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COMPLETE GEOMETRIC INVARIANT STUDY OF TWO
CLASSES OF QUADRATIC SYSTEMS

JOAN C. ARTES, JAUME LLIBRE, NICOLAE VULPE

ABSTRACT. In this article, using affine invariant conditions, we give a com-
plete study for quadratic systems with center and for quadratic Hamiltonian
systems. There are two improvements over the results in [30] that studied cen-
ters up to G L-invariant, and over the results in [I] that classified Hamiltonian
quadratic systems without invariants. The geometrical affine invariant study
presented here is a crucial step toward the goal of the invariant classification
of all quadratic systems according to their singularities, finite and infinite.

1. INTRODUCTION AND STATEMENT OF RESULTS

Let R[z,y] be the ring of the polynomials in the variables 2 and y with coeffi-
cients in R. We consider a system of polynomial differential equations, or simply a
polynomial differential system, in R? defined by

&= P(z,y),

Y= Q((L’, y)a
where P,Q € Rz, y]. We say that the maximum of the degrees of the polynomials
P and @ is the degree of system . A quadratic polynomial differential system
or simply a quadratic system (QS) is a polynomial differential system of degree 2.
We say that the quadratic system is non-degenerate if the polynomials P and
@ are relatively prime or coprime; i.e., g.c.d. (P,Q) = 1.

During the previous one-hundred years quadratic vector fields have been inves-
tigated intensively as one of the easiest but far from trivial families of nonlinear
differential systems, and more than one thousand papers have been published about
these vectors fields (see for instance [24, B33 32]). However, the problem of clas-
sifying all the quadratic vector fields (even integrable ones) remains open. For
more information on the integrable differential vector fields in dimension 2, see for
instance [9) [18].

Poincaré [23] defined the notion of a center for a real polynomial differential
system in the plane (i.e. an isolated singularity surrounded by periodic orbits).
The analysis of the limit cycles which bifurcate from a focus or a center of a qua-
dratic system was made by Bautin [7], by providing the structure of the power
series development of the displacement function defined near a focus or a center
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of a quadratic system. More recently the structure of this displacement function
has been understood for any weak focus of a polynomial differential system. More
precisely, first by using a linear change of coordinates and a rescaling of the inde-
pendent variable, we transform any polynomial differential system having a weak
focus or a center at the origin with eigenvalues +ai # 0 (i.e. having a weak focus)
into the form

T=y+ P(xv y)7

y=—-z+ Q(x,y),
where P and @ are polynomials without constant and linear terms. Then the return
map x — h(z) is defined for |z| < R, where R is a positive number sufficiently
small to insure that the power series expansion of h(x) at the origin is convergent.
Of course, limit cycles correspond to isolated zeros of the displacement function
d(z) = h(x) — x. The structure of the power series for the displacement function
is given by the following restatement of Bautin’s fundamental result (see [25] for
more details): There exists a positive integer m and a real number R > 0 such
that the displacement function in a neighborhood of the origin for the polynomial
differential system can be written as

m oo
_ 2j+1 2j+1 _k
d(x) = g V2j41% i+ [ao—i— E a },
j=1 k=1

(1.2)

for |z| < R, where the vy;41’s and the aij *thg are homogeneous polynomials in the

coeflicients of the polynomials P and Q.

The constants V; = vgj41 are called the focus quantities or the Poincaré-Liapunov
constants. A weak focus for which Vi =---=V,_; =0and V,, # 0 is a weak focus
of order n. If all the focus quantities are zero then the weak focus is a center. Note
that any weak focus has finitely many focus quantities, in our notation exactly m.

It is known that a polynomial differential system has a center at the origin if
and only if there exists a local analytic first integral of the form H = z2+y?+F(x,y)
defined in a neighborhood of the origin, where F' starts with terms of order higher
than 2. This result is due to Poincaré [23] (Moussu [20] gave a geometrical proof
of this result). Liapunov [I7] extended Poincaré result for the analytic case.

Through the coefficients of a quadratic system every one of these systems can
be identified with a single point of R'2. One of the first steps in a systematic
study of the subclasses of Q.S was achieved in the determining the subclass QC
of all @S having a center. Of course this problem is algebraically solvable in the
sense indicated by Coppel [I0], because the classification of the quadratic centers
is algebraically solvable.

The phase portraits of the class QC were given by Vulpe in [30] and are here
denoted by Vul 4 using his classification. In that classification, only GL-invariants
were used which implied that systems could only be characterized after displacing
one center to the origin and adopting the standard normal form. Later papers
related with centers provide the bifurcation diagrams for the different types of
centers (see [26] 34, 22]).

The polynomial differential system is Hamiltonian if there exists a poly-
nomial H = H(x,y) such that P = 0H/dy and Q = —0H/0x. Regarding Hamil-
tonian systems, apart from many papers using them in conservative systems, the
first complete classification for quadratic systems was done in [I] where quadratic
Hamiltonian systems were split into four normal forms and a bifurcation diagram
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was provided for each one of them. No invariants were used there. Later on in
[16] the affine-invariant conditions were established but they were constructed us-
ing invariant polynomials of high degree without explicit geometrical meaning. In
the later years the technique of the construction of invariant polynomials has been
greatly improved. Now, with these better tools, the invariants needed are of lower
degree and consistent with the set of all invariants needed to describe singular

points.

The main results of this article are the following two theorems.

Theorem 1.1. Consider a quadratic system of differential equations.

(i)

(i)

(iid)

This system possesses a center and the configuration of all its singularities
(finite and infinite) up to a congruent equivalence, given in Table @ if and
only if the corresponding affine invariant conditions described in Table
hold.

We have a total of 41 congruently distinct configurations of singularities.

For each phase portrait of quadratic systems with a center we have the

following two possibilities:

(a) it corresponds to a unique configuration of singularities; there are 17
such phase portraits;

(b) it corresponds to several configurations of singularities; there are 14
such phase portraits. The richest example is Vuls which could occur
with anyone of the 8 congruently distinct configurations 15, 17, 19, 20,
26, 37, 39, 41.

The phase portrait of a system with a center corresponds to the one of
31 topologically distinct phase portraits constructed in [30] (except the case
of a linear system) and either it is determined univocally by the respec-
tive configuration, or it is determined by the configuration and additional
conditions given in Table[3 More exactly we have 35 congruently distinct
configurations, each of which leads univocally to a unique phase portrait;
and there are 6 configurations each of which leads to several phase portraits
distinguished by the additional conditions according to Table[3

Tables Bl and Bl can be found in section [6l

Theorem 1.2. Assume that a quadratic system of differential equations is Hamil-

tonian.

(1)

(i)

(iii)

This system possesses the configuration of all its singularities (finite and
infinite) up to a congruent equivalence, given in Table || if and only if the
corresponding affine invariant conditions described in Table[4) hold.

We have a total of 30 congruently distinct configurations of singularities.

For each phase portrait of Hamiltonian quadratic systems we have the fol-

lowing two possibilities:

(a) it corresponds to a unique configuration of singularities; there are 23
such phase portraits;

(b) it corresponds to several configurations of singularities; there are 5 such
phase portraits. The richest example is Hamqy1 which could occur with
anyone of the 5 congruently distinct configurations 7,11, 20,26,28.

The phase portrait of this system corresponds to the one of 28 topologically

distinct phase portraits constructed in [1] and either it is determined univo-

cally by the respective configuration, or it is determined by the configuration
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and additional conditions given in Table[5 More exactly we have 24 con-
gruently distinct configurations, each of which leads univocally to a unique
phase portrait; and there are 6 configurations each of which leads to several
phase portraits distinguished by the additional conditions according to Table

(3

Tables d and [l can be found in section [@

The work is organized as follows. In sections [2] and |3| we introduce the notation
that we use for describing the singular points. In section[d] we give some preliminary
results needed for the work. In section [b| we adapt a diagram from a previous paper
[5] to describe more easily the bifurcation tree of finite singularities, and we also
introduce the used invariants from [30] and [I6]. Finally in sections [6] and [7] we
prove the main theorems of this paper.

