=v— 5 — %

We see that since the number of invariant curve is four, these systems are Darboux inte-
grable. We note that if v = 0 then the two hyperbolas coincide and we get a double hyperbola.
Also if a = v? the two lines coincide and we get a double line. So to have four distinct curves
we need to put v(a — v?) # 0. We inquire when we could have an additional line. Calcula-
tions yield that this happens when a — 30?/4 = 0. We also inquire when we could have an
additional hyperbola. Calculations yield that this happens when (a + 3v?)(a — 802/9) = 0.

Straightforward calculations lead us to the tables listed below. The multiplicities of each
invariant straight line and invariant hyperbola appearing in the divisor ICD of invariant al-
gebraic curves were calculated by using for lines the 1st and for hyperbola the 2nd extactic
polynomial, respectively.

(i) av(a —v?)(a —302/4)(a + 3v%)(a — 8v%/9) # 0.
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Invariant curves and cofactors ‘ Singularities ‘ Intersection points
Py =(—v—Vv2—a,~v+2V/v2 —a) 71 N 72 = PEO Simple
Py=(v— Vo2 —a,04+21/02 7 ﬂj o ono Simple
Py3=(~v+Vv2—a,~0— 2\/1;2 —a) 1 3 P2 Sil’nple
Py=(v+Vv2—a,0-21/v2—a) ] m] P;o Simple
J1=-3V—a+0v2—x+y 1471 P simple
Jo=3V—a+0v>—x+y PP =1[0:1:0] J1 N Lo = P5° simple
Js = —3a+3vx — x>+ xy P =[1:1:0] TN, = P5° simple
Jo = —3a —3vx — x> 4 xy P =1[1:0:0] 2237 1 Py simple
70T, = P3° simple
& =+ —a+v2— % + % For v > a we have 20 A P; simple
az:\/_g+02_§+% J> N Lo = P5° simple
a3:_v_%"_% n,s,s,n;N,N,Sif v >0 TonTs = Pre triple
ag=v—% -1 s,n,1n,5;N,N,Sif v <0 3 47 Py simple
= | Pp° simple
For v < a we have JaM Lo = { Ps° simple
= | Pp° simple
©,0,0,6;N,N,S JanLeo = { P simple
Divisor and zero-cycles ‘ Degree ‘
ICD:{]1+Iz+]3+14+£ooifvz>a 5
JS+IS+ B+ i+ L if v? <a 5
M _{P1+P2+P3+P4+Pf°+P§°+P§°ifv2>a 7
0CS — o0 00 oo 3
PE +PS +PS + Pf + PP+ P + P if v < a 7
T=Z]1],]5]s=0 7
Mo — 2P; + 2P, + 2P3 + 2P, + 3P° + 5P5° + P if v? > a 17
0T ™ 3PP 5P + P if o2 < a 9
where the total curve T has
1) only two distinct tangents at P;°, but one of them is double and
2) five distinct tangents at P3°.
] ‘ First integral ‘ Integrating Factor ‘
A MV2-a M v2—q PO (M +D)Vo2—a 1 ~ M)V v2—a_1
General I:] s 0 Iy R=TJ"]," ]3 ’ J4 ’

Simple Ch (] 5 g
example =% (TD R = 10k
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(i) av(a —v?)(a —30%/4)(a + 3v*)(a — 8v*/9) = 0.

(ii.1) v =0and a # 0.

Here the two hyperbolas coalesce yielding a double hyperbola so we compute the
exponential factor Ey4.

] Inv.curves/exp.fac. and cofactors ‘ Singularities ‘ Intersection points ‘

Pl = (—Z a,21\/ﬁ)
P, = (iv/a,—2iv/a)

Ji=-3iVat+x—y - J1 N ], = P5° simple
o B PP =[0:1:0] o -
J2=3i/a+x—y o - = Pg° simple
Js = —3a+x(y — x) P =[1:1:0] Jin)s = P, simple

o PP =1[1:0:0] 2 Stmp

Ey = e 37 1N Lo = P3° simple

- = P3° simple
For a < 0 we have NJ;= z
a = —iy/a— %+ % {2 & { P; simple
_ X z — 00 1
a = iy/a 33 SN(z),sM(2); N, N, S J20 Lo =15 solomPIe
ay=—-% -1 T.aL _{Pl simple
=3 For a > 0 we have Py” simple
©(2),©(2);N,N,S
Divisor and zero-cycles \ Degree ‘
ICD:{]1+]2+2]3+£ooifa<0 5
J$+J5 423+ Leoifa >0 5
Moe — 2P +2P, + P + P + P°if a <0 7
0C5 ™\ 2PC +2PS + P + P + P if a > 0 7
== 2
T =2]1],]5 =0. 7
Moo — 3P; + 3P, +3P° +5P° + P3ifa <0 15
0T ™ 3P +5P° + PP if a > 0 9

where the total curve T has

1) only two distinct tangents at P; (and at P»), but one of them is double;
2) only two distinct tangents at P;°, but one of them is double and

3) only four distinct tangents at P;°, but one of them is double.

] ‘ First integral ‘ Integrating Factor

— 6ivaA — 6iva(lTAy)
General | I=J ", MRE, | R=J",>M;2E, ©
Simple T _h _ 1
example J2Es®V? L1)2J3
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(ii.2) a = 2.

Here the two lines coalesce yielding a double line so we compute the exponential

factor Ey4.
] Inv.curves/exp.fac. and cofactors ‘ Singularities ‘ Intersection points ‘
= = | P5°simple
i=x—y P — hm]z_{stimple
Jo = —30% + 3vx — x% + xy 1= (=0,-v) - Py° simple
J3 = —3v? — 3vx — x% + xy P> = (0,0) Jins = P; simple
80181 (x—v) T AL — P si 1
E4:€ =y Poo:[()lo] ]1m o = I5” sumple
L = = P3° triple
PP =[1:1:0] JoNJ3= .
m=-—3+3 PP =[1:0:0] P simple
e 3 mew:{Pf"Simple
wz=v—%—1 st s NN S Ps° simple
ay = % ()7 =52), 7 2 - P simple
4 3 ]3 N ‘COO = 00 3
P3° simple
Divisor and zero-cycles ‘ Degree ‘
ICD =21+ >+ 3+ L 5
Mocs = 2Py + 2P, + P{° + P3° + P3° 7
— 7777, — 7
T'=2J1]2]5=0
Mycr = 3P + 3P, + 3P1°° + 5P§° + P§° 15

where the total curve T has

1) only two distinct tangents at P; and at P,, but one of them is double;
2) only two distinct tangents at P;°, but one of them is double and

3) only four distinct tangents at P;°, but one of them is double.

] ‘ First integral ‘ Integrating Factor ‘
601, 6v(1+/\2)
General | I=J01°];E® | R=]{?)32);° E,
Sll’nple I _ ]25462) R _ 21
example 3 Jil2]s

(ii.3) a = 30%/4.

Here we have, apart from two lines and two hyperbolas, a third invariant line.
Then, we have five invariant algebraic curves and hence according to Jouanolou’s
theorem the corresponding system has a rational first integral.
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Invariant curves and cofactors ‘ Singularities ‘ Intersection points
J1NJ, = P5° simple
71 N 73 = P, simple
= = | P;°simple
hin]a= { P, simple
- T P3° simple
Nls=19 2.
i=-%+x—y {1 Js { P, simple
]2:32lz+x_y P = (—%,0) llﬂ§w=P?simple
s=y P, = (—%, —20) J» N J3 = P; simple
2 P; = (%,2v - = P5° simple
]42—%+%—%+x P:((%”O) ]zmh:{PZsim}ie
Js = ¥ Xy 430 4y 4 27 3 p
T T 7,07 = P3° simple
P® =10:1:0] 2257 1 Py simple
a1 = (=30 —2x +2y) 7
17 % Y PP =1:1:0] J» N Loo = P simple
ar = (30 —2x +2y) 2 220 T 2 P
azg_ix Py =1[1:0:0] [3014:P4double
3_3 32x y ]3ﬂ]5:P1 double
Ml n,5,5,m;N,N,S | J3N Le = P simple
B5=0-% "3 1T = P triple
s P3° simple
T4 Lo = { P100 s%mple
P3° simple
e Lo = { P%)o s?mple
P3° simple
Divisor and zero-cycles ‘ Degree ‘
ICD=T+]L2+]s+]s+]5+ Leo 6
Mocs = P1+ Py + Ps+ Py + PP° + P3° + P5° 7
T=Z]1J2J3]4]5 =0 8
Mocr = 3Py + 2P, + 2P3 + 3P4 + 3P° 4+ 5P5° + 2P5° 20

where the total curve T has

1) only two distinct tangents at P; (and at P4), but one of them is double,
2) only two distinct tangents at P;°, but one of them is double and

3) five distinct tangents at P;°.

‘ First integral

|

Integrating Factor

. N L L& . L% Ik A
General | I=]")%]; 2 2]2J2 |R=]")% ), 2 2,2 2] 2% 2
Simple _ P _ B 1

example L= Js 7 1 = e R = INADE

19

Remark 3.1. Consider ‘F(lcl,cZ) =0 ]12 Js —c2J3 = 0, deg ‘F(lcl,q) = 4. The remarkable
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values of f(lcl ) are [1:90?/2] and [1 : 0] for which we have

Floesy =Bl Flg =il
Therefore, J1, J2, 1, J5 are remarkable curves of Z;, [1 : 99%/2] and [1 : 0] are the only
two critical remarkable values of 7; and Jq, J» are critical remarkable curves of 7;.

The singular points are P, P3 for ]:(1 1,902/2) and P, P4 for f(l 0)°

Considering the first integral Z, with its associated curve F2 (cLer) = €1 J3]s — c2]3 we

have the same remarkable values [1 : 992/2] and [1 : 0] and the same remarkable
curves [1, Jo, J1, Js. However, the singular point are Py, Ps for .7-"(21 0) and P, P for

v (21,9v2/2)'

a = —3v°.
Here we have, apart from two lines and two hyperbolas, a third invariant hyperbola.

Then, we have five invariant algebraic curves and hence according to Jouanolou’s
theorem the corresponding system has a rational first integral.

Invariant curves and cofactors ‘ Singularities ‘ Intersection points ‘
J1NJ, = P5° simple
J1 N J53 = Py double
_ | Py simple
Jin]s= { Py simple
- = | P5°simple
Jin)s = { P; simple
J1 N Lo = P5° simple
Ji=—-6v+x—y Py = (~30,30) LN];="P dgoul?le
Jp=6v+x—y P3° simple
2 P, = (-v,50) 2Ny = -
Js = 9v° + xy P, = (0,—50) P, simple
Ji = 90 + 3vx — ¥ + xy P3 _ (3;) 30) 7T = Ps° simple
J5 = 90% — 3vx — x2 + xy 4 ’ 2257 1 Py simple
oy P =1[0:1:0] hm‘c""_onflm.ple
ap=—-20—-3+3 o Pye triple
2y PP =[1:1:0] JsNTy= :
0 =20—3+3 P2 —[1:0:0] P, simple
0@:—%‘—% 3 : 707, = {Pl‘x’triple
M:—v—%"—% nssnNN.S SO P; simple
“520_2%_% 792y ey AN, LN, jmﬁ _ Pf°51mple
3 Pg° simple
= = [ Py®double
Jar]s = { Ps° double
= | Pp° simple
Jan Lo = { Ps° simple
= [ P° simple
JsM Lo = { Ps° simple
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Divisor and zero-cycles ‘ Degree ‘
ICD=J1+]++Ji+]5+ Lo 6
Mocs = Py + P> + P3 + Py + P;° + P3° + P§° 7
T= Z7172737475 =0 9
Moct = 3P + 2P, + 2P3 + 3Py + 4P + 5P;° + 2P3° 21

where the total curve T has

1) only two distinct tangents at P; (and at P,), but one of them is double,
2) only two distinct tangents at P;°, but one of them is triple,

3) only four tangents at P5°, but one of them is double.