2. EQUIVALENCE RELATIONS FOR SINGULARITIES OF PLANAR POLYNOMIAL
VECTOR FIELDS

We first recall the topological equivalence relation as it is used in most of the
literature. Two singularities p; and ps are topologically equivalent if there exist
open neighborhoods N; and N, of these points and a homeomorphism ¥ : N; — Nj
carrying orbits to orbits and preserving orientation. To reduce the number of cases,
by topological equivalence we shall mean here that the homeomorphism ¥ preserves
or reverses the orientation. In this article we use this second notion, which is
sometimes used in the literature (see [12 2]).

Polynomial vector fields can be compactified using different techniques which
give a global view of the phase portraits including the trajectories close to infinity
which leads to the notion of infinite singular points (for more details see, for example
[19)).

Finite and infinite singular points may either be real or complex. Most of the
times one only needs to observe the real ones. We point out that the sum of the
multiplicities of all singular points of a quadratic system (with a finite number of
singular points) is always 7. The sum of the multiplicities of the infinite singu-
lar points is always at least 3, more precisely it is always 3 plus the sum of the
multiplicities of the finite points which have gone to infinity.

We use here the following terminology for singularities grouped in the families:

e We call elemental a singular point with its both eigenvalues not zero.

o We call semi-elemental a singular point with exactly one of its eigenvalues
equal to zero.

e We call nilpotent a singular point with its eigenvalues zero but its Jacobian
matrix is not identically zero.

e We call intricate a singular point with its Jacobian matrix identically zero.

This notation (except “nilpotent”) was proposed by Dana Schlomiuk

in a personal communication in order to avoid intersection with previous
well-known notations. We are grateful to her for the help.

We say that two points are Jordan relatives if they both belong to one of the
families above.

Roughly speaking a singular point p of an analytic differential system x is a
multiple singularity of multiplicity m if p produces m singularities, as closed to p
as we wish, in analytic perturbations x. of this system and m is the maximum
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such number. In polynomial differential systems of fixed degree n we have several
possibilities for obtaining multiple singularities.
(i) A finite singular point can split into several finite singularities in n-degree
polynomial perturbations.
(ii) An infinite singular point could split into some finite and some infinite
singularities in n-degree polynomial perturbations.
(iii) n-degree perturbations of an infinite singularity produce only infinite sin-
gular points of the systems.

To all these cases we can give a precise mathematical meaning using the notion of
intersection multiplicity at a point p of two algebraic curves.
Two foci (or saddles) are order equivalent if their corresponding orders coincide.
Semi-elemental saddle-nodes are always topologically equivalent.

Definition 2.1. Two singularities p; and py of two polynomial vector fields are
congruently equivalent if and only if they are topologically equivalent, they have
the same multiplicity, they are Jordan relatives and in case of foci or saddles they
are order equivalent.

In this work we discuss the behavior of quadratic vector fields globally around
their singularities.

Definition 2.2. Let x; and x2 be two polynomial vector fields each having a
finite number of singularities. We say that x; and x2 have congruent equivalent
configurations of singularities if and only if we have a bijection ¥ carrying the
singularities of x; to singularities of x2 and for every singularity p of x1, ¥(p) is
congruently equivalent with p.

3. THE NOTATION FOR SINGULAR POINTS

In this section we present the notation that we use for describing the singular
points. The complete notation for singular points will appear in our project of
classification of finite and infinite singular points of all @.S.

This notation used here for describing finite and infinite singular points of qua-
dratic systems, can easily be extended to general polynomial systems.

We start by distinguishing the finite and infinite singularities denoting the first
ones with lower case letters and the second with capital letters. When describing in
a row both finite and infinite singular points, we will always order them first finite,
latter infinite with a semicolon (‘;”) separating them.

Starting with elemental points, we use the letters ‘s’,*S” for “saddles”; ‘n’, ‘N’
for “nodes”; ‘f’ for “foci” and ‘c’ for “centers”.

An elemental singular point is called a weak singularity if the trace of its Jacobian
is zero. It follows easily that such a singular point could be either a focus or a center
or a saddle. In order to determine the stability of weak focus one needs to compute
higher order terms of a certain function (see [I7]). Depending on the number of
the terms of this function which vanish we can determine the order of the focus. A
similar technique can be used also in the case of a weak saddle.

Finite elemental foci (or saddles) are classified according to their order as weak
foci (or saddles). When the trace of the Jacobian matrix evaluated at those singular
points is not zero, we call them strong saddles and strong foci and we maintain the
standard notations ‘s’ and ‘f.” But when the trace is zero, it is known that for
quadratic systems they may have up to 3 orders plus an integrable one, which
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corresponds to infinite order. So, from the order 1 to order 3 we denote them by
‘507 and ‘f(O where i = 1,2,3 is the order. For the integrable case, the saddle
remains a topological saddle and it will be denoted by ‘¢’. In the second case we
have a change in the topology of the local phase portrait which makes the singular
point a center and it is denoted by ‘c’.

Foci and centers cannot appear as isolated singular points at infinity and hence
it is not necessary to introduce their order in this case. In case of saddles, we can
have weak saddles at infinity but it is premature at this stage to describe them
since the maximum order of weak singularities in cubic systems is not yet known.

All non—elemental singular points are multiple points, in the sense that when
we perturb them within a nearby system they could split in at least two elemental
points. For finite singular points we denote with a subindex their multiplicity as in
‘3(5)" or in ‘€3(3)’ (the meaning of the ‘=" and the “ will be explained below). The
multiplicity of a singularity of a QS is the maximum number of singular points
which can appear from this singularity when we perturb it inside the class of all
Q@S. In order to describe the various kinds of multiplicity of infinite singular points
we use the concepts and notations introduced in [28]. Thus we denote by ‘(§)..."
the maximum number a (respectively b) of finite (respectively infinite) singularities

which can be obtained by perturbation of the multiple point. For example ‘(}) SN’
means a saddle-node at infinity produced by the collision of one finite singularity

with an infinite one; ‘(g) S’ means a saddle produced by the collision of 3 infinite
singularities.

Semi-elemental points can either be nodes, saddles or saddle-nodes, finite or
infinite. We will denote them always with an overline, for example ‘sn’, ‘5" and ‘7’
with the corresponding multiplicity. In the case of infinite points we will put the
‘7 on top of the parenthesis of multiplicity.

Nilpotent points can either be saddles, nodes, saddle-nodes, elliptic-saddles,
cusps, foci or centers. The first four of these could be at infinity. We denote
the finite ones with a hat " as in €3(3) for a finite nilpotent elliptic-saddle of mul-
tiplicity 3, and @(2) for a finite nilpotent cusp point of multiplicity 2. In the case
of nilpotent infinite points, analogously to the case of semi-elemental points we will
put the ~’ on top of the parenthesis of multiplicity. The relative position of the
sectors of an infinite nilpotent point with respect to the line at infinity can produce
topologically different phase portraits. This forces us to use a notation for these
points similar to the notation which we will use for the intricate points.

It is known that the neighborhood of any singular point of a polynomial vector
field (except foci and centers) is formed by a finite number of sectors which could
only be of three types: parabolic, hyperbolic and elliptic (see [11]). Then a rea-
sonable way to describe intricate points and nilpotent points at infinity is to use a
sequence formed by the types of their sectors. The description we give is the one
which appears in the clock—wise direction once the blow—down is done. Thus in
quadratic systems we have just seven possibilities for finite intricate singular points
(see [3]) which are the following ones

d) hhhhhhyy;
e) peppep(ay;

° (
° (
'(C)h(4);
° (
* (
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o (f) pepe(sy;
* (g) eeq).

We use lower case because of the finite nature of the singularities and add the
subindex (4) since they are of multiplicity 4.

For infinite intricate and nilpotent singular points, we insert a hyphen between
the sectors to split those which appear on one side of the equator of the sphere
from the ones which appear in the other side. In this way we distinguish between
(3)PHP-PHP and (})PPH-PPH.

The lack of finite singular points will be encapsulated in the notation ¢. In the
cases we need to point out the lack of an infinite singular point we will use the
symbol ().

Finally there is also the possibility that we have an infinite number of finite or
infinite singular points. In the first case, this means that the polynomials defining
the differential system are not coprime. Their common factor may produce a real
line or conic filled up with singular points, or a conic with real coefficients having
only complex points.

We consider now systems which have the set of non isolated singularites located
on the line at infinity. It is known that the neighborhood of infinity can be of 6
different types (see [28]) up to topological equivalence. The way to determine them
comes from a study of the reduced system on the infinite local charts where the
line of singularities can be removed within the chart and still a singular point may
remain on the line at infinity. Thus, depending of the nature of this point, the
behavior of the singularities at infinity of the original system can be denoted as
[0, 0], [00, N, [00, 5], [00,C], [00, SN] or [oo,ﬁ]. In the families showed in this
paper we will only meet the case [00, S].

We will denote with the symbol & the case when the polynomials defining the
system have a common factor. The symbol stands for the most generic of these
cases which corresponds to a real line filled up of singular points. The degeneracy
can be also be produced by a common quadratic factor which could generate any
kind of conic. We will indicate each case by the following symbols

B]]] for a real straight line;

B]U] for a real parabola;

|I] for two real parallel lines;

|I¢] for two complex parallel lines;

|2] for a double real straight line;

)(] for a real hyperbola;

x| for two intersecting real straight lines;

o] for a real circle or ellipse;

B[©)] for a complex conic;

B[] for two complex straight lines which intersect at a real finite point.

[
ol
ol
ol
ol
ol
ol
[

The cases that will be considered in this paper are a subset of the previous cases.
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 the reduced system has no finite singularity which remains on the curve
defined by this common factor, we will use the symbol ¢to describe this situation. If
some singular points remain we will use the corresponding notation of their types.
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
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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.

In order to describe correctly the singularities at infinity, we must mention also
this kind of phenomena and describe what happens to such points at infinity after
the removal of the common factor. To show the existence of the common factor we
will use the same symbol as before: &, and for the type of degeneracy we use the
symbols introduced above. We will use the symbol @) to denote the non-existence
of infinite singular points after the removal of the degeneracy. There are other
possibilities for a polynomial system, but this is the only one of interest in this

paper.

4. SOME PRELIMINARY RESULTS

Consider real quadratic systems of the form

dx
— =po +pi(x,y) + p2(z,y) = P(z,y),
dt (4.1)

Y — ot alm) + rlay) = Q)

with homogeneous polynomials p; and ¢; (i = 0, 1,2) of degree i in z,y, where
po = a0, P1(x,y) = a0 +any, pa(,y) = agr® + 2anzy + gy’
g =boo, q1(z,y) =brox +bory, ¢2(z,y) = baoz® + 2br12y + ooy’

Let a = (aoo, @10, @01, @20, @11, @02, boo, b10, bo1, b20, b11, bo2) be the 12-tuple of the
coefficients of systems (4.1]) and denote Rla, z,y] = Rlago, - - - , boz, Z, y].

4.1. Number and types of weak singularities of quadratic systems. A com-
plete characterization of the finite weak singularities of quadratic systems via in-
variant theory was done in [3T], where the next result is proved.

Proposition 4.1. Consider a non-degenerate quadratic system (4.1]).

(a) If Ty # 0 then this system has no weak singularity.

(b) If 7, = 0 and T3 # 0 then the system has exactly one weak singularity.
Moreover this singularity is either a weak focus (respectively a weak saddle)
of the indicated order below, or a center (respectively an integrable saddle) if
and only if T3F < 0 (respectively T3F > 0) and the following corresponding
condition holds
(b1) fO (respectively sV ) < Fy #0;

(ba) @) (respectively s)) < Fy =0, Fy #0;
(b3) fB) (respectively s ) & Fi = Fy =0, F3F4 #0;
(bg) ¢ (respectively $) & Fy = Fo = F3F4 = 0.

(¢) If Ty = T3 = 0 and Ty # 0, then the system could possess two and only
two weak singularities and none of them is of order 2 or 3. Moreover this
system possesses two weak singularities, which are of the types indicated
below, if and only if F = 0 and one of the following conditions holds
(c1) s, sM) & F1 £0,7T5 <0, B0, H > 0;

co) sM fM) o F1 #£0, >0, B<0;

cs) O D o FI£0,T,<0,B<0, H<0;

cy) 8,8 F1=0,72<0,B<0, H>0;

)

(
(
(
(c5) $,c = F1=0,72 >0, B<O;



EJDE-2012/09 COMPLETE GEOMETRIC INVARIANT 9

(d)

(c6) e F1=0,T5<0,B<0, H<O.
If Ty =73 =75 = 0 and Ty # 0, then the system could possess one and
only one weak singularity (which is of order 1). Moreover this system has
one weak singularity of the type indicated below if and only if F = 0 and
one of the following conditions holds
(dy) sV = Fi #0,B<0, H>0;
(do) fM) & F1 #0,B<0,H<0.
IfTy=T3=T=T, =0 and o(a,z,y) # 0, then the system could possess
one and only one weak singularity. Moreover this system has one weak
singularity, which is of the type indicated below, if and only if one of the
following conditions holds
(e1) sV & F1 #£0, H=B, =0, By > 0;
(e2) fV) & FL#0, H=B,=0, By <0;
(es)
o] F1 =0, F=0, B<0, H>0, or
0, H=B1 =0, By >0, or
0, H=B=B; =By =B3=po =0, K(u3+u3) #0, or
(5].7:1:0, H:B:lgl :BQZB3ZK:07 Mgg#o, or
} OH:B:BlzB2=Bng4:K=u2=O,u37é0;

[@] F; =0, F=0, B<0, H<O0, or
B] F1=0, H=B1=0, B, <0.

(f) If o(a,z,y) = 0, then the system is Hamiltonian and it possesses i (with

1 < i < 4) weak singular points of the types indicated below if and only if
one of the following conditions holds
(f1) 8,88c<= puw<0,D<0,R>0,S>0;
(f2) $,8,¢c,c < >0, D<0,R>0,S>0;
(f3) 8,8, ¢ <= Uo :07 D < 07 R#O;
(fa)
[a] po <0, D >0, or
$,8 < [Aluw <0, D=0, T<O, or

[PY}NJO:R:OaP?éO7U>O,K7éO,
(f5)
[a] po >0, D >0, or
$,c= S [Blpuo >0, D=0, T<O0, or
Y w=R=0,P#0, U>0, K=0;
(f6)

$ =
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The invariant polynomials used in the above theorem are constructed as follows
Fi(a) = A,
Fola) = —2A%2 A5 + 2A5(5As + 3Ag) + A3(Ag — 3A10 + 3411 + Ara)
— A4(10Ag — 349 + 5410 + 5411 + 5412),
Fs(d) = —10A2A3 + 2A5(Ag — Ag) — Ay(2As + Ag + Ao + A1 + Ara)
+ A3(5A4s + Ao — A1 + 5A12),
Fa(a) = 2047 Ay — Ay(TAg — 4Ag + Arg + A1y + TA1z) + A1 (6A14 — 22455)
— 4A33 + 4 A3y,
F(a) = Az, B(a) = —(3A4s + 249 + A1o + A1 + Ai2),
H(a) = —(Aqg + 245), G(a,z,y) = M + 32H,
and

Bi(@) = { (77, D2) "V [12D1Ts + 2D} + 91Ty + 36(T1, Do) "] — 2Dy (T, D)
x [D} +123] + DDy (T, 1) ¥ + 6((Ts,C1) ¥, D2) V] } /144,
By (a) = {(T%Dz)(l) (8T (T67D2)(1) - D} (TSaCI)(Q) - 4D1((T6701)(1)7D2)(1)]
(1712 2
n [(T7, Dy) } (8T — 3Ty + 2D1)}/384,

Bs(a,x,y) = —Di(4D5 + T + 4T) + 3D, Dy(Ti + 4T;) — 24T5(D5 — Tp),
B4(€L,$,y) = Dl(T5 =+ 2D201) — SCQ(Df + 2T3).