‘ First integral ‘ Integrating Factor ‘
General [ — ]{\1 ];2 ]37)\17/\2 ]ZAZ ]é)\l R = {\1 Ié\z ]3727/\1 *)Lz]i+2/\2];+2)\1
Simple 12 L2 1
— NhJs — RJi =1
example = J5 7 I, = J R INANE

Remark 3.2. Consider 'F(lcl,q) = c1]1]§ —c2J3 =0, deg f(lcl,q) = 5. The remarkable

values of f(lcl ) are [1: —1080°] and [1 : 0] for which we have

-F(lll_l()gvS) = ]2]1%/ -F(ll,o) = ]1]%

Therefore, [1, ]2, J1, J5 are remarkable curves of Z, [1 : —108v%] and [1 : 0] are the
only two critical remarkable values of Z; and Jy, /5 are critical remarkable curves of

1. The singular points are P,, P, for ]:(11,_10803) and Py, P; for .7:(11,0).

Considering the first integral 7, with its associated curve F, (261,62) =c1/2] Z — )3 we

have the remarkable values [1 : 1080°] and [1 : 0] and the same remarkable curves

J1, ]2, J1, J5. The singular point are Py, P; for .7:(21/10803) and P, P, for -7'_(21,0)'

a = 802%/9.

Here we have, apart from two lines and two hyperbolas, a third invariant hyperbola.
Then, we have five invariant algebraic curves and hence according to Jouanolou’s
theorem the corresponding system has a rational first integral.
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Invariant curves and cofactors ‘ Singularities ‘ Intersection points
J1 N J, = P5° simple
= = | P°simple
Jin]s = { P, simple
= = | Py°simple
Jin]a= { Py simple
= = P3° simple
Jins = { Pi simp};e
J1 N Lo = P5° simple
i=—-v+x—y = = Ps° simple
p,= (4% _v — 2 p
Jh=v+x—y . P;_E_z?;,'_g’z? Ja0 s { Py simple
= X — _ - 37 3 _ _ o0 L3
J3 y(SUZ y)— 3 Py = (2, %) 7,0Ts = { P3 élmple
]4:—T2+3vx—i—x(y—x) p, (iv g) P; simple
]5 — —8%—3UX+X(:V—X) 373 = + PZOO simple
J20]s = P; simple
, PP =1[0:1:0] = o
a1=§(—v—x+y) p;o:[l.l.o] JZDEOOZPZ sunple
3 11 o
a=1(v—x+y) o 1.0, 7 ~7 _ J Py simple
a3:%y_5?" Py =[1:0:0) ]3m]4_{P4triple
— _p_2x_Y = = P5° simple
ay=—0— % —3 ) _ 2 p
zx5:v—%"—% n,s,s,n;N,N,S JsN s { P, triple
ToO Lo = P3° simple
3 * P3° simple
= = | Py triple
Jan]s = { Ps° simple
T Lo = Pr° simple
e P3° simple
= [ P simple
JsM Lo = { Ps° simple
Divisor and zero-cycles \ Degree ‘
ICD=J+]o+ s+ Ja+ 5+ Lo 6
MOCS:P1+P2+P3+P4+P?+P50+P§O 7
T=ZN1],]3]4J5 =0 9
Moycr = 3P +2P, +2P; + 3P4 + 3P1°° + 6Py + 2P§° 21

where the total curve T has

1) only two distinct tangents at P; (and at P4), but one of them is double,

2) only two distinct tangents at P;°, but one of them is double and

3) six distinct tangents at P;°.




(ii.6)
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‘ First integral ‘ Integrating Factor ‘

A M T, M A 2 A 2 A 2

General | 1=y F g et [ R= ey

Simple 7, = @ T, = B R =
example J5 7 J5

hhhk

Remark 3.3. Consider ]-'(1C o) = c1]i°’]5 —c2J3 =0, deg .F(lcl,q) = 5. The remarkable
values of f(lcl ) are [1: —16v°] and [1 : 0] for which we have

Flo a6y = B3I Flg = HJs

Therefore, |1, J», J4, |5 are remarkable curves of Z, [1 : —160°] and [1 : 0] are the
only two critical remarkable values of Z; and [j, ] are critical remarkable curves of
Z,. The singular points are P;, P; for ]-"(1 160%) and P,, P, for ]-"(11 0)°

Considering the first integral 7, with its associated curves F. (261 o) = € J3]s — ca]3 we
have the remarkable values [1 : 160°] and [1 : 0] and the same remarkable curves
J1, ]2, J1, J5. The singular point are P;, P; for .7-'(1 0) and P,, P4 for ]-'(

a=0and v # 0.

1,160%)"

Under this condition, systems (1.10) do not belong to QSH, but we study them
seeking a complete understanding of the bifurcation diagram of the systems in
the full family (1.10). All the invariant lines are x = 0 and £3v —x+y = 0
that are simple. Perturbing this system in the family (1.10) we can obtain two
distinct configurations of lines and hyperbolas. By perturbing the reducible conics
x(—3v—x+y) =0and x(3v — x + y) = 0 we can produce two distinct hyperbolas
—3a — 3vx — x? + xy = 0 and —3a + 3vx — x* + xy = 0, respectively. Furthermore,
the cubic x(3v — x + y)(—3v — x + y) = 0 has integrable multiplicity two.

] Inv.curves/exp.fac. and cofactors ‘ Singularities ‘ Intersection points ‘
P1 (0 30)
Ji=-3v—x+y P, = (20, —v)
h=3v—x+y Py = (—2v,0) o
Js=x Py = (0,30) J1 N J, = P3° simple
_680(62}2+x(y—x))+g1x((x—y)2—9v2) ]1 N ]3 P, simple
Es=e Ay Behey) PP =0:1:0] J1 N Lo = P§° simple
B oy PP =[1:1:0] J>, N J5 = P; simple
A =0—3+3 Py =1[1:0:0] J> N Lo = P5° simple
0y =-v—-%+% J3N Lo = Pf° simple
0‘32—§—2§y For v # 0 we have
X4 = &0
s,n,n,s;N,N,S
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Divisor and zero-cycles ‘ Degree ‘
ICD=]1+ ]+ 3+ Loifv#0 4
Mocs =P1 + P+ P3s+ Py +P° +P° + PP if v #0 7
T=7ZJ],]5=0. 4
Mocr = 2Py + P, + P3 +2P4 + 2P 4+ 3P + P if v # 0 12
where the total curve T has three distinct tangents at P5°.
] ‘ First integral ‘ Integrating Factor
20 — 201 +2)
General | I= ]{‘1]2_)‘1]3154 o | R= ]f1];4_A1]§2E4 80
Simple o T
example 1= J2EY R= R
(ii.7) a =v=0.

Under this condition, systems (1.10) do not belong to QSH, but we study them
seeking a complete understanding of the bifurcation diagram of the systems in the
full family (1.10). Here we have a single system which has a rational first integral
that foliates the plane into quartic curves. All the invariant affine lines are x = 0,
y = 0 that are simple and x — y = 0 that is double. The lines x = 0 and x —y = 0 are
remarkable curves. Perturbing this system in the full family (1.10) we can obtain up
to ten distinct configurations of lines and hyperbolas. By perturbing the reducible
conic x(x —y) = 0 we can produce 2 distinct hyperbolas —3a + 3vx — x2 +xy = 0
and —3a — 3vx — x?> + xy = 0. Perturbing the reducible conic y(x —y) = 0 we
can produce a third hyperbola y(x —y) — %2 = 0 and by perturbing xy = 0 we can
produce the hyperbola 9v? + xy = 0. We get a double hyperbola —3a + x(y —x) =0
by perturbing the double reducible conic x*(x —y)? = 0.

] Inv.curves/exp.fac. and cofactors ‘ Singularities ‘ Intersection points ‘

=y

Jo=x = - -

i=x—y =00 J1N ], = Py simple

s0+81(:-y) o th.q. J1 N J3 = P; simple

By=e e | e = s simple
_ Y 4x p%o ; [1 0 0] zz ﬂ73 = P1 simple

=3 L 2oy 3 o Jo N Lo = P° simple

B==3"3 T3 N Lo = P simple

w=Y 1 hpphppay;N,N,S | 3 2 SImP

Ny = ‘%O
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] Divisor and zero-cycles ‘ Degree ‘
ICD=N1+h+23+ L 5
Mocs = 4P + P° + P° + P3° 7

-1 =2
T'=2]1]2]5=0. 5
Mocr = 4Py + 2Pf° 4 3P5° + 2P5° 10

where the total curve T has
1) only three distinct tangents at P;, but one of them is double;
2) only two distinct tangentes at P5°, but one of them is double.

] ‘ First integral ‘ Integrating Factor ‘
General | I=Ji')," ;" "By | R=Ji');" ")y "M E]
Simple o o
example h= I35 R =175

Remark 3.4. Consider .?’-"(lc1 o) = € Ji—c ]2]3? =0, deg .?’-"(161 &) = 4. The remarkable
value of F (1C1 o) 18 [0 : 1] for which we have

]:(10,1) = _]2]??'

Therefore, J», J3 are remarkable curves of Zj, [0 : 1] is the only critical remarkable
values of Z; and J3 is critical remarkable curve of Z;. The singular point is P; for
1
Flo):
We sum up the topological, dynamical and algebraic geometric features of family (1.10)
and we also confront our results with previous results in the literature in the following propo-
sition. We show that there exists two more configurations of invariant hyperbolas and lines
than in [18], there are four more phase portraits than the ones appearing in [17] and there is
one more phase portrait than the ones appearing in [10].

Proposition 3.5.

(a) For the family (1.10) we have nine distinct configurations Cgl'lo) — Cél'lo) of invariant hyperbolas

and lines (see Figure 3.1 for the complete bifurcation diagram of configurations of such family).
The bifurcation set of configurations in the full parameter space is av(a — v*)(a + 3v%)(a —
302/4)(a — 8v*/9) = 0. On v(a —v?) = 0 one of the algebraic solutions is double. On
(a+ 3v%)(a — 3v%/4)(a — 8v*/8) = 0 we have an additional line or an additional hyperbola.
The configurations Cél'lo) and Cél'm) are not equivalent with anyone of the configurations for
systems (3.97) (here family (1.10)) in [18].

(b) All systems in family (1.10) have an inverse integrating factor which is polynomial. All systems
in family (1.10) satisfying the genericity condition (3.1) have a Darboux first integral. If a =
v? then the systems have a double invariant line. If v = O then the systems have a double
invariant hyperbola. In both cases, the systems have a generalized Darboux first integral. In
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all the following three cases, we have a rational first integral. If a = 3v*/4 then the systems
have an additional invariant line and the plane is foliated into quartic algebraic curves. If a =
—30? the plane is foliated by quintic algebraic curves. If a = 8v?/9 then the systems have
an additional invariant hyperbola and the plane is foliated in quintic algebraic curves. The
remarkable curves are J1, |2, |4, J5 for these three algebraically integrable cases of family (1.10) for
each case correspondingly.

(c) For the family (1.10) we have five topologically distinct phase portraits P{MO) - Pél'lo). The
topological bifurcation diagram of family (1.10) is done in Figure 3.2. The bifurcation set of
singularities is the half line v = 0 and a < 0, the parabola a = v* and the line a = 0. The

phase portraits P{MO), Pél'lo), PAEMO) and PS(“O) are not topologically equivalent with anyone of

the phase portraits in [17]. The phase portrait Pl(]'m) is not topologically equivalent with anyone
of the phase portraits in [10].