Here by (f, g)(k) is denoted the differential operator called transvectant of index k
(see [21]) of two polynomials f, g € R[a, z,y]

k
k orf g
(k) — 1)
(f,g) Z( 1) (h) axk*hayh 8xhayk*h’

h=0

and A;(a) are the elements of the minimal polynomial basis of affine invariants up
to degree 12 (containing 42 elements) constructed in [8]. We have applied here only
the following elements (keeping the notation from []])

A=A, Ay =(C,D)® /12,
A5 = (((Co, Do), Do)V, Do) Va8, Ay = (1, H)®,
As = (H,E)® )2, Ag=(E H)? /2,
A7 = ((027E)(2)’D2)(1)/87 Ag = ((f),ﬁ)@),DQ)(l)/g’
Ag = (((D.D2) M, Do)V, Do) 18, Ay = (D, K)®, D)8,
An = (F. )P /4, A= (FH)P /4,
A = (E,CQ)(B)/%’ Ay = (E,ﬁ)(z)/él,
Ags = (D, D)™, F)™, Do), Dy) V128,
o= (D52, D). B Do) Vo,
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where
A= (0, Tx — 2To + D2)® /144,
D= {200(T8 — 8Ty — 2D2) + C1 (6T — T — (C1,T5) ™ + 6D, (CLDs — T)
- 9D§02} /36,
E = [Di(2T — Ty) = 3(C1,Ty)"V = Da(3T+ + D1Do)| /72,
F= [6Df(D§ — ATy) + 4D, Dy (T + 6T4) + 48Cy (Da, Tp) ) — 9D2Ty + 288D, E
— 24(Cy, D)@ +120(Dy, D)V — 36C, (Da, Tr)™) + 8D, (D, T5)Y } /144,
B= {16D1 (D, Te) " (3C1 Dy — 2C Dy + ATy) + 32C, (D3, To) ! (3D Dy
— 5T + 9T7) + 2 (D, Ty)M (27C1 Ty — 18Cy D} — 32D, T, + 32 (Co, T5)") )
+6(Dy, T7) Y [8Cy(Ts — 12Ty) — 12C1 (D1 Ds + Ty) + Dy (26C2 Dy + 32T5)
+ Co(9Ty + 96T5)] + 6 (D2, Tg) ™! [32C Ty — C1(12T5 + 52D, Ds) — 32C5D?
+48Dy (D, Ty)V (2D3 — Ty) — 32D, T (D3, T5)") + 9D3T, (T — 2T)
— 16D, (Cy, Ty)™M (D? 4 4T3) 4 12D, (Cy, Ts)® (C1Ds — 2C5Dy)
+ 6D, DyTy (Ty — TD3 — 42Ty) +12D; (C1, Ty) " (Tr + 2D; D)
+96D2 [Dl (€1, T6)Y + Dy (Co, T6)<1>} — 16D, Dy Ty (2D + 3T%)

— 4D} D5 (D3 + 315 + 6Ty) + 6D D5 (7T + 2T7) — 252D1D2T4T9} /(283%),

R = (@ +47, +4D3)/72 = (. v)ax(e9) /4,
H = (—Ts + 8T + 2D3)/72,
M = (Cs,C5)® = 2 Hess (Ca(z,y))
and
Ty = (Co,C1), Ty = (Co, )™, Ty =(Co,Ds)",
Ty = (C1,c)?, Ty =(C, )", Ty = (Cy,Co)? | (4.2)
Ty = (C1, Do), Ty = (Co,C2)® | Ty = (Cy, Dy)V

are the G L-comitants constructed by using the following five polynomials, basic
ingredients in constructing invariant polynomials for systems (4.1

Ci(&,.’lf, y) = ypl(mvy) - qu(m7y)a (Z = Oa 1a 2)7
opi  Oqi . (4.3)
o oy’ (i=1,2).

The affine invariants 7; (j = 1,2,3,4) which are responsible for the number of
vanishing traces of the finite singularities (see [31]) are constructed as follows.

We consider the polynomial o(a, «, y) which is an affine comitant of systems (4.1))
orP 0Q

% + Fy = a‘o(&) + Jl(d,x,y) (E Dl(&) + D2(67z7y))a

Dl(&,x,y) =

o(a,z,y) =
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and the differential operator £ = x - Ly —y - Ly (see [B]) acting on R[a, z, y], where

0 0 1 0 0 0 1 0
L =2ap0=—— 2b b ~bo1 =
1 aoo Daro +a05— Dng + 5015 D, + 0 5o + 0105 Db + 270 by,
0 0 1 8 0 0 1 0
Ly = 2a00=—— 2b b —big=——.
2 @00 8a01 + a0 8a0 + alO Oa a1 + 0 Db, 8[) + o1 8[)02 + 2 10 abn
Applying the differential operators £ and (x,*)®*) (i.e. transvectant of index k) in

[31] is defined the following polynomial function (named trace function)

4
3w = Y iz (o1 360 ) Zgz : (4.4

where the coefficients G;(a) = (i!l)g (of, 1)@, i =0,1,2,3,4 (Go(@) = po(a)) are
G L-invariants.
Finally using the function ¥(w) the following four needed affine invariants 7y,
T3, T2, Tq are constructed [31]
_ 1 d'%
Ty—i(a) =

7! dwi w=o(

’ Z.20717273 (721 EE(UO))a

which are basic schematic affine invariants for the characterization of weak singu-
larities via invariant polynomials (see Proposition [4.1)).
The invariant polynomials D, P, R, S, T, U and V are defined in the next section

(see (0.2))-

In what follows we also need the following invariant polynomials:
Bs(a,z,y) = (Ca, D)) = Jacob (C’g, ),
By(a,x,y) = (Bs, B3)'” — 6B5(Cs, D),
B (@) = Res, (02, D') Jy = —279378 (By, By)

(4.5)
Bu(a,z,y) = —((D, 1)@, H)" x (D, H)®),
Bs(a,x,y) = D2[((02,D2) D, Dy)M — 3(C, )(2)}
Bg(a,z,y) = C% — 4CyCs.
and o
n(@) = Discrim (Cy(x, y)) = (M, M)?) /384,
N(a,z,y) = 4K —4H; R(a,z,y) = L + 32K, 40

6(@) = Discrim (N (@, z,y)) = —(N, N)® /2,
L(a,a,y) = 16K — 32H — M; 0y(a) = 167 — 20 — 16410.

4.2. Number and multiplicities of the finite singularities of quadratic sys-
tems. The conditions for the number and multiplicities of the finite singularities
of quadratic systems were first constructed in [5].

We shall use here the notion of zero—cycle in order to describe the number
and multiplicity of singular points of a quadratic system. This notion as well
as the notion of divisor, were used for classification purposes of planar quadratic
differential systems by Pal and Schlomiuk [27], Llibre and Schlomiuk [19], Schlomiuk
and Vulpe [28] and by Artes and Llibre and Schlomiuk [2].
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Definition 4.2. We consider formal expressions D = > n(w)w where n(w) is an
integer and only a finite number of n(w) are nonzero. Such an expression is called
a zero—cycle of Po(C) if all w appearing in D are points of Po(C). We call degree
of the zero—cycle D the integer deg(D) = > n(w). We call support of D the set
supp(D) of w’s appearing in D such that n(w) # 0.

We note that Po(C) denotes the complex projective space of dimension 2. For
a system (S) belonging to the family we denote v(P,Q) = {w € Cy : P(w) =
Q(w) = 0} and we define the zero-cycle Dy (P, Q) = 3, ¢, (p.g) Lw(P, Q)w, where
L,(P,Q) is the intersection number or multiplicity of intersection of P and @ at
w. It is clear that for a non—degenerate quadratic system deg(D,.) < 4 as well as
supp(D,) < 4. For a degenerate system the zero—cycle D, (P, Q) is undefined.
Using the affine invariant polynomials

po(a), D(a), R(azy), S(azy), T(azy), U@y, V(azy)
(4.7
(the construction of these polynomials will be discussed further), in [5] the next
proposition was proved.

Proposition 4.3 ([B]). The form of the divisor D (P, Q) for non-degenerate qua-
dratic systems (4.1)) is determined by the corresponding conditions indicated in Table
[3, where we write p + q + ¢+ s° if two of the finite points, i.e. r¢, s¢, are complex
but not real.