Proof. (a) We have the following types of divisors and zero-cycles of the total invariant
curve T for the configurations of family (1.10) :

] Configurations ‘ Divisors and zero-cycles of the total inv. curve T

c(1.10) ICD=J+)2+ s+ s+ Lo

1 Moct = 2Py + 2P, + 2P3 + 2Py + 3P{° 4 5P5° + PY°
C(110) ICD=J1+]2+]3+ s+ Leo

2 Mocr = 2P; + 2P, + 2P5 + 2Py + 3P° + 5P 4+ P
C(110) ICD=Jf+J5+ 3+ Ja+ Lo

3 Mocr = 3Pf° +5P5° + P§°
C(L10) ICD=T1i+]+23+ L

4 Mocr = 3Py + 3P, + 3P° + 5P5° + P§°
C(l'm) ICD = ]f + ]ZC +234+ Lo

5 Mocr = 3P§° + 5P5° + P§°
c(1-10) ICD=2i+ 2+ J3+ Lo

6 Mocr = 3P + 3P, +3P° + 5P + P°
C(110) ICD=N1+h++s+]5+ L

7 Mocr = 3Py + 2P, + 2P5 + 3P, + 3P° + 5P5° + 2P
c(1-10) ICD=]1+]h++1+]s+ Lo

8 Mocr = 3Py + 2P, + 2P5 + 3P, + 4P° + 5P5° + 2P5°
C(110) ICD=J1+]++]a+]s+ L

9 Mocr = 3Py + 2P, + 2P5 + 3P, + 3P° + 6P5° + 2P5°

Although Cgl'lo) and Cél'lo) admit the same type of divisors and zero-cycles we can see
they are different because in Cgl'm) each branch of the hyperbolas intersects one line
while Cél'lo) have two branches intersecting both lines and two branches intersecting no

line. Therefore, the configurations Cgl'w) up to Cél'lo) are all distinct. For the limit cases
of family (1.10) we have the following configurations:
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] Configurations ‘ Divisors and zero-cycles of the total inv. curve T

. ICD=1+h+ 3+ L
MOCT:2P1—|—P2—|—P3—|—2P4—|—2P100+3P50+P§0
& ICD =J1+2+2]3+ Lo
Moct = 4P + 2P° +3P° + 2P5°

The other statements in (a) follows from the study done previously.

(b) This is shown in the previously exhibited tables. The computations for the remarkable
curves were done in Remarks 3.1, 3.2 and 3.3 .

(c) We have that:

] Phase Portraits ‘ Sing. at o0 ‘ Finite sing. ‘ Separatrix connections

P00 (N,N,S) | (ns,5m) | 25C} 85C% 0SCg

PO (N,N,S) | (ns,5s,n) | 45C 65CT 0SCZ

P10 (N,N,8) | @99 | gset osce asce
(02),02)) U

P (N,N,S) | (sny,sn@) | 15C} 65CF 0SCE

PO (N,N,S) | (snp),snz) | 0SC} 8SCP 0SCe

Therefore, we have five distinct phase portraits for systems (1.10). For the limit cases of
family (1.10) we have the following phase portraits:

] Phase Portraits ‘ Sing. at o0 ‘ Finite sing. ‘ Separatrix connections

P (N,N,S) | (ns,5n) | 35C} 6SCF 0SC%
2 (N,N,S) | hpphppay | 0SC, 6SCT 0SCZ

On the table below we list the phase portraits of Llibre-Yu in [17] that satisfy the fol-
lowing conditions: the phase portraits admit 3 singular points at infinity with the type
(N,N, S), and it has either 0, 1, 2 or 4 real singular points in the finite region.

] Phase Portraits ‘ Sing. at co ‘ Real finite sing. ‘ Separatrix connections ‘

Ro1, Q6 (N,S,N) %) 0SCl 0SCP 15C
L1, L1 (N,S,N) cp 0SC} 25CF 15C
P, (N,S,N) pphpph 0SC} 6SCT 0SC3
Ls1, L3 (N,S,N) (s, es) zscjf 6SCY 25C3
Las (N,S,N) (c,es) 1SC} 48CY 1SC3
Ry, Ry (N,S,N) (s, c) 1SC} 25C¥ 1SCE
Rs, Qs (N,S,N) (c,c) 25C} 0SCP 35CS
Rs (N,S,N) (s,m,1,5) 4SC} 65CF 0SCS
Rs, O (N,S,N) (s,m,1,5) 4SC} 6SCT 0SC3
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(1.10) 15(1.10)
P, Py,

Pil'lo) and Pél'lo) are not topologically equivalent with anyone of the phase portraits in
[17]. They are however phase portraits of systems possessing and invariant hyperbola
and an invariant line.

Therefore, we can see from the two above tables that the phase portraits

On the table below we list the phase portraits of Coll-Ferragut-Llibre in [17] that admit
3 singular points at infinity with the type (N, N, S), and it has either 0, 1, 2 or 4 real
singular points in the finite region:

] Phase Portrait ‘ Sing. at o ‘ Real finite sing. ‘ Separatrix connections ‘

(20) (N,N,S) %) 0SC} 0SC% 25C
(42) (N,N,S) %) 0SC} 0SC® 15CS
(59) (N,N,S) ) 0SC} 0SC¥ 25C3
(21) (N,N,S) cp 0SC} 25C% 25C
(43) (N,S,N) cp 0SC} 25C% 15CS
I rore o
(57) (N,N,S) pprhpph 0SC; 65CY 0SCZ
22 N,N,S s, C 15Ct 2sce 2sce
( ; 25¢%
23 N,N,S s, C 0SCL 45C® 1SC®
(23) ( g 0
28 N,N,S s, C 0SCL 45C® 0SC®
(28) ( f2otr Yot
44 N,N,S s, C 15Ct 2sce 1sce
( r 25C%
45 N,N,S es, s 25CL 4sce osce
(45) ( + 45C; %
58 N,N,S sn,sn 1scL 6sC® 0sce
(58) ( f 0o Yot
77 N,N,S sn,sn 0SCL 8sC%® 0SCE
(77) ( £ oo% 0
102 N,N,S s, es 25Cl 6SC® 0sCe
(102) ( + 65C; %
35 N,N,S n,s,sn 4SCL 6SC® 0SC
(35) ( £ %y 0
115 N,N,S n,s,s,n 3SCL 65C® 0SCE
(115) ( f 5%y 0
Therefore, the phase portrait P1(1.10) is not topologically equivalent with anyone of the

phase portraits in [10]. It is however a phase portrait of a systems possessing a polyno-
mial inverse integrating factor. O

3.1 The solution of the Poincaré problem for the family (1.10)

We can recognize when a system in this family has a rational first integral. The following is
the answer to Poincaré’s problem for the family (1.10):

Theorem 3.6.

i) A necessary and sufficient condition for a system in family (1.10) to have a rational first integral is
that v*> — a > 0 and that (a,v) be situated on a parabola of the form a = (1 — r?)v? with r € Q.

ii) The set of all points (a,v)’s satisfying these two conditions is dense in the set v* —a > 0 with

v #0.
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3 -

Figure 3.1: Bifurcation diagram of configurations for family (1.10): In this figure
on the dashed line 2 = 0 both hyperbolas become reducible into two lines one
of them x = 0. On the bifurcation curves we either have an additional line or
additional hyperbola or coalescing lines or coalescing hyperbolas or real lines
becoming complex. The dashed lines represent complex lines.

Proof. i) We first prove that the condition is necessary. So assume that we have a system of
parameters (a,v) that has a rational first integral. Assume now that (a,v) is in the generic
situations v(a — v?)(a + 3v?)(a — 802/9)(a — 30?/4) # 0. Any first integral of the system is
then of the following general form:

A2 Alx/vzfa 7A1\/vz—a
I=5"0" " Iy 7 -
/2

This is a rational first integral if and only if Ay € Z and % € Z in which case we

must have that ¥ = v/v2 — a/v must be a rational number. In view of our generic hypothesis
r # 0. Since r = V02 —a/v is rational we have v> —a > 0 and by hypothesis v* —a # 0.
Therefore v — a > 0. We also have a = (1 — r?)v? and therefore the condition is necessary in
this case. Consider now the case when v(a — v?)(a + 3v?)(a — 8v?/9)(a — 3v?/4) = 0. Since
on v(a — v?) = 0 we cannot have a rational first integral because as we see in the tables for
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Figure 3.2: Topological bifurcation diagram for family (1.10).

these two cases, we have exponential factors in the first integrals and hence we must have
v(a — v?) # 0. Therefore our previous assumption is reduced to (a + 3v?)(a — 8v?/9)(a —
3v2/4) = 0. Suppose first that the point (a,v) is located on the parabola a = —3v%. Then this
parabola can be written as a = (1 — r?)v? where r = 2. We then have v* — a = r?0? = 402 > 0.
If the point (a,0v) is on the parabola a — 8y?/9 = 0 then this parabola can be written as
a = (1 —1?)v? for r = 1/3. Here again we have that v> — a = r?v?> = v2/9 > 0. So the system
situated on the parabola a — 8y?/9 = 0 satisfies v> —a > 0 and for r = 1/3 the point is located
on the parabola a = (1 —r?)v?. So also in this case these conditions are necessary. There
remains only the case when (a,v) is on the parabola a — 3v?/4 = 0. In this case we can write
this parabola as a = (1 — r2)v? by taking r = 1/2. Also here v2 —a = r?v?> = v2/4 > 0, i.e.

v? —a > 0. So the necessity of the conditions is proved in this case too.

We now prove the sufficiency of the conditions. Let us assume that v> —a > 0, v # 0
and (a,v) is located on a parabola a = (1 — r?)v? with r € Q. Then clearly r # 0, otherwise
v —a=r*=0 contrary to our assumption. In case r = 2,1/3,1/2 we are on one of the
three parabolas obtained from the condition (a + 3v?)(a — 8v%/9)(a — 3v?/4) = 0 and for these
parabolas the tables give us rational first integrals. If the generic condition is satisfied, i.e.
v(a —v?)(a + 30%)(a — 8v%/9)(a — 3v*/4) # 0, then we know that we have the corresponding
first integral indicated in the Tables for this case where the exponents for the curves J; are
A1 and AvV0? —a/v. But we know by our assumption that (a,v) is located on a parabola

a = (1 —r?)v? for some rational number r. From this equation we have that 7> = (a — v?) /2.
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Hence r = v/v?> — a/v is rational. We may suppose r = m/n with m,n € Z and m, n coprime.
Then by taking in the general expression of the first integral Ay = n and r = V0> —a/v we
obtained a rational first integral in this case.

ii) Let us denote by P, the parabola corresponding to a rational number 7, i.e.

Py :={(a,0) € R?*: (1 —r*)v* =a}.

Thus a system in the family (1.10) has a rational first integral if and only if it corresponds to
a point (a,v) such that v> —a > 0 with v # 0 and the point is situated on a parabola P, for
some rational number r. In the parameter plane IR? let the a-axis be the horizontal line and
the v-axis be the vertical one. The parabolas a = (1 — r?)v? are symmetric with respect to the
a-axis. Because of this it would suffice to prove the density of points (a,v) on parabolas P,
and inside v> —a > 0 and v > 0.

Claim: The set of all points in A =: U,cqPy with v > 0 is dense in the set ST = {(a,0) :
v2—a >0, v>0}.

Take an arbitrary point point py = (a9,v9) € ST. So we have v3 — a9 > 0 and vy > 0.
We only need to consider pg inside the first or second quadrant. Indeed the line 4 = 0 is
outside the parameter space of our family. So 4y # 0. In view of our assumption we have that
(v5 —ag)/v3 > 0. So let rog = /(v —ag)/v3 > 0. Hence we have ag = (1 —3)v3. Here rg
is not necessarily a rational number. But it can be approximated with rational numbers. So
take a sequence of rational numbers r, such that r, — rg. At this point let us assume that
the point (a9, vp) is in the second quadrant, i.e. a9 < 0. In this case rp > 1 and since r, — rg
there exists a number N such that for » > N r, > 1 and hence 2 > 1 for all # > N. So
Vap/(1—r%) > 0. Denote by v, = \/ag/ (1 —r3). Then v, — vy and hence (ag, v,) — (a0, Vo).
But each point (ag,v,) is located on the corresponding parabola ay = (1 — 72)v2 and hence
po is an accumulation point of points situated on such parabolas with r, rational. Assume
now that the point pg is in the first quadrant. Then a9 > 0 and since (0(2) —ag)/ v% > 0
we have that 0 < rp = /1 —ag/ v% < 1 which means that there exists a natural number N
such that for n > N we have 0 < r, < 1 and hence r% < 1 and hence we can take again
vy = \/ao/ (1 —712). Then clearly v, — vy and we obtain a sequence of points (ag, v,) sitting
on parabolas ag = (1 — r2)v% with r, rational. And v3 —ag = 12 > 0. Since vy > 0 then there
is a natural number M such that for alln > M v, > 0. O

Considering r = my /my where my,my € Z we can say that

my mq
- (0
J2 J4
is a rational first integral of (1.10) when a = (1 — (my/m3)?)v?. Consider

m m m m
Flee) =13 — )2yt =

We have that [1: 0] and [0 : 1] are remarkable values for Z, since

Fao =110 Foy =l

The case m; = my = 1is when a = 0 and this case was done previously. Suppose m; # 1
or my # 1. If m; > 1 then [1 : 0] and [0 : 1] are the only two critical remarkable values for
7T and J[3, J4 are critical remarkable curves. If we also have my, > 1 then [y, ], also are critical
remarkable curves.