TABLE 1.
N Zero—cycle Invariant N Zero—cycle Invariant
° D.(P,Q) criteria 1 D, (P, Q) criteria
D
1| p+gtr+s ”ﬁi%’ssg’ 10| p+g+r | po=0D<0,R#0
2 p+q+1r°+ s no #0,D >0 11| p+q°+71° pno=0,D>0,R#0
c C c e | #o#0,D<0,R<0 —D—0.PR
3| p°+q"+r°+s 10 #£0,D<0,5S<0 12 2p+q Ho = =0, #0
4 2p+q+ 1 no #0,D=0,T <0 |13 3p no=D=P=0,R#0
5| 2p4at+rc | po£0,D=0,T>0 (14| p+g o =R=0F#0,
Ho #0,D =T =0, c c wo =R =0,P #0,
6 2p+2q PR >0 5] p ta U<o
c c o #0,D=T =0, o =R =0,P #0,
7 2r° +2q PR <0 16 2p U=0
o #0,D=T =0, o =R =P =0,
8 3p+q P=0,R+£0 17 P U#£0
no #0,D=T =0, o =R =P =0,
9 4p P-R=0 18 0 U=0,V#£0

5. THE GLOBAL DIAGRAM FOR THE FINITE SINGULARITIES OF QUADRATIC
SYSTEMS. SOME NEEDED INVARIANTS

We note that the polynomials were constructed in [5] (see also [3]) using
the basic ingredients in constructing invariant polynomials for systems
and applying the differential operator (*,*)*) (i.e. transvectant of index k).

Here we shall use the new expressions for the polynomials (constructed in
[31]), which are equivalent to the old ones but make more transparent their geometry
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and allow us to observe the dynamic of the finite singularities. More exactly we
shall use the polynomials po(a) and p;(a,x,y) constructed in [5] as follows

po(@) = Res, (p2(2,9), g2(x,9)) /y*,

_ 1 . (5.1)
ui(a,x,y) = E‘C(Z)(.u())a v = 13"'343

where £ (19) = L(L"V(19)). Their geometrical meaning is revealed in the
following two lemmas.

Lemma 5.1 ([5]). The total multiplicity of all finite singularities of a quadratic sys-
tem (4.1)) equals k if and only if for everyi € {0,1,...,k—1} we have p;(a,z,y) =0
in Rlz,y] and px(a,x,y) # 0. Moreover a system (4.1)) is degenerate if and only if
wi(a,z,y) =0 in Rlx,y] for every i =0,1,2,3,4.
Lemma 5.2 ([6]). The point My(0,0) is a singular point of multiplicity k (1 < k <
4) for a quadratic system (4.1) if and only if for everyi € {0,1,...,k—1} we have
pa—i(a,z,y) = 0 in Rz, y] and pa—p(a,z,y) # 0.
Using the invariant polynomials u; (i =0,1,...,4) in [31] the polynomials (4.7)
are constructed as follows
2

D= {3((%7#3)(2)7#2)( - (6piopa — 3p1ps + p3, M4)(4)}/487

P = 12004 — 3papis + 113,

R = 34} — 8puopia,

S =R? - 1642P, (5.2)

T = 185(3u3 — 8papta) + 240(2u5 — Ypa pioprs + 27p3 pa) — PR,

U = i3 — dpopua,
V = Hg.

Considering these expressions we have the next remark.

Remark 5.3. If yp = 0 then the condition R = 0 (respectively R = P = 0;
R=P=U=0;R=P=U =YV =0) is equivalent to u; = 0 (respectively
p1 = p2 = 0; g = po = p3 = 0; g = pig = pz = pg = 0).

On the other hand, considering Lemma[5.1] we deduce that the invariant polyno-
mials p; (i =0,1,...,4) are responsible for the number of finite singularities which
have coalesced with infinite ones. So taking into account the remark above and
Proposition 4.3 we could present a diagram, which is equivalent to Table 1. So we
get the next result.

Theorem 5.4. The number and multiplicities of the finite singular points (de-
scribed by the divisor Dg(P, Q) ) for non-degenerate quadratic systems (4.1)) is given
by the diagram presented in Figure [l

We are interested in a global characterization of the singularities (finite and in-
finite) of the family of quadratic systems. More precisely we would like to extend
the diagram of Figure [1] adding the infinite singularities (their number and multi-
plicities) and then including the types of all these singularities. Moreover we wish
to distinguish the weak singularities (if it is the case) as well as their order. This is
one of the motivations why we consider again the class of quadratic systems with
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R>0&S >0
Do [ e ]
R<0vS<0 -
D0 g ]
po[ i
PR p 4 2q]

R#0
% PR=0 Ri
fo

P=Cfprar
A VP2 o]
b TP
on
U>0

p2# 0 |U <0

o # 0

I
o

Ho

PH-q°
p1=0 v-u

p37 0

=0
H2 a7 0 0

pa=0
! not defined
(degenemte system)

F1cURE 1. Diagram for Finite Singularities of Quadratic systems

centers as well as the class of Hamiltonian systems, the topological classifications
of which could be found in articles [15] 13, [14] and [16], respectively.

On the other hand we would like to reveal the main affine invariant polynomials
associated to the singularities of quadratic systems, having a transparent geomet-
rical meaning. And it is clear that all the conditions we need have to be based on
the invariant polynomials contained in the diagram of Figure



16 J. C. ARTES7 J. LLIBRE, N. VULPE EJDE-2012/09

Thus in this article new geometrical more transparent affine invariant condi-
tions for distinguishing topological phase portraits of the two mentioned families
of quadratic systems are simultaneously constructed. For this purpose we need the
following G L-invariant polynomials constructed in tensorial form in [29] (we keep
the respective notations)

_ g — 0B & e — 42,8 7 2Pa
I =ag, Ir=aga,, I3=aza aﬁvs I4fapa5qaa,ys ,

p%ag
Is = ag‘aﬁ avﬁapq, I = apagagqaﬂ(;epq, I; = apragqaﬁsa%qusrs
Ig = apragqaésa%ﬂ{qus , Iy = amagqa“’ aﬁ,yqusm
Lo=a a?alaiqamqu Iis = a%al,al ,ad zaf, e %" (5.3)
I = a, 5a5aiqaﬁsaw BePle™  Lg=a aqapepq,
Ly=a agalﬁ, Ir1=a a'gaqa(wqu, I = a“d’a léam,
Iy = ao‘agala,@w Ing = ao‘aﬁa}a%agﬁ, Isg = ao‘agagqa%aaaepq,
I3 = a%d’a’a’ Anpah,as,, Iss = aaaga'yaﬂqa“ as, e,

_ [e3 _ _ [e3 _ P (0}
K = aaﬁxﬁ, Ky =ala“azlep,, Ks= aﬂa{;ﬂ, Ks = a g Pale,,,

— 0o B .0 — P 07 _ B 7 0
K7 =aj dys272° Ky = ahaj x"z7 2%, Kig = agao,a4,z’c", (5.4)

— Y 0 _ e
Ky = a%d® apsas, xhePl Koy = aPalepy, Koo = a“abale,,,

p “Yag
B v 90

— P4 B8 a, B S _ wov
Koz =a aaﬁx xepg, Ko =aay, aﬁéx K31 =a awaﬁéawx x”,

where €11 = €99 = el =22 =0, €19 = —e9; = €' = —¢?! = 1. We note that
the expressions for the above invariants are associated to the tensor notation for

quadratic systems (4.1)) (see [29])

Wiyl ad o, (oo B = 1,2);
7 =a alx Gogra’,  (J,a,0=1,2);
1_ 1_ 1_ 1 _ 1 _
a = app, @3 = G109, a9 =0ap1, Ga3; = A0, Gy = G02,

2 2 2 2 2
a” =boy, ai="bio, a3 =">bo1, ai; =ba, a3 = b2,

1 1 _ 2 _ 2
ajy = Gz = a11, Gjp = Az = bi1.

6. THE FAMILY OF QUADRATIC SYSTEMS WITH CENTERS

The proof of Theorem [I.1]is based on the classification of the family of quadratic
systems with centers given in [30]. Using the expressions (5.3]) of [30] we get the
following G L-invariants (we keep the respective notations adding only the "hat”)

& = 1313 — 281,12 + 61510, [ =412 — 3151y — 4131y,

3
Y= 1,2 (2[3]4 + 1219) 6= 27[8 - Ig - 18[7, (61)
£ = LIs(Iods + 2I10) — 41%) — I3 15.

We note that in [30] the expressions of the invariants é and § are used directly, but
we set these notations for compactness.
According to [30] (see Lemmas 2-5) the next result follows.
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TABLE 2.