There are some additional remarkable curves when a = (1 — (m7/m3)?)v? for especial
values of m; and m;, see examples in the Appendix. We could find among these examples
curves of degree 5,6,7,8,10,12 etc.
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4 Geometric analysis of family (1.11)

Consider the family

2

Lo Py
(1.11) 2z
y= 2 T2

This is a one parameter family depending on b € R\{0}. Every system in the family (1.11)
is endowed with five invariant algebraic curves: three lines [y, >, J3 and two hyperbolas J4, J5

where b # 0.

with respective cofactors a;, 1 < i <5 where

Ji = —ivV2vb—x+y, “1—%—%4—%,
]Zziﬁ\/B—X—Fy, 0(2__%_%_*_%
]3:30 3 —%_%,
Ja=x(y—x)—b, P

Js=xy -3, a5 = —2x

Straightforward calculations lead us to the tables listed below. The multiplicities of each
invariant straight line and invariant hyperbola appearing in the divisor ICD of invariant al-
gebraic curves were calculated by using for lines the 1st and for hyperbola the 2nd extactic

polynomial, respectively.

G b#0.
] Invariant curves and cofactors ‘ Singularities Intersection points
' ' J1 N J, = P5° simple
P = l\‘g\,[l\\g% JiNJ3 =Dy ;imple 1
— (_ivb ivb - = > simple
P=(=%" JiNTs= { P Simpﬁe
Ji = —ivV2Vb—x+y Py =10 ﬂﬁﬁ) Il NJs = P, double
Jo = iv2Vb—x+y P = (0,ivV2vh) | JiNLe =Py simple
Js = x J,NJ3=Ps simphle
Ja=x(y—x)—b PP =1[0:1:0] ]th:{Pz §1mple
Js = xy — & PP =[1:1:0] o P, simple
PP =1[1:0:0] J2N s = Py double
“1:@_%+% J2N Leo = P5° simple
_ \é\/g x .y For b < 0 we have J3N]4 = Py” double
m=—"5"2%2 J3NJs = P& double
=55 n,n,s,s;N,N,S J3M Lo = Py” simple
ng = —X < = [ Py, P, simple
a5 = —2x hm[S_{ Pg® double

For b > 0 we have

©,0,0,0;N,N,S

- [ P° simple
Jaf Lo = { P3° simple
= | P;° simple
Js1 Leo = { Pg° simple
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Divisor and zero-cycles ‘ Degree ‘

ICD:{Il+]2+]3+]4+]5+£ooifb<0 e

J§+I§+ 3+ Ja+ )5+ Leoif b >0 6
Mooe — Py+P+Ps+ P+ P+ P+ PP if b <0 7
05 = PE + PS + P§ + P + P + P 4+ PP if b > 0 7
T =Z]1]2J5]4]5 =0 8
Mo — | 3P1 3Py +2Ps + 2Py 4P 4P + 2P if b < 0 20
0T ™ 4P 4P + 2P if b < 0 10

where the total curve T has
1) only two distinct tangents at P; (and at P»), but one of them is double,
2) only three distinct tangents at P;°, but one of them is double and

3) four distinct tangents at P;°.

] ‘ First integral ‘ Integrating Factor

Ay
24

Ay 3
A AL 1240 AL M T M pAq 7142A1 Ay =AM — S —3
General | I =] 5 T s R=J1'L s ’

Simple _B _ Ll 1
example h=% h=75 R = Thmn
Remark 4.1.

e Consider .7:(161’C2) = C1]Z —c2J5 =0, deg f(lcllq) = 4. The remarkable values of .7-'(1C1,C2)
are [1: —2b] and [1 : 0] for which we have

-7:(11,72;,) = ]1]2]?%/ -7:(11,0) = ]2

Therefore, |1, J2, J3, Ja are remarkable curves of 7y, [1 : —2b] and [1 : 0] are the only
two critical remarkable values of 77 and J3, J4 are critical remarkable curves of 7;.
The singular points are Ps, Py for F, (11 o) and Py, P, for F (11 0)"
e Consider F?C],CZ) = 01]1]2]32) —c2Js = 0, deg .F(ZCI’CZJ = 4. The remarkable values of
.7-"(2C1 ) are [1:2b] and [1 : 0] for which we have

‘F(Zl,zb) = IZI ]:(21,0) = ]1]2]%

Therefore, J1, ]2, J3, Ja are remarkable curves of Z,, [1 : 2b] and [1 : 0] are the only
two critical remarkable values of Z, and J3, J; are critical remarkable curves of Z,.

The singular points are P;, P, for F (21 2b) and P;, Py for F (21 0)"

(ii) b= 0.

Under this condition, the system (1.11) does not belong to QSH, but we study it seeking
a complete understanding of the bifurcation diagram of the system in the full family
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(1.11). Here we have a single system which has a rational first integral that foliates the
plane into cubic curves. All the affine invariant lines are x = 0, y = 0 that are simple
and x —y = 0 that is double. The lines x = 0 and x — y = 0 are remarkable curves.
Perturbing this system in the family (1.11) we can obtain two distinct configurations of
lines and hyperbolas. By perturbing the reducible conics x(x —y) = 0 and xy = 0 we
obtain the hyperbolas x(y — x) — b = 0 and xy — § = 0, respectively.

] Inv.curves/exp.fac. and cofactors ‘ Singularities ‘ Intersection points ‘
=y
]2 =X P, = _ _
h=x—y 1=(0,0) 11 ﬂb:Pl simple
wigGy) P®=1[0:1:0] JiNJ3 = Py simple
Ey=e 1 o J1 N Lo = P§° simple
PP =[1:1:0] == ,
- J» N J3 = P; simple
=43 Py =1[1:0:0] = e
2.2, J> N Lo = P;° simple
t==3"23 J3N Lo = P simple
ay=14-1% hpphppay; N,N,S | 7 2 5P
Ky = gzi
Divisor and zero-cycles ‘ Degree ‘
ICD=J1++2]3+ L& 5
Moycs = 4P, + P;° + P° + P5° 7
- =2
T=2]1],]5=0. 5
Moyct = 4P, + 2P} +3P5° + 2P5° 11

where the total curve T has
1) only three distinct tangents at P;, but one of them is double;

2) only two distinct tangents at P;°, but one of them is double.

] ‘ First integral ‘ Integrating Factor
General I = {\ 'y Al]; 2 E |R= ]{\1 ]2*2*7\1 ];372/\1 E
Simple _ I _ LR _
example = RR3’ L=7 R=1mn

Remark 4.2. Consider ‘F(lcl, &) =€ h—oc ]2]§ =0, deg ]-"(161’ &) = 3. The remarkable value

of ]:(1c1, o) 18 [0 : 1] for which we have

Floyy = —hJ3.

Therefore, J,, J3 are remarkable curves of 7, [1 : 0] is the only critical remarkable values
of Z; and J3 is critical remarkable curve of Z;. The singular point is P; for F, (10 1" Consid-

ering the first integral Z, with its associated curves F. (ch H) = € 1P ]% — c2J1 we have the
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remarkable value [1 : 0] and the same remarkable curves J5, J3. The singular point is P;
2
for F (1,0)°
We sum up the topological, dynamical and algebraic geometric features of family (1.11)
and we also confront our results with previous results in the literature in the following propo-
sition. We show that there are two more phase portraits than the ones appearing in [17] and
there is one more phase portrait than the ones appearing in [10].

Proposition 4.3.

(a) For the family (1.11) we have two distinct configurations Cil'n) and C;Ml) of invariant hyper-
bolas and lines (see Figure 4.1 for the complete bifurcation diagram of configurations of such
family). The bifurcation set in the full parameter space contains only the point b = 0.

(b) All systems in family (1.11) have an inverse integrating factor which is polynomial. All systems
in family (1.11) have a rational first integral and the plane is foliated into quartic algebraic curves.
The remarkable curves are |1, J2, J3, ] for family (1.11).

(c) For the family (1.11) we have two topologically distinct phase portraits Pl(]'“) and PZ(]'“). The
topological bifurcation diagram in the full parameter space is done in Figure 4.2. The bifurcation
set of singularities is the point b = 0. The phase portraits Pl(]'“) and PZ(]'“) are not topologically
equivalent with anyone of the phase portraits in [17].

Proof.

(a) We have the following type of divisors and zero-cycles of the total invariant curve T for
the configurations of family (1.11):

] Configurations ‘ Divisors and zero-cycles of the total inv. curve T
c1D ICD=J1+h+]+s+]5+ L
! Moct = 3Py + 3P, + 2P3 + 2Py + 4Py° + 4P5° + 2P5°
c ICD=Jf+]S+ 3+ Ja+ 5+ Loo
2 Mocr = 4P{° +4P5° + 2Py°

Therefore, the configurations Cil'n) and C;l‘n) are distinct. For the limit case of family
(1.11) we have the following configuration:

] Configuration ‘ Divisors and zero-cycles of the total inv. curve T

ICD=J14++23+ L
Moct = 4Py + 2P;° + 3P;° + 2P5°

C2

(b) It follows directly from Jouanolou’s theorem that we always have a rational first integral
for family (1.11) since we have five invariant algebraic curves. The computations for the
remarkable curves were done in Remark 4.1.
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(c) We have that:

] Phase Portraits ‘ Sing. at 0 ‘ Finite sing. ‘ Separatrix connections

I (N,N,S) | (ns,5,m) | 35C} 65CF 0SC%
p(TD (N,N,S) | (e,0,0,0) | 0SC} 0SC¥ 25Cg

Therefore, we have two distinct phase portraits for systems (1.11). For the limit case of
family (1.11) we have the following phase portrait:

] Phase Portrait ‘ Sing. at oo ‘ Finite sing. ‘ Separatrix connections

2 (N,N,S) | hpphpp) | 0SCl 65CF 0SC

Note that P1(1.11) Sop p1 and P2(1.11) Ziop Pél'lo). We saw in the study of the previous

family that P3(1'10)

[17].

is not topologically equivalent with anyone if the phase portraits in

On the table below we list the phase portraits of Llibre—Yu in [17] that admit 3 singular
points at infinity with the type (N, N,S) and with 4 real singular points in the finite
region.

] Phase Portrait ‘ Sing. at 0 ‘ Real finite sing. ‘ Separatrix connections ‘

Rs (N,S,N) (s,1m,1,5) 4SC} 6SCY 0SCE
Rs, O (N,S,N) (s,m,1,5) 4SC} 6SCT 0SCZ

Therefore, the phase portraits Pl(l‘n) is not topologically equivalent with anyone of the
phase portraits in [17]. It is however a phase portrait of systems possessing an invariant
line and an invariant hyperbola. O

@ ¢

J

Figure 4.1: Bifurcation diagram of configurations for family (1.11). At b = 0 the
two hyperbolas become reducible into the lines x = 0, x —y = 0 and x = 0,
y=0.
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e
o

Figure 4.2: Topological bifurcation diagram for family (1.11). The only bifurca-
tion point is at b = 0 where all 4 singularities (real on the left or complex on the
right) coalesce with (0,0).