T3#0, Ta=F1=F2=F3F4 =0, T3F <0, (bs)

Conditions for the existence of a center [statement (b) of Proposition:

Additional conditions for configurations O?%?ﬁggﬂ%"ﬁgg No.
K<0 c,8,8,8; NN, N 1
D <O <
K>0 c,s,n,n; S, S, N 2
o #0

<0 c, f; S 3

D>0 1 !
n>0 c,n; S, S, N 4
D=0 cn, Sy ; S (3) SN 5
o =0 cs; N, (D) SN, (D) SN | 6

Ta=T73=0,T #0, (c5) U(ce)

Conditions for the existence of a center [statement (c) of Proposition:

n <0 c¢,$,n,n; S 7

D <O K <0 ¢, $,s,s; NN,N 8

o <0 n=0 K>0 c,$,n,n; S,S,N 9
n=20 c,$,n,n;®5 10

n<0 c,c; S 11

D>0 n>0 c,ec; S, S,N 12

n=20 c,c;@S 13

D<O c,¢,8,8; N 14

po >0 n<o0 c,$; N 15
D>0 n>0 ¢, $; S,N,N 16

n=0 o8 () N 17

o 720 pa <0 c,c;ES 18

o = 0 2 >0 c¢,$; ()N 19
K=0 c,$; N 20

- K#0 e.$; () S,N,N 21

K=0 e, $; N, (1) SN, () SN | 22

17

Proposition 6.1. Assume that for a quadratic system with the singular point (0,0)
the conditions Iy = I = 0 and Is < 0 hold. Then this system has a center at (0,0)

and via a linear transformation could be brought to one of the canonical forms below

if and only if the respective additional G L-invariant conditions hold

(557)

(517)

i=—y+gz®—ay, (9 #0),
y =+ 2%+ 3gzy — 297,

< I3l13 #0, 513 — 21, = 1313 — 1015 = 0;

&=y + 2nxy, (wm #0),
U= —x+ 2% + 2may — ly?,

= I3 =0, I13 #0;
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Table [2| (continued)

Conditions for the existence of a center [statement (e) of Proposition:
Ta=T3=T3=0,0#0, (es)
Additional conditions for configurations o?(’s?ﬁgqﬁzf%ﬁ?s No.
n <0 c, /:S‘(_;) ;S 23
po <0 .
n>0 c,€53y; S, S, N 24
n=20 c, €5(3) ; (g) S 25
o >0 C,g(g) ;) N 26
D<O ¢,s,s; N,())PEP—H| 27
w #0 N <0 ¢;S,(3))PEP—-H 28
po =0 D >0 L<0 |e;S,()PEP—-PHP| 29
N>0 ~ —
L>o0 ¢;N,3O)H-HHH 30
L=o0 c; [oo, S] 31
L#£0 c; N,Q)H-HHH | 32
p =0 p3 #0 —

L=o ¢; 3)S,(3))PEP—H| 33
ps =0 o (Olle); (6l0) | 34

Conditions for the existence of a center [statement (f) of Proposition:

Hamiltonian systems = o =0, (f1)—(f3), (f5), (f7)
o <0 c,$,%$8%, N,N N 35
D <O c,c,$,8; N 36
pno >0 D>0 ¢, $; N 37
b-o T #0 c,$,c’;\n(2>;N 38
T=0 c,53)y; N 39
0 ;s N TPEP —H 40
o =0 p1 # c,$,8; 3 (2)

w1 =0 c,%; O)N 41

T =y+2(1 —e)zy,

S(C)
(557) = —x + dz? + ey?,

= Li3=0, I #0;

<.

T =1y + 2cxy + by?,

S(C)
(87 y=—x—azx?—cy? ce{0,1/2}

<~ I, = 0;

where w =m?(2n —1) — (n —1)2(2n +1).

Proof of Theorem We shall consider each one of the systems (S%c)) - (Sic))
and will compare the GL-invariant conditions [30] with the affine invariant ones
given by Tables [2] and

6.1. The family of systems (Sic)). For these systems we calculate the respective

G L-invariants
Ly =1259(1+¢%)/8, Iy =5(1+g%)/2 (6.2)
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TABLE 3.
Cgﬁ_’ Phase C;]);z_— Phase C’g;}_— Phase
ration portrait ration portrat ration portrait
1 Vul 19 15 Vul o 30 Vul 13
2 Vul o7 16 Vul 19 31 Vul 15
3 Vul 30 17 Vul o 32 Vul 13
4 Vul 32 18 Vul 29 33 Vul 12
5 Vul 31 19 Vul o 34 Vul 29
6 Vul 17 20 Vul o Vul 11 if By #0
7 Vul o5 21 Vul 19 35 Vulg if By =0, B3B4 <0
Vulg if B3Bs < 0 Vul 13 if B3Bs < 0 Vulg if By =0, B3B4 > 0
8 Vulg if B3Bs > 0 22 Vul 16 if B3Bs > 0 Vulqo if Bi = B3 =0
Vul 10 if B3 =0 Vul 17 if B3 =0 36 Vuly if By #0
Vul 28 if B3Bs < 0 23 Vul oo if 61 <0 Vul s if By =0
9 Vul o6 if B3Bs > 0 Vul oz if 61 > 0 37 Vul o
Vul o7 if B3 =0 24 Vul 24 38 Vul 7
10 Vul 25 25 Vul 23 39 Vul o
11 Vul 29 26 Vul o 40 Vule if By #0
12 Vul 21 27 Vul 5 Vuls if By =0
13 Vul 29 28 Vul 12 41 Vul o
14 Vul 3 29 Vul 14

and the affine invariant polynomials
Ti=Fi=Fo=F,=0, T3=-125g(1+g°%), Fs=0625¢>(1+g%?

6.3
po=—-2(14+g%), D=5184¢>(1+¢%), n=4(1+g%. (03

According to [30] in the case I15 # 0 the phase portrait of systems (Sf)) is given
by Vul 32 and hence we have the configuration of the singularities ¢, n; S, S, N.

On the other hand the condition I13 # 0 implies 73 # 0 and as F; = Fo =
F3F, = 0, the conditions provided by the statement (bs) of Proposition are
satisfied. Moreover, as pg # 0, D > 0 and n > 0, we obtain the respective
conditions given by Table [2| (row No. 4).

6.2. The family of systems (Séc)). In this case calculations yield:
Lz =m[m*@2n—1)— (n—=0*2n+1)], Iy—Is=4n(l*>+m* +n?),
6 = —=8(1+2n)%(1% + m? + 2In).
According to [30] (see Lemma 4) the phase portrait (and this yields the respective

configuration of singularities) of a system from the family (Séc)) is determined by

the following G L-invariant conditions, respectively

(6.4)

Ig—1Ig >0 & Vulby = ¢s,s,s;N,N,N;

Iy—Is=0 & Vuhr = c¢s; N,(7) SN,(]) SN;
Ig—Ig<0,0<0 < Vulby = c¢s,n,n;S S N; (6.5)
Iy — Ig <0, 6>0 & Vulyy = ¢ f;S;

Iy-Tg<0,6=0 & Vil = cn,300;N, () SN.
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On the other hand calculations yield
Ti=Fi=Fo=Fs=0, TF=-8m[m>2n—1)—(n—0>2n+0)]%
po = —42n2, D = —192(1 + 2n)2(I2 + m® + 2In) = —48n, K = —4in(2® + 7).
(6.6)
We observe that the condition I13 # 0 implies 73F < 0and as F; = Fo = F3F, =0
we conclude that the conditions provided by statement (b4) of Proposition are
fulfilled. Moreover comparing (6.4) and if Dug # 0 we obtain
sign(ly — Is) = —sign(K), sign(6) = sign(D) = — sign(n),

and Iy — Is = 0 (respectively 8 = 0) if and only if yo = 0 (respectively D = 0). So
taking into consideration that the condition K < 0 implies D < 0, we obviously
arrive to the conditions provided by Table[2](the case of statement (b) of Proposition

).

6.3. The family of systems (Séc)). For these systems calculations yield
T,=T=Th=F=F =0, T,=4d(d+2 - 2e),

B=-2, H=4d(l1—e¢), o=2y. (6.7)

Therefore according to Proposition for a system (S:gc)) could be satisfied either
the conditions of statement (c) (if 73 # 0) or of statement (e) (if 73 = 0). We shall
consider each one of these possibilities.

6.3.1. The case Tz # 0. Following [30, Lemma 3] for systems (S:gc)) we calculate
Li=-1, Isy=—(d+¢), Iy=d, B=2d+2—2¢), #=o6e, (6.8)

and therefore the condition 75 # 0 is equivalent to Ig B = 0. It was above mentioned
that the conditions of statement (¢) (Proposition are satisfied in this case; i.e.,
there should be two weak singularities on the phase plane of these systems. So
according to [30] (see the proof of Lemma 3) the phase portrait (and this yields the

respective configuration of singularities) of a system from the family (Séc)) with the
condition Ig( # 0 is determined by the following G L-invariant conditions

Alg > 0, BA'Ay<O<:> Vuls = ¢,c,s,5; N;
¢, 83 N if 4(§ —4)(§ — 6) # 0;

Iy > 0,35 > 0,I9(4 —4) <0 ()N if 4 = 0;

79A> ;ﬁ'¥> ;9( 7)— ) @VU[Q? C,$,% iy )

ory=0, <0 c,$;(3)Nifﬁ:4;
¢, $; N if 4 = 6;

e, SEA(F —4) #0;

Iy<0,0<4<4, B>06 Vuby =< c,c; (3)Sif 4 =0;
c,c;(g)Sif’Ayzél;
Iy <0,4>4, 3>0< Vub, = c,c; 8,5, N; (6.9)
¢,$:9, N, N if 4 # 0;
¢,$;(3)S,N,N if 4 = 0;

19>0,0§’§/<4<:> V’U,llg:>{
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A 7$a ’ 7SfA 47
B<0,0<y <4 Vil =14 ””TIV_#A
c,$,n,n;(3)51ffy:4;

and
(1) Aly <0, (¥ — 6) > 0 < Vuls, Vuly, Vuljo = ¢, $,8,5; N,N, N;

1 1
(Z’L) Iy <0, ’ﬁ/ =6 & Vulg, Vuli7, Vulis = ¢, $; N, (1) SZV7 (1) SN; (610)

(#i1) B <0, 4 <4 <6& Vubg, Vulpy, Vulbg = ¢,$,n,1n;5,S,N.

On the other hand for systems (Séc)) we calculate
po = 4de(e — 1), D =192¢(d+2 —2¢)*, 7 =4d(2 — 3e)?,
K =4(e—1)(da® — ey?), p1 =4de(e—1)(d+e—1)y, (6.11)
M2‘e:0 =d(d +2)2?, /1/2‘6:1 = d(dz® + y?).
So considering and if Dugn # 0 we obtain
sign(pio) = sign(ilo), sign(D) = sign(37), sign(n) = sign(Iy(4 — 7)),

and due to 72 # 0 we have that pg = 0 (respectively D = 0; n = 0) if and only if
(¥ — 6) = 0 (respectively 4 = 0; 4 = 4). Therefore it is not too hard to determine
that in cases (6.9) (when we have the unique phase portrait) the conditions from
Table (the case of statement (c) of Proposition are equivalent to the respective
conditions from (6.9).

We consider now the remaining cases . According to [30] the phase por-
traits Vulg, Vuly, Vulo (respectively Vulig, Vuly7, Vulig; Vul o6, Vulyr, Vuleg) are
distinguished via the G L-invariant 4/3l4. More precisely in the mentioned cases
the phase portrait corresponds to Vulg (respectively Vul1g; Vulog) if 41314 > 0;
Vul g (respectively Vul1g; Vulog) if 41314 < 0 and it corresponds to Vulqg (respec-
tively Vul 175 Vul 27) if Ig =0.

On the other hand for systems (Séc)) we calculate

By = —6(2+d —3e)(d +e)z®y, BzBs = 288d(2+d — 3e)e(d + e)zty?.
We claim that in all three cases (6.10)), if B3 # 0 then we have
sign(BsBs) = sign(y1314) = sign (e(d + e€)), (6.12)

and B3 = 0 if and only if I3 = 0 (i.e. d+ e = 0). To prove this claim we shall
consider each one of the cases (i) — (iii) from (6.10).

Case (i). Considering we have de < 0, e(e — 1) > 0 and herein it can easily
be detected that sign(d + 2 — 3e) = —sign(e) and this leads to (6.12).

Case (ii). As e = 1 we have B3Bs = 288d(d — 1)(1 + d)xz*y* and due to d < 0
this evidently implies (6.12)).

Case (iii). In this case considering we have 2/3 < e <1land d+2—2e <0.
Therefore d < 0 and 2 — 3e < 0 that gives d+ 2 — 3e < 0. As e > 0 we again obtain
6.12).

It remains to note that due to the conditions discussed above in all three cases
we can have By = 0 if and only if d + e =0 (i.e. I3 =0).

Thus our claim is proved and obviously we arrive to the conditions of Table [3]
corresponding to the configurations 8, 9 and 22 respectively.
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6.3.2. The case 7 =0

Then d(d+ 2 —2e) = 0 and considering for systems (Séc)) we have I3 = 0.
We recall that by Proposition |4.1|in this case for a system (Séc)) has to be satisfied
the conditions of the statement (e), i.e. besides the center we could not have
another weak singularity. So according to [30] (see the proof of Lemma 3) the
phase portrait (and hence, the respective configuration of singularities) of a system

from the family (S?(,C)) with the condition Io3 = 0 is determined by the following
G L-invariant conditions

/1\
Ig =0, (¥ —6) >0 Vuls = ¢,s,s; N, (2>PEPH;

50 - N
I9:0u0§'3/§3¢>VU112:> C’i(Z)P/FP H lf’y#07
;) S, (OPEP-H ify=0;

—

1 (6.13)
I9:073<ﬁ<4<:>Vul14:>c;S,<2>PEP—PHP;
19:0,’3/:4@ Vull5:>c;[oo,5];
N.(VH— HHH if 4+ 6;
Io=0,4<3<6e Vuliz =1 () ity 76
¢;N,()H - HHH if 4 = 6;

and

B=0,4lg>0,Ig(4 —4) <0 Vulp = ¢,53); N;
B=0, 0 <4 <3< Vuby = c,é303);5;
<q<4E Vuby = {Z Z:Z E)S I?jz (6.14)
B=0,4<4<6s Vuby = c,é53;5,5,N;
B=0,49=0< Vuby = c, (elle); (el]0).
We remark that by the condition Iy = 0 gives d = 0 whereas the condition

B =0 gives d =2(e — 1).
(1) Assume first Ig = 0, i.e. d = 0. Then for systems (S:gc)) we obtain

p=0,

w

=n=0, D=-1536e(e—1)%, N =4(1—¢)(2e —1)y?,
o =1 ( 1) (I —e)( )Y (6.15)

L=8e(3e—2)y%, p1=4dele—1)%y, pus=2(1—e)z’y+ ey’

As 4 = 6e (see (6.8)) this implies ¥ —6 =6(e — 1), 5§ —4 =2(3e —2) and § — 3 =
3(2e —1). So if (% — 3)(§ — 4)(¥ — 6) # 0 then we have

sign(D) = —sign (3(¥ — 6)), Sign(ﬁ)’{D>0} = sign(y - 3), (6.16)

Moreover if 11 # 0 then N = 0 (respectively L = 0) if and only if 4 = 3 (respectively

4 = 4). Therefore to determine the cases (6.13) (when Iy = 0) the conditions of
Table[2 (the case of statement (e) of Proposition[4.1)) are equivalent to the respective

conditions of (6.13).



EJDE-2012/09 COMPLETE GEOMETRIC INVARIANT 23

(2) Suppose now 3 = 0 and Iy # 0. Then d = 2(e — 1) # 0 and for systems
(Séc)) we have

po =8e(e —1)3, n=8(e—1)(2—-3¢)% u =12e(e—1)%y,

3 (6.17)
us =ey°, 61 =128(e —1)(2e —1)(3e —2)(5 — 6e).
We observe that if g # 0 then
sign (o) = sign (Y(5 —6)),  sign(n)|,,, o, = sign(y —4), 6.15)

sign(@l)‘{m@m@} = sign(y — 3).