5 Geometric analysis of family (1.12)

Consider the family

1.12) X =2a+gx*+xy
' y=a(2¢—1)+ (g—1)xy+y* wherea(g—1) #0.
This is a two parameter family depending on (a,¢) € RR*\{(0,1)}. Every system in the
family (1.12) is endowed with at least one invariant hyperbola J; with cofactor a; given by

Ji=a+xy,  ap=(-1+2g)x+2y.
Except for a denumerable set of lines in the parameter space, i.e. except for
Ly:2¢—k=0, ke N=1{0,1,2,...} and L:4g-1=0,

systems in (1.12) are not Liouvillian integrable (see [19]). It thus remains to be shown what
happens on these lines and we consider here the case L; and L.

Straightforward calculations lead us to the tables listed below. The multiplicities of each
invariant straight line and invariant hyperbola appearing in the divisor ICD of invariant al-
gebraic curves were calculated by using for lines the 1st and for hyperbola the 2nd extactic
polynomial, respectively.

() ag(¢g—1)(2g—1)(4g—1) #0.
In [19] it is proved that except for the denumerable set of lines UgenLyx U L,

Ly ={(a,g) e RA\{(0,1)} :2¢—k=0}, ke,

L={(a,g) € RA\{(0,1)} :4g—1 =0}

systems (1.12) are neither Darboux nor Liouvillian integrable. We prove below that
when (a,g) € L; systems (1.12) are generalized Darboux integrable and when (a,g) € L
systems (1.12) are Liouvillian integrable. The cases where (a,g) € UxenLx — L1 are still
open. For these cases we were not able to prove the non-integrability and we also could
not find other invariant algebraic curves, which we managed to search up to degree four.
Although we are unable to guarantee the existence of a first integral in UgenLr — Ly, it
is still possible to obtain the complete topological bifurcation diagram of this family.
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Inv. curves and cofactors ‘ Singularities ‘ Intersection points
P = (—2iv/a, i (2v/ag — v/a))
P, = (2iy/a, —i (2/ag — \/a))
Py = (=M, —ivayg)

Py = (2, A/@/g)

PP =[0:1:0]
PP =[1:0:0]
Jv=a+xy For a < 0 we have AL — P simple
(149 ’ ! ® | Py simple
w = (-1+2)x+2 | o0, 0SN,Sifg <0
f.fis5QSN,N if0< g< %
n,n,s,5QOSN,N if Z <g<1i
s,s,n,n; (SN, N ifg>%
For a > 0 we have
o,0,n,1n; (SN, S if g <0
©,0,0,0; )SN,N if g > 0
Divisor and zero-cycles ‘ Degree ‘
ICD =1 + Lo 2
Py + P, + P§ + Pf + 2P + P ifa < 0and g < 0 7
Moe — Py + P+ P;+ Py +2P° + P ifa<0and g >0 7
0 ™) PC+P§ + P+ Py +2PF + PP ifa>0and g <0 7
PF+ P§ + P§ +Pf +2P° +P°ifa>0and g >0 7
T=27],=0 3
Moo — 2P + 2P if ag > 0 4
0T ™\ P+ Py + 2P 425 if ag < 0 6

(i) ag(g—1)(2¢—1)(4g—1) =0.
(ii.1) g=0and a # 0.

Under this condition, (a,g) € Lo which corresponds to an open case regarding the
integrability.
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Invariant curves and cofactors ‘

Singularities

Intersection points

Pl = (Zlﬁ/_l\/ﬁ)
P, = (2iv/a,i\/a)
Ji=a+xy Pr=1[0:1:0] hmﬁwz{l’f"simple
a = —x+2y Py =1[1:0:0] P3° simple
f,£;QSN,)S ifa <0
©,0;()SN, HN ifa > 0
Divisor and zero-cycles ‘ Degree ‘
ICD = ]1 + ﬁoo 2
Moo — | PP +2P7 +3P7 ifa <0 7
05 =\ PC+ P§ +2P2 43P ifa > 0 7
Mo — Py + P, +2P® +2PY ifa < 0 6
0T~ 2PP 2P ifa > 0 4

(ii.2) g =3 anda #0.

Here we have an additional invariant line which is simple and the invariant hyperbola

becomes double so we compute the exponential factor Es.

] Inv.cur./exp.fac. and cofactors ‘

Singularities

Intersection points

=y
Jo=a+xy
E3:€
0 =5+Yy
Dézzzy
a3 = —8oY

_a(31-80)+81xy—280>

2(a+xy)

Py = (—2iy/a,0)
P, = (2i\/a,0)

Py = (—iv2ya, %)
Py = iﬁ\/@%)
P =10:1:0]

PP =1[1:0:0]

s,s,n,n; (SN, N if a <0
©,0,0,0; SN, N ifa > 0

J1 N ], = P5° double
J1 N L = simple

- | Pp° simple
J201 Leo = { P3° simple
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Divisor and zero-cycles ‘ Degree ‘
ICD =1 + 2]+ L« 4
Moe — Py + P+ P3+ Py +2P° + P* ifa <0 7
065 7\ PC+ P§ + PS + PS +2PF + P ifa > 0 7
<+ 2

T=ZJJ;=0 6
Py + P, +2P3 + 2Py + 3P° +4P;° if a < 0 13

Mocr = o o ;
3P +4P5 ifa >0 7

where the total curve T has

1) only two distinct tangents at P;°, but one of them is double,

2) only two distinct tangents at P5°, but one of them is triple.

|

‘ First integral ‘ Integrating Factor ‘

o A1)
General | I =J2ES | R=JIJ2E, ©
Simple
T = E} R=14
example J2E3 Iz

(ii.3) ¢ = and a # 0.

Here the hyperbola becomes double so we compute the exponential factor E,.

] Inv. cur./exp. fac. and cofac. Singularities ‘ Intersection points
P = (2iv/a,— ")
£ ﬂgo+(3o+>fy+)g1y2
h=e¢ at+xy B o s
P® =[0:1:0] hmgm:{lﬁozizgi
@ = —3+2y P =1[1:0:0] 2
ay = —
2 817 SN(),$N(2); OSN, N if a <0
©(2),©(2); (g)SN,N ifa>0
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Divisor and zero-cycles ‘ Degree ‘
ICD =2]1 + L 3
Moo — 2P + 2P, + 2P + P*if a <0 7
0C5 ™ 1 2PC +2P§ +2P® + P if a > 0 7
22
T=2]7=0 5
2Py + 2P, +3P° + 3P ifa < 0 10
Mocr = 0 0 ;
3P +3P5° ifa > 0 6

where the total curve T has only two distinct tangents at P;° (and P;°), but one of them

is double.
] ‘ First integral ‘ Integrating Factor ‘
Zz 1 2
a X, & _ 1 £
General I :%(ZﬁaDawsonF(\/Q)+x\/m> < 80+?10 ){;-gw ) ] R = ]1 2 Ezg]
Simple A\ -1
exanfple A :% <2ﬁaDawsonP<\/‘%)+xm) (e ﬂ+xy> R = ]1 2 E%

(ii.4) g =1and a # 0.

Here we have, apart from a simple hyperbola, two additional invariant lines (real or
complex, depending on the sign of the parameter a).

Invariant curves and cofactors ‘ Singularities ‘ Intersection points ‘
—iv/a, —i = = .
he E Va, z\f)\[) JiN ], = Py° simple
hi=1- ﬁ B = - = P; simple
Py = (—2iy/a,i\/a) Jin]s= © simpl
=1+ _ 3 P3° simple
\f Py = (2iy/a, —i\/a) ~
Js=a-+xy J1 N Lo = P5° simple
- = P, simple
P =[0:1:0 g ={ pe
v =y—iVa PP —[1:0:0) . [3” simple
=y+iya JoN Lo = P5° s1mple
a3 =X+ 2y n,n,s,s;()SN,Nifa <0 J3N Lo = { 113})0 Z;Epig
©,0,0,0;()SN, N ifa > 0 2 Sump
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Divisor and zero-cycles \Degree‘

ICD — i+ h+ 3+ Leoifa<0 4

JS+ IS+ 3+ Loifa>0 4

M {P1+P2+P3+P4+2Pf°+P§°ifa<0 7
0cs = 0 | Do :

PF + P§ + P§ + Pf +2P° + P5° if a > 0 7

T=ZJ1],]3=0 5

Moo — 2Py + 2P, + P3 + Py + 2P +4P5° if a < 0 12

0T ™\ 2P® + 4P ifa >0 6

where the total curve T has four distinct tangents at P5°.

| |

First integral

Integrating Factor
g g

General | I = (W + y> CVan? o

2
a+ty 2
\/ N
Va— T ey

11,
R=]Ji];]5

example

Simple I (W%—y)im@ atxy

a+y2 2
L G

11,
R=]Ji];]

(ii.5) a=0and g #0,1.

Under this condition, systems (1.12) do not belong to QSH, but we study them seeking
a complete understanding of the bifurcation diagram of the systems in the full family
(1.12). All the affine invariant lines are y = 0 that is simple and x = 0 that is double
so we compute the exponential factor Ez. By perturbing the reducible conic xy = 0 we

produce the hyperbola a + xy = 0.

] Inv. cur./exp. fac. and cofactors ‘ Singularities ‘ Intersection points ‘
Ji=y Py = (0,0)
Jo=x o
Es = 25 P =[0:1:0] JiNJ, = Py simple
PP =1[1:0:0] J1 N Lo = P5° simple

v =(-1+g)x+y
Wy =gx+y
a3 = —81Y

epepy; SN, S if ¢ <0
phph4); SN, N if g >0

J> N Lo = Pf° simple
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] Divisor and zero-cycles ‘ Degree ‘
ICD =1 +2h+ Lo if g # 1 4
Moycs = 4P +2P° + P if g #0 7
T=27]Js=0ifg#1 3
Mocr = 3P +3P° +2P;° if g # 0 8

where the total curve T has only two distinct tangents at P;°, but one of them is double.

] ‘ First integral ‘ Integrating Factor ‘
N _G&=Dh A N _ DA 31 IEY
General I = ]1 1]2 8 Eé’lg R = ]11]2 8 8 E381g
Simple (1-3)
I=J5], YE =L
example k2 3 R=7z

(ii.6) 2 =0and g = 1.

Under this condition, systems (1.12) do not belong to QSH, but we study them seeking
a complete understanding of the bifurcation diagram of the systems in the full family
(1.12). All the affine invariant lines are y = 0 and x = 0 that are double so we compute
the exponential factor Ez and E,. By perturbing the reducible conic xy = 0 we produce
the hyperbola a + xy = 0.

] Inv.cur./exp.fac. and cofactors ‘ Singularities ‘ Intersection points ‘

i=y

Jo=x

E; = Y P =(0,0)

hg+h1y — = .

Egy=e 7 P =1[0:1:0] llm]2—Plf:mple

o0 J1 N Lo = P5° simple
P =1[1:0:0] T AL — P® simpl

=y J> N L = P;° simple

My =x+Yy phph(4),(g)SN,N

&3 = —&1Y

Ny = —ho

| Divisor and zero-cycles | Degree |

ICD =2]1 +2], + L« 4
Moycs = 4P, +2P;° + P3° 7
T=2ZJJ,=0 5
Moct = 4Py + 3P;° + 3P;° 10
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where the total curve T has only two distinct tangents at P;° (and P;°), but one of them
is double.

] ‘ First integral ‘ Integrating Factor ‘

T Ty
General | I= {\1]8E§1 E) | R= ]?1]£2E381 E

Simpl
imple T = 1Es _
example

1
J1)3

(ii.7) a =g =0.

Under this condition, systems (1.12) do not belong to QSH, but we study them seeking
a complete understanding of the bifurcation diagram of the systems in the full family
(1.12). The line y = 0 is filled up with singularities, therefore this is a degenerate system.
The following study is done with the reduced system. For this system the line x = 0 is
double so we compute the exponential factor E,.

] Inv.cur./exp.fac. and cofactors ‘ Singularities ‘ Intersection points ‘

Ez = ew
PP =[0:1:0] J1N Lo = P simple
N = 1
t = —g1 (e[l];n%); OSN, (e]]];2)

] Divisor and zero-cycles ‘ Degree ‘

ICD = 2J; + Lo 3

Mycs = P; —I—ZPfo 3
=2

T=27];=0 3

Moct = 2P; +3P° 5

where the total curve T has only two distinct tangents at P;°, but one of them is double.

] ‘ First integral ‘ Integrating Factor ‘
General | I =JS™E} | R=] *T8"E)
Simple
example

7Z=NE R=1

We sum up the topological, dynamical and algebraic geometric features of family (1.12)
and also confront our results with previous results in literature in the following propo-
sition. We show that there are two more phase portraits than the ones appearing in
[17].
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Proposition 5.1.

(a)

(b)

(c)

For the family (1.12) we obtained seven distinct configurations Cil'lz) — C;l'lz) of invariant hyper-

bolas and lines (see Figure 5.1 for the complete bifurcation diagram of configurations of this fam-
ily). The bifurcation set of configurations in the full parameter space is ag(g —1)(g—1/2)(g —
1/4)=0.0n (§—1/2)(g — 1/4) = 0 the invariant hyperbola is double. On g = 1/2 we have
an additional invariant line and on g = 1 we have two additional invariant lines. On § = 0 we
just have a simple invariant hyperbola. On a = 0 the hyperbola becomes reducible into two lines
and when a = g = 0 one of the lines is filled up with singularities.

The family (1.12) is generalized Darboux integrable when § = 1/2 and it is Liouvillian integrable
when g =1/4.

For the family (1.12) we have seven topologically distinct phase portraits Pfl'u) — Pém). The
topological bifurcation diagram of family (1.12) is done in Figure 5.2. The bifurcation set are the
half lines ¢ = 1/4 and ¢ = 1/2 with a < 0 and the lines g = 0 and a = 0. The half line
g = 1/4 with a < 0 and the lines ¢ = 0, a = 0 are bifurcation sets of singularities and the
half line g = 1/2 with a < 0 is a bifurcation of saddle to saddle connection. The phase portraits
Pf'lz) and Pél'm are not topologically equivalent with anyone of the phase portraits in [17].

Proof.

(a)

We have the following type of divisors and zero-cycles of the total invariant curve T for
the configurations of family (1.12):

] Configurations ‘ Divisors and zero-cycles of the total inv. curve T

c(112) ICD =1 + Lo

' Mocr = P3+ Py +2PP + Pp°
cl112) ICD =1 + Lo

§ Mocr = 2P° + Py°
c(112) ICD =1 + Lo

3 Mocr = 2P + P
cl112) ICD=]1+2])+ L

4

Mocr = Py + Ps + 2P; + 2P, + 3P + 4P5°
ICD = J1 + 2> + Loo

c12)

> Mocr = 3P + 4P5°
c(112) ICD =21 + L

6 Mocr = 2P + 2P, + 3P° + 3P5°
c12) ICD =2J1 4+ Lo

7 Mocr = 3PP +3P5°

Therefore, the configurations C§1.12) up to C;m) are all distinct. For the limit cases of
family (1.12) we have the following configurations:
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] Configurations ‘ Divisors and zero-cycles of the total inv. curve T

. ICD = J1 4+ 22 + Leo
Mocr = 3P 4 3P° + 2P
o ICD =2]1 +2], + L
Mocr = 4P; + 3P° + 3P
) ICD = 2J; + Lo
> Mocr = 2P + 3P
6 ICD=J1+ ]2+ 3+ L
Mocr = 2Py + 2P, + Ps + Py + 2P% + 4P°
N ICD=JS+J54+ 5+ Lo
Mocr = 2P%° + 4P°

(b) This is shown in the previously exhibited tables.

(c) We have that:

] Phase Portraits ‘ Sing. at 0 ‘ Finite sing. ‘ Separatrix connections
P (SN, N) (n,m;5,5) | 25C} 6SCT 0SCZ
P2(1.12) (©SN, N) (s,s,n,n) 4SC}( 6SCJC}° 0sCS

0
R O I s e s
(®SN,N) | (e,0,0,0)
p{12 (OSN,N) | (o2),0@2) | 0SC} 0sCP 25C3
(@SN, GN) (0,0)
Pél'lz) (SN, S) (0,0,n,n) OSC}( ZSC;" 0SC%
P (OSN,N) | (s,s,n,n) | 35C} 65C% 0SCg
P;le) (SN, N) (571(2),5”(2)) OSC}[ 6SC}° 0SCg

Therefore, we have seven distinct phase portraits for systems (1.12). For the limit cases

of family (1.12) we have the following phase portraits:

] Phase Portraits ‘ Sing. at o0 ‘ Finite sing. ‘ Separatrix connections
p3 (QSN,N) phph, 0SC} 45C7 0SC%
Pa QSN (©[;@) | (o[;n?) | 0SC} 25C® 0SC
ps (®SN,S) epep(a) 0SC} 4SCP 0SCE

On the table below we list all the phase portraits of Llibre-Yu in [17] that admit 2 singular
points at infinity with the type (SN, N):
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Phase Portrait I Sing. at o I Real finite sing. I Separatrix connections

Lo (SN, N) %) 0SC} 0SCy 35C%
Los (SN,N) %) 0SC} 0SC% 35CS
w1 (SN,N) (s,n) 1SC} 65CF 0SCZ

The phase portraits Pf‘lz) and PémI are not topologically equivalent with anyone of
the phase portraits in [17]. They are however phase portraits of systems possessing an
invariant line and an invariant hyperbola (when ¢ = 1/2). O

Remark 5.2. The family (1.12) does not have any case where the inverse integrating factor is
polynomial. We just have a polynomial inverse integrating factor on the limit case 2 = 0 of
family (1.12).

SRR

Figure 5.1: Bifurcation diagram of configurations for family (1.12): In this figure
on the dashed line a = 0 the hyperbola becomes reducible into two lines x = 0
and y = 0. When a = g = 0 the line y = 0 is filled up with singularities. For the
bifurcation curves we either have an additional line or coalescing hyperbolas or
a change in the multiplicity of a infinity singularity. On the dashed line ¢ =1
we have two additional lines. The dashed lines represent complex lines.

I
I
|
I
I
I
|
|
I
|
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Figure 5.2: Topological bifurcation diagram for family (1.12). Note that the
phase portraits ps, ps and Pél'u)

rant.

possess graphics in their first and third quad-

We have the following number of distinct configurations and phase portraits in the normals
forms (1.10), (1.11) and (1.12), denoted here by NF studied, as well as their limit points:

] Config. in the NF studied ‘ All config. ‘ Phase port. in the NF studied ‘ All Phase port. ‘
| 18 25| 12 \ 17 |

6 Questions, the problem of Poincaré and concluding comments

We are interested both in the algebraic-geometric properties of the systems in the family
QSH, as expressed in their global geometric configurations of algebraic solutions, and on
their impact on the integrability of the systems. We are also interested in the topological
phase portraits of systems in QSH. This family is 3-dimensional modulo the action of the
affine group of transformations and time rescaling (see [18]). As we have seen in the three
families we discussed in this work, the class QSH forms a rich testing ground for exploring
integrability in terms of the global algebraic geometric features of the systems occurring in
these normal forms. The geometric analysis of the systems we studied bring out a number of
questions. We expect to find answers to these questions, once the full study of all the normal
forms of QSH will be completed.
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6.1 The problem of Poincaré

For two out of the three families discussed in this work we have an answer to Poincaré’s
problem of algebraic integrability for each one of the systems in these families. The answer is
given entirely in geometric terms (see Theorem 3.6 in Subsection 3.1) and all systems in the
family (1.11) are algebraically integrable. This raises the following question: For how many
of the remaining normal forms could we solve the problem of Poincaré for all the systems
in the families defined by their respective normal forms? Could this problem be solved in
geometrical terms as it was possible for the normal form (A)?

6.2 The problem of generalizing the Christopher-Kooij Theorem 1.15

We saw that under the “generic” conditions of Christopher and Kooij (C-K), formulated al-
gebraically on the algebraic invariant curves fi(x,y),..., fr(x,y) of a polynomial differential
system, we are assured to have a polynomial inverse integrating factor of the special form

A y) - filxy).

In this article we see cases where these “generic conditions” of (C-K) are not satisfied and
yet we still have an integrating factor which is polynomial. Furthermore, in some cases, this
polynomial inverse integrating factor is of the same form as the one in the (C-K) theorem.
Here are some examples occurring in the families we considered.

(I) For the family (1.10).

(1) All the systems in family (1.10) have an inverse integrating factor which is polynomial, they
are Darboux integrable and have in the generic case only two invariant lines Ji, J and two
invariant hyperbolas J3, Js. An inverse polynomial factor is J;J>J3]4 just like in C-K theorem.
The condition (a) of the C-K theorem 1.15 is satisfied since our curves are lines and hyperbolas
and they are, of course, non-singular and irreducible. The condition (b) is also satisfied since
the coefficients in Mygst are all equal to 2. The condition (c) is not satisfied because both of
the hyperbolas J3 and ], intersect the line at infinity at P;° and they are tangent at this point.
The condition (d) is not satisfied because the sum of the degrees of the curves is 6 and not 3.
However, the conclusion is the same as in theorem 1.15.

(2) In the non-generic cases (a — 3v%/4)(a + 3v%)(a — 80?/9) = 0 we have a similar situation
and an inverse polynomial integrating factor. We have, as in the generic case, the two invariant
lines [, J» and we have, apart from the two invariant hyperbolas J4, J5 and additional invariant
curve J3. We again have (a) and (b) satisfied but not (c) and (d) of (C—K) theorem 1.15.
However, if we restrict our attention only to the remarkable curves [y, |2, J4, J5 then we still
have an inverse integrating factor of the form J;/>/4J5 as in the (C-K) theorem.

(IT) Consider now the family (1.11).

(1) The systems in the family (1.11) have in the generic case three invariant lines J1, J>, J3 and
two invariant hyperbolas J4, J5. Let us now consider for our discussion only the remarkable
curves, the three lines [i, J», J3 and the hyperbola J;. These of course satisfy the conditions (a)
and (b). However they do not satisfy (c) because for example [j, J», J4 intersect at P,. They also
do not satisfy (d). If we limit our attention to the four curves Ji, |5, J3, Ja we see that we have
as an inverse integrating factor the polynomial J;J>J3J4 which we get by taking in the general
expression of the integrating factor Ay = Ay = Ay = —1.
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So we can ask the following questions:

Question 1: How should the geometry of the configuration of algebraic solutions [y, ..., Ji of
a polynomial system be so as to have an inverse integrating factor which is polynomial? In
particular, how should this geometry be in order to have an inverse integrating factor |y - - - J;?
How could we relax, generalize, the hypotheses in the (C-K) theorem such that the same
conclusion holds?

Question 2: If a system has a rational first integral do we always have an inverse integrating
factor involving only remarkable curves?

Consider now the non-generic case v(a — v?) = 0 of the family (1.10). We have that one
of the invariant curves becomes double. In the case v = 0 we have two simple invariant lines
J1, ]2 and one double invariant hyperbola J3. A polynomial inverse integrating factor in this
caseis [1)» ]%. In the case 4 — v? = 0 we have a double line J; and two simple hyperbolas 5, J5.
We have a polynomial integrating factor J?J>J5. In this case we still have a polynomial inverse
integrating factor.

Question 3: Can we generalize the (C-K) Theorem 1.15 so as to include multiplicity? In what
cases there is a relation between the multiplicity s of an algebraic solution J; and the exponent
of J; appearing in the polynomial inverse integrating factor?

6.3 On the bifurcation diagrams

We have two kinds of bifurcation diagrams: topological and geometrical, i.e., of geometric
configurations of algebraic solutions (lines and hyperbolas).

Question 1: What is the relation between these two kinds of bifurcation diagrams?

In all three families the topological bifurcation set of the phase portraits is a subset of the
bifurcation set of configurations of algebraic solutions. This inclusion is strict for the first and
last families.

The bifurcation set Bif4 for topological phase portraits in the family (A) is formed by the
half-line of v = 0, a < 0 ((Bif4)")); the non-zero points on the parabola a = v? ((Bif4)®?).

On (Bif4)(") and on (Bif4)?) 4 real finite singular points coalesce into 2 real finite double
points. In the first case, after crossing the half-line they split again into 4 real singular points,
while in the second case they split into 4 complex finite singular points which are finite
points of intersection of the complexifications of each one of two real hyperbolas with the two
complex invariant lines, respectively.

It is interesting to observe that these topological bifurcation points have an impact on
the bifurcation set of geometrical configurations. Indeed, first we mention that above and
below the half-line v = 0 and a < 0 we have two couples of real singularities, the points in
each couple are located on distinct branches of one hyperbola. When two singular points on
different hyperbolas coalesce this yields the coalescence of the respective branches and also of
the two hyperbolas, producing a double hyperbola.

On the non-zero points of the parabola a = v? the coalescence of the 4 real finite singular
points into two couples of double real singular points yields the coalescence of the two lines
into a double real line which afterwards splits into two complex lines. In this case again we
see that the topological bifurcation points produce also bifurcations in the configurations.

We note that we have a saddle to saddle connection on the parabola a = v? for (a,v) #
(0,0).
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On the bifurcation points situated on the remaining three parabolas we either have the
occurrence of an additional hyperbola (on a — 802/9 = 0 or on a + 3v* = 0) or the appearance
of an additional invariant line (on a — 30?/4 = 0). The presence of these additional invariant
curves does not affect in any way the bifurcation diagram of the systems.

In conclusion we have:

(i) Impact of the topological bifurcations on the bifurcations of configurations: The bifurcation
points of singularities of the systems located on the algebraic solutions, when real singular
points become multiple, become also bifurcation points for the multiplicity of the algebraic
solutions, inducing coalescence of the respective curves and hence of their geometric configu-
ration.

(ii) The bifurcation points of configurations due to the appearance of additional invariant
curves (three hyperbolas instead of two or three lines instead of two lines) have no conse-
quence for the topological bifurcation diagram of this family.

(iii) Inside the parabola a = v i.e. for points (a,v) such that v —a < 0 where we have complex
singularities, we have no bifurcation points of phase portraits but we have, on the half-line
v = 0, a > 0 bifurcation points of configurations, the two hyperbolas coalescing into a double
hyperbola. Here we need to stress the fact that on this half-line we have two double complex
singularities and while this fact has no impact on the topological bifurcation it is important for
the bifurcations of the configurations. Indeed, when the four complex singularities become
two double complex singularities on this half-line, the two hyperbolas on which they are lying
coalesce becoming a double hyperbola.

Limit points of the bifurcation diagram for (A) Let us discuss the bifurcation phenomena
which occur at the limiting points of our parameter space for systems in the family (A), i.e.
the points on a4 = 0. The topological bifurcation on this line is easy to understand. Indeed,
except for the the point (0,0) where all four singularities collide, all the other points on a = 0
are bifurcation points of saddle to saddle connections. All the points on the line 2 = 0 are
also points of bifurcation of configurations of algebraic solutions. However this bifurcation
is a bit harder to understand. Indeed, at these points say on v > 0 we have a configuration
with three simple affine invariant lines, the vertical line intersecting the two parallel lines at
two points and forming a saddle-to saddle connection. It is clear that this configuration splits
into the configuration C§1.10) on the left which has two hyperbolas and two invariant lines. So
in some sense the configuration on a = 0 should be considered as a multiple configuration since
it yields new algebraic solutions. Analyzing the bifurcation phenomenon we see that each
one of the two hyperbolas splits into two lines on 2 = 0 and v > 0. Indeed, the hyperbola
J4 splits into the line x = 0 and the line J; and the hyperbola J3 splits into J, and x = 0. So
that although for a = 0 each one of the lines is simple, each line contributes to the multiplicity
of the configuration. Considering the composite cubic curve xJ;J» = 0 we may say that this
configuration has (geometric) multiplicity two in this family as it splits into two cubic curves
J1J4 and J>J3. On the other hand we see that we have on 2 = 0 an exponential factor involving
in its exponent at the denominator of the rational function, the polynomial xJ; /> which turns
out to be of integrable multiplicity two. The notions of integrable multiplicity and geometric
multiplicity in [9] are not restricted to algebraic solutions. But the authors say there clearly
that the equivalence between integrable and geometric multiplicities occurs only for integrable
solutions. In the above family these two multiplicities coincide. So we have the following

Question: Under what condition on (finite) configurations of algebraic solutions do the two
multiplicities, integrable and geometric coincide?
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Finally we note that the point (0,0) produces in perturbations all nine configurations
which we encounter in the extension of the family (A), apart from the fact that we are in-
terested in producing all the phase portraits of family QSH as well as fully understanding the
integrability of this family, the questions raised above are additional motivation for complet-
ing the study of this family.

7 Appendix
Considering r = my /my where my, my € Z we can say that
-G
J2 Ja
is a rational first integral of (1.10) when a = (1 — (my/m3)?)v?. Consider
Fleneo) = 123" —c2]y? " = 0.
We have the following:
* Taking m; = 2 and m, = 4 (i.e. a = 3v%/4) we have that
Fa) = — 2y (8104 + 360 (—2x% + xy + y*) + 16x(x — y)s) )
Therefore, we have a line and a quartic as remarkable curves.
* Taking m; = 2 and mp = 6 (i.e. a = 8v%/9) we have that
Fay = 20 (0* +3y(y — x)) (304(59( —8y) — 20%(x — y)?(5x + 4y) + 3x(x — y)4> .
Therefore, we have a hyperbola and a quintic as remarkable curves.
* Taking m; = 2 and m, = 8 (i.e. a = 150> /16) we have that

Fi1) = 50 (360%x — 4507y — 80x%y + 160xy” — 80y°)

(36450° + 194400*x? — 583200*xy + 388800*y* — 115200%x* + 230400°x°y
— 2304007 xy° + 115200%y* 4 4096x° — 20480x°y + 40960x*y* — 40960x°y>
+ 20480x°y* — 4096xy°).

Therefore, we have a cubic and a polynomial of degree 6 as remarkable curves.

e Taking m; = 3 and m, = 6 (i.e. a = 3v%/4) we have that
Frn) = o507y (65610° — 19440° (6x* — 3xy — 5¢°)
+1296v* (x — y)? (63 + 2xy + y*) — 11520%x(x — y)*(2x +y) + 256x% (x — )°).

Therefore, we have a line and a polynomial of degree 8 as remarkable curves.
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* Taking m; = 3 and mp = 9 (i.e. a = 8v%/9) we have that
Fn) = 550° (0> — 3xy + 3y®) (640" + 6750°x* — 25440°xy + 21120°
— 9000 x* + 25200°x%y — 6120°x%y* — 2736v°xy> + 17280°%y*
+ 5700 x® — 22320*x%y + 34200* x*y? — 27600 x%y® + 15300 x2y*
— 7200t xy” + 1920%y° — 1800%x® + 936v%x”y — 183607 x%y? + 14400°x°y°
+ 18007 x*y* — 108002 x°y° + 68402 x°y°® — 1440 xy” + 27x'0 — 216x%y
+ 756x3y? — 1512x7y> 4 1890x%y* — 1512x°y° + 756x*y° — 216x%y” 4 27x%y8).

Therefore, we have a hyperbola and a polynomial of degree 10 as remarkable curves.
* Taking m; = 4 and m, = 2 (i.e. a = —30%) we have that
F1) = 2160°(90° + xy) (4050*x — 81v*y — 450%x° + 630°x°y — 1807 xy?
+x° = 3xty + 3%y — x%P).
Therefore, we have a hyperbola and a quintic as remarkable curves.
 Taking m; = 4 and m, = 6 (i.e. a = 50%/9) we have that
Fap = — $03(1000* — 210%x* + 2700%xy + 750%y* — 45x°y + 90x%y* — 45xy°)
(4200°x 4 3000°%y — 385v*x> 4 2550*x%y + 1050 xy? + 250%y° + 1050%x°
+90x*y® — 45x3y* + 9x%y°).
Therefore, we have a quartic and a polynomial of degree 7 as remarkable curves.
* Taking m; = 4 and m, = 8 (i.e. a = 3v%/4) we have that
Fapy = — %03]/(8104 — 720%x% + 36v%xy + 3607y + 16x* — 48x%y
+ 48x%y* — 16xy°) (65610® — 116640°x* + 58320 xy + 17496052
4 77760 x* — 129600*x%y + 3888v*x%y? 4 1296v*y* — 23040%x®
+ 80640%x°y — 921602 x*y? + 23040°x%y® + 2304v%x?y* — 11520%xy°
4 256x% — 1536x”y + 3840x°y> — 5120x°y> + 3840x*y* — 1536x%y° + 256x%°).

Therefore, we have a line, a quartic and a polynomial of degree 8 as remarkable curves.

e Taking my =4 and my =12 (i.e. a = 802 /9) we have that

Fan = %03(02 — 3xy + 3y?) (150 x — 240ty — 100> + 120°%%y + 6v°xy?

— 807> + 3x° — 12x*y + 18x%y? — 12x%1° + 3xy*) (64010 + 225082

— 1104v8xy 4 9600%y* — 30000 x* + 84008 x%y + 1800°x*y* — 1680v°xy>

4 9600°y* + 190v*x® — 7440t %%y + 11400 x*y? — 9200t x3y® + 5100%x%y*
— 2400t xy° + 640ty® — 6002 x® + 312027y — 6120%x5y? + 48007 x°y>

+ 6007 x*y* — 36007 x%y° 4 22807 x%y° — 48v7xy” + 9x10 — 72x%y 4 252181
— 504x7y® 4 630x°y* — 504x°y° + 252x*y° — 72x3y7 + 9x%y).

Therefore, we have a hyperbola, a quintic and a polynomial of degree 10 as remarkable
curves.
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* Taking m; = 4 and my = 16 (i.e. a = 150%/16) we have that

Fi1) = sioo0masszm 0 (360°x — 450°y — 80x%y + 160xy” — 80y°)
(36450° + 194400*x* — 583200*xy + 38880v*y* — 115200%x* + 230400%x°y
— 230400%xy® + 115200%y* + 4096x° — 20480x°y + 40960x*y> — 40960x°y>
+ 20480x%y* — 4096xy°) (1328602502 + 383582304v'%x% — 10298145600 xy
+ 661348800002 4- 29393280008 x* — 31744742400°x°y + 84064780800° xy>
— 846526464008 x1® + 29393280000%y* — 418037760v°x° 4 20901888000°x°y
— 20901888000°x*y?> — 41803776000° x>y + 104509440000° x?y*
— 79427174400°xy° + 20901888000°y° + 2919628800 x® — 18048614400*x”y
+ 48306585600* x°y* — 74317824000*x°y> + 74317824000 x*y*
— 5202247680v*x%y° + 26011238400 x?® — 8493465600 xy” + 1327104000*y®
— 943718400%x% + 6606028800 x°y — 18874368000 x> + 26424115200° x>
— 13212057600%xy* — 13212057600 x°y° + 26424115200%x*y/°
— 18874368000%x°y” + 66060288002 x*y® — 94371840v%xy° + 16777216x'2
— 167772160x My + 754974720x %> — 2013265920x%y° + 3523215360x%*
— 4227858432x7y° + 3523215360x°y°® — 2013265920x°y” + 754974720x*y/®
—167772160x%y° + 16777216x°y'°).

Therefore, we have a cubic, a polynomial of degree 6 and a polynomial of degree 12 as
remarkable curves.

These computations suggest that the remarkable curves of algebraically integrable sys-
tems in the family (A) have an unbounded degree.

Acknowledgments

The first author is partially supported by FAPESP grant number 2019/21181-0 and by CNPq
grant number 304766/2019—4. The second author is partially supported by the grant NSERC
Grant RN000355. The third author was financed in part by the Coordenagdo de Aperfeigoa-
mento de Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001.

The authors are thankful to the referee for the corrections and comments he/she made.

References

[1] J. C. ArTESs, B. GRUNBAUM, J. LLIBRE, On the number of invariant straight lines for polyno-
mial differential systems. Pacific ]. Math. 184(1998), 317-327. https://doi.org/10.2140/
pjm.1998.184.207; MR1628583

[2] ]J. C. ArtEs, J. LLIBRE, D. ScHLOMIUK, N. VULPE, Geometric configurations of singularities of
planar polynomial differential systems. A global classification in the quadratic case, Birkhduser,
Basel, 1st ed, 2021.


https://doi.org/10.2140/pjm.1998.184.207
https://doi.org/10.2140/pjm.1998.184.207
https://www.ams.org/mathscinet-getitem?mr=1628583

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Geometry and integrability of QS with invariant hyperbolas 55

J. C. Artgs, J. LLiBre, D. ScaLomiuk, N. VuLrrg, Global topological configurations of
singularities for the whole family of quadratic differential systems, Qual. Theory Dyn. Syst.
19(2020), No. 51, 1-32. https://doi.org/10.1007/s12346-020-00372-7; MR4067332

J. CHAVARRIGA, H. GiacoMiNg, J. GINE, ]. LLIBRE, Darboux integrability and the inverse
integrating factor, J. Differential Equations 194(2003), 116-139. https://doi.org/10.1016/
S0022-0396(03)00190-6; MR2001031

C. CurisTOPHER Invariant algebraic curves and conditions for a center, Proc.
Roy. Soc. Edinburgh Sect. A 124(1994), No. 6, 1209-1229. https://doi.org/10.1017/
S0308210500030213; MR1313199

C. CHRISTOPHER, R. Koorj, Algebraic invariant curves and the integrability of polyno-
mial systems, Appl. Math. Lett. 6(1993), No. 4, 51-53. https://doi.org/10.1016/0893-
9659(93)90123-5; MR1348232

C. CHRISTOPHER, ]. LLIBRE, Algebraic aspects of integrability for polynomial sys-
tems, Qual. Theory Dyn. Syst. 1(1999), 71-95. https://doi.org/10.1007/BF02969405;
MR1747198

C. CHRISTOPHER, J. LLIBRE, C. PANTAZI, S. WALCHER, On planar polynomial vector fields
with elementary first integrals, |. Differential Equations 267(2019), 4572-4588. https://
doi.org/10.1016/j.jde.2019.05.007; MR3983046

C. CHRISTOPHER, ]. LLIBRE, J. V. PEREIRA, Multiplicity of invariant algebraic curves in
polynomial vector fields, Pacific J]. Math. 229(2007), No. 1, 1-58. https://doi.org/10.
2140/pjm.2007.229.63; MR2276503

B. Corr, A. FERRAGUT, J. LLIBRE, Phase portraits of the quadratic systems with a poly-
nomial inverse integrating factor, Internat. . Bifur. Chaos Appl. Sci. Engrg. 19(2008), No. 3,
765-783. https://doi.org/10.1142/50218127409023299; MR2533481

G. DarBOUX, Mémoire sur les équations différentielles algébriques du premier ordre et
du premier degré (in French), Bull. Sci. Math. Astron. 2(1878) 60-96; 123-144; 151-200.
http://www.numdam.org/item?id=BSMA_1878_2_2_1_60_1; Zbl 10.0214.01

F. DUMORTIER, ]. LLIBRE, ]. C. ARTES, Qualitative theory of planar differential systems, Univer-
sitext, Springer-Verlag, New York—Berlin, 2008. https://doi.org/10.1007/978-3-540-
32902-2; MR2256001

F. DUMORTIER, R. Roussarig, C. Rousseau, Hilbert’s 16th problem for quadratic vector
tields, J. Differential Equations 110(1994), 66-133. https://doi.org/10.1006/jdeq.1994.
1061; MR1275749

A. FERRAGUT, ] LLIBRE, On the remarkable values of the rational first integrals of polyno-
mial vector fields. J. Differential Equations 241(2007), 399-417. https://doi.org/10.1016/
j.jde.2007.05.002; MR2358899

J. Jouanorou, Equations de Pfaff algébriques, Lectures Notes in Mathematics, Vol. 708,
Springer-Verlag, 1979. https://doi.org/10.1007/BFb0063393; MR537038


https://doi.org/10.1007/s12346-020-00372-7
https://www.ams.org/mathscinet-getitem?mr=4067332
https://doi.org/10.1016/S0022-0396(03)00190-6
https://doi.org/10.1016/S0022-0396(03)00190-6
https://www.ams.org/mathscinet-getitem?mr=2001031
https://doi.org/10.1017/S0308210500030213
https://doi.org/10.1017/S0308210500030213
https://www.ams.org/mathscinet-getitem?mr=1313199
https://doi.org/10.1016/0893-9659(93)90123-5
https://doi.org/10.1016/0893-9659(93)90123-5
https://www.ams.org/mathscinet-getitem?mr=1348232
https://doi.org/10.1007/BF02969405
https://www.ams.org/mathscinet-getitem?mr=1747198
https://doi.org/10.1016/j.jde.2019.05.007
https://doi.org/10.1016/j.jde.2019.05.007
https://www.ams.org/mathscinet-getitem?mr=3983046
https://doi.org/10.2140/pjm.2007.229.63
https://doi.org/10.2140/pjm.2007.229.63
https://www.ams.org/mathscinet-getitem?mr=2276503
https://doi.org/10.1142/S0218127409023299
https://www.ams.org/mathscinet-getitem?mr=2533481
http://www.numdam.org/item?id=BSMA_1878_2_2_1_60_1
https://zbmath.org/?q=an:10.0214.01
https://doi.org/10.1007/978-3-540-32902-2
https://doi.org/10.1007/978-3-540-32902-2
https://www.ams.org/mathscinet-getitem?mr=2256001
https://doi.org/10.1006/jdeq.1994.1061
https://doi.org/10.1006/jdeq.1994.1061
https://www.ams.org/mathscinet-getitem?mr=1275749
https://doi.org/10.1016/j.jde.2007.05.002
https://doi.org/10.1016/j.jde.2007.05.002
https://www.ams.org/mathscinet-getitem?mr=2358899
https://doi.org/10.1007/BFb0063393
https://www.ams.org/mathscinet-getitem?mr=537038

56 R. Oliveira, D. Schlomiuk and A. M. Travaglini

[16] J. LLiBRE, X. ZHANG, Darboux theory of integrability in C" taking into account the mul-
tiplicity, J. Differential Equations 246(2009), No. 2, 541-551. https://doi.org/10.1016/j.
jde.2008.07.020; MR2468727

[17] J. LriBRE, J. Yu, Global phase portraits for quadratic systems with a hyperbola and a
straight line as invariant algebraic curves, Electron. |. Differential Equations 2018, No. 141,
1-19. MR3831887

[18] R. D. S. Oriveira, A. C. RezenNDE, D. ScHLOoMIUK, N. VULPE, Geometric and algebraic
classification of quadratic differential systems with invariant hyperbolas, Electron. ]. Dif-
ferential Equations 2017, No. 295, 1-112. MR3748013

[19] R. D. S. Oriveira, D. ScaLomiuk, A. M. TrRavaGLINI, C. VALLs, Conceptual up to date
survey of Darboux’s theory of integrability with applications of bifurcation to a family of
quadratic differential systems, preprint, 2020.

[20] J. V. PEREIRA Vector fields, invariant varieties and linear systems, Ann. Inst. Fourier (Greno-
ble) 51(2001), No. 5, 1385-1405. https://doi.org/10.5802/aif .1858; MR1860669

[21] M. ]J. PreLLE, M. E. SINGER, Elementary first integrals of differential equations, Trans.
Amer. Math. Soc. 279(1983), 215-229. https://doi.org/10.1090/5S0002-9947-1983-
0704611-X; MR0704611

[22] H. PoiNCARE, Sur l'intégration des équations différentielles du premier ordre et du
premier degré I et II, Rend. Circ. Mat. Palermo 5(1891), 161-191; Rend. Circ. Mat.
Palermo 11(1897) 193-239. https://doi.org/10.1007/BF03015693 and https://doi.org/
10.1007/BF03015916

[23] M. RosenLIcHT, On Liouville’s theory of elementary functions, Pacific J. Math. 65(1976),
485-492. https://doi.org/10.2140/pjm.1976.65.485 MR0447199

[24] D. Scuromiuk, Topological and polynomial invariants, moduli spaces, in classification
problems of polynomial vector fields, Publ. Math. 2014, suppl., Proceedings of New
Trends in Dynamical Systems, 461-496. https://doi.org/10.5565/PUBLMAT_EXTRA14_23;
MR3211846

[25] D. Scaromruk, N. VuLrg, Integrals and phase portraits of planar quadratic differential
systems with invariant lines of total multiplicity four, Bul. Acad. Stiinte Repub. Mold. Mat.
56(2008) No. 1, 27-83. MR2392678

[26] D. ScaLomiuk, N. VULPg, Planar quadratic differential systems with invariant straight
lines of at least five total multiplicity, Qual. Theory Dyn. Syst. 5(2004), 135-194. https:
//doi.org/10.1216/RMJ-2008-38-6-2015; MR2467367

[27] M. SINGER, Liouvillian first integrals of differential equations, Trans. Amer.
Math. Soc. 333(1992), 673-688. https://doi.org/10.1090/50002-9947-1992-1062869-X;
MR1062869

[28] X. ZHANG, Integrability of dynamical systems: algebra and analysis, Developments in Mathe-
matics, Vol. 47, Springer, Singapore, 2017. https://doi.org/10.1007/978-981-10-4226-
3; MR3642375


https://doi.org/10.1016/j.jde.2008.07.020
https://doi.org/10.1016/j.jde.2008.07.020
https://www.ams.org/mathscinet-getitem?mr=2468727
https://www.ams.org/mathscinet-getitem?mr=3831887
https://www.ams.org/mathscinet-getitem?mr=3748013
https://doi.org/10.5802/aif.1858
https://www.ams.org/mathscinet-getitem?mr=1860669
https://doi.org/10.1090/S0002-9947-1983-0704611-X
https://doi.org/10.1090/S0002-9947-1983-0704611-X
https://www.ams.org/mathscinet-getitem?mr=0704611
https://doi.org/10.1007/BF03015693
https://doi.org/10.1007/BF03015916
https://doi.org/10.1007/BF03015916
https://doi.org/10.2140/pjm.1976.65.485
https://www.ams.org/mathscinet-getitem?mr=0447199
https://doi.org/10.5565/PUBLMAT_EXTRA14_23
https://www.ams.org/mathscinet-getitem?mr=3211846
https://www.ams.org/mathscinet-getitem?mr=2392678
https://doi.org/10.1216/RMJ-2008-38-6-2015
https://doi.org/10.1216/RMJ-2008-38-6-2015
https://www.ams.org/mathscinet-getitem?mr=2467367
https://doi.org/10.1090/S0002-9947-1992-1062869-X
https://www.ams.org/mathscinet-getitem?mr=1062869
https://doi.org/10.1007/978-981-10-4226-3
https://doi.org/10.1007/978-981-10-4226-3
https://www.ams.org/mathscinet-getitem?mr=3642375

	Introduction
	Preliminaries
	Geometric analysis of family (1.10)
	The solution of the Poincaré problem for the family (1.10)

	Geometric analysis of family (1.11)
	Geometric analysis of family (1.12)
	Questions, the problem of Poincaré and concluding comments
	The problem of Poincaré
	The problem of generalizing the Christopher–Kooij Theorem 1.15
	On the bifurcation diagrams

	Appendix