We claim that the conditions 4Ig > 0 and Ig(4 — %) < 0 corresponding to the
phase portrait Vuly (see (6.14)) are equivalent to ug > 0. Indeed, as Iy = d =
2(e — 1) # 0 we obtain 41y = 12e(e — 1) and hence the condition Iy > 0 is
equivalent to o > 0. It remains to note that in the case e(e — 1) > 0 we have
Ig(4—4)=—4(e—1)(3e —2) < 0. So 3e —2 # 0 (i.e. ¥ # 4) and we arrive to the
respective conditions from Table

Considering the remaining cases corresponding to the condition B =0
and we arrive to the respective conditions provided by Table [2[ (the case of
statement (e) of Proposition [4.1).

6.4. The family of systems (Sic)). For these systems we have o = 0; i.e., this is
a class of Hamiltonian systems with center. Moreover any elemental point which is
not a center must be an integrable saddle. Calculations yield

& = 8(a — 2¢)*(b* — dac + 8¢%), Ig = 2a(ab® + 4c?),

6.19
Iip=—b*—(a+c)? I =0b(3ac® —a® + ab® + 2¢°). (6.19)

According to [30] (see the proof of Lemma 2) the phase portrait (and hence, the

respective configuration of singularities) of a quadratic system from the family (.S ZEC))
is determined by the following G L-invariant conditions

20 ¢, $; N if & # 0;
=L iy = {ese N ifa=0 L £0;
04:]1620 N

¢,$;O)N ifa=0, Iy =0;
& >0, Iy <0< Vulg, Vuly, Vuho, Vuliy = ¢,5,8,$; N, N, N;

. (6.20)
a>0, Is >0« Vuls, Vuly = ¢,c,$,8; N;
/1)
a>0, Is =0< Vuls, Vuls = ¢, $,8; N, (2>PEP—H;
a=0, I #O@ Vul; :>C,$,6i)(2) i N.
On the other hand for systems (Sic)) calculations yield
po = a(ab® +4c®) = Ig/2, D = —48(a — 2¢)*(b* — 4ac + 8¢*) = —64, (6.21)

p1 = 2ab(a — c)x — 2(ab® + 2ac® + 2¢)y.

We observe that the condition Is < 0 implies ¢ # 0 (then by Proposition we
have ¢ = 1/2) and a < 0. In this case we evidently obtain & > 0. Similarly the
condition & < 0 gives ¢ # 0 (i.e. ¢ = 1/2) and a > 1 + b?/2 and this implies
Ig > 0. Herein we conclude that in the case Is& # 0 (i.e. poD # 0) the conditions
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provided by Table [2[ (the case of statement (f) of Proposition for distinguishing
the configurations of the singularities are equivalent to the respective conditions of
(16.20]).

Assume now Igé =0 (i.e. poD = 0).

(1) If Is = 0 then by we have a(ab® +4c®) = 0 and then ug = 0. We claim
that in the case & # 0 we obtain & > 0 and this is equivalent to p1 # 0. Indeed as
the condition & # 0 implies (a? + ¢2)(b? + ¢?) # 0, we conclude that the condition
Is =0 gives a <0 and ¢ # 0. So ¢ = 1/2 and we obtain & > 0. On the other hand
since a — ¢ # 0 we obtain that p; = 0 if and only if ab = a + ¢ = 0 but in this
case the condition Ig = 0 implies & = 0. So our claim is proved and this shows the
equivalence of the respective conditions of Table [2] and (6.20)).

Assume Ig = 0 = &. Then considering we obtain portrait Vuly and the
configuration of singularities indicated in the row 41 of Table It remains to
observe that the condition above is equivalent to pug = 1 = 0.

(2) Suppose now & = 0 and Is # 0. This implies pg # 0 and D = 0, i.e.
(a — 2¢)(b? — 4ac + 8¢?)=0. So we obtain

T = —48b%c*y?(2cx + by)? (bx — cy)?, ©ig = 2b%c, po = 4c*(b* + 2¢2),

if a = 2¢ and

b2
T= 74039606 (b + 4c*) % (bx — 2cy)? (b2 + 8c2x + 2bey)?,
_ L 50 212 _ L e 212 (7,2 2
D=~ g B4 ), g = 07 4+ 420 + 86,

if a = (b? + 8¢?)/(4c) (we note that ¢ # 0 due to Ig # 0).

Thus clearly if & = 0 and Is # 0 then the condition I14 = 0 is equivalent to
T =0 and as pg > 0 we obtain that the respective conditions provided by Table
(see rows 38 and ) are equivalent to the corresponding conditions from .

To finish the proof of Theorem 1 it remains to examine the conditions for distin-
guishing the different phase portraits which correspond to the same configuration
of singularities. We have three groups of such phase portraits: (i) Vuls — Vuliy;
(#3) Vuls, Vuly and (i13) Vuls, Vuls. According to [31] quadratic systems (Sic)) pos-
sess one of the mentioned phase portraits if and only if the following conditions are
fulfilled

Vuls if I;g = O
4>0, [g>0=4 "3 DH6=5
V’Ul4 1f[16750;
Vuls if I;g = O
4>0, [g=0=4 "o DH6=5

Vulg if[10#0511620,5>0;

if I Iie =0.¢ .

a>0, Ig<0= Vuly 1 107 0,116 =0,§ < 0;
Vulyy if I19 = 0;
Vuhy  if Iig # 0.

On the other hand for systems (S\”) we have
By = —I16[b* + (a — 3¢)?],

Iis = b(3ac® — a® + ab® + 2¢°),

By = —3abz* — 6(a — 3¢)(a + ¢)xy + 18bcx?y? + 6b%xy® 4 3b(a — 2¢)y*,
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and hence the condition I;5 = 0 is equivalent to B; = 0. Herein we arrive to the
conditions provided by Table (3| for the portraits Vuls — Vuls respectively.

Next we examine the conditions for the phase portraits Vulg — Vulj;. First we
observe that by the condition I1g = 0 yields b = a + ¢ = 0 and this implies
I = Bz = By = 0. Therefore in the case I1g # 0 (this is equivalent with By # 0)
we get Vulq1 and in the case I1g = 0 (then B3 = 0) we obtain Vul 1o (see Table
configuration number 35). So it remains to consider the phase portraits Vulg and
Vulg. We claim that in the case I1 = 0 we have sign(é) = sign(B3By4). Indeed
assuming I = 0 we shall examine two cases, b = 0 and b # 0.

(1) If b = 0 (then I16 = 0) a straightforward calculation for systems (S A(Lc)) yields
£=—4(a—c)(a+c)®, BsBy=—192(a —3¢)°c*(a + ¢)’z%y?, Iy = 8ac’,

and as Is < 0 (i.e. ac < 0) we get (a —¢)(a — 3c) > 0. So clearly our claim is
proved in this case.

(2) Assume now b # 0. Then Iy < 0 gives ac < 0 and hence we can set a

new parameter u as follows u? = (a — 2¢)/a. Herein we have ¢ = a(1 — u?)/2 and

calculation gives
Iig = ab(2b — 3au + au®)(2b + 3au — au®) /4.

Hence due to ab # 0 the condition I15 = 0 gives b = +au(u? — 3)/2 and then we
calculate

£=—a'(w® - 1) =3’ (1+u)?/2, Iy =a*(2—u’)(1+u’)*/4,
B3By = —3a"(u® = 3)*(1 +u®)* (uz £ y)*(uy F x)*/16.

As Iy < 0 we have u?> — 2 > 0 and this implies u?> — 1 > 0. Therefore sign(f) =

sign(BsBy), i.e. our claim is valid and we arrive to the respective conditions given
by Table |3|in the considered case.
As all the cases are examined Theorem is proved. O

7. THE FAMILY OF HAMILTONIAN QUADRATIC SYSTEMS

In this section to prove Theorem [I.2] we need the following invariant polyno-
mials defined in [I6] using the invariant polynomials (5.3) and (5.4)) (we keep the
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respective notations adding only the “hat”)

=1y, H=-Ky, 4G =—5LK;+2I;K,+4K2+8Ks,,
oF = [, Ky, — Al19Ks + 4Ky Kop, V= K11 Koo + K2,
R=3H?-2Gj, §=2FHp?+ G*% —AGH[i+ 3H* — 43°V,
P=G?—-6FH +12iV, U =F?>-4GV,

T = 9F?[2 — 14FGHJ + 12FH? + 2G°1 — 2G*H? — 8G1*V + 12H%1V,
W, = K3 — AK5 Ko, Wy = —Ky K19 — 2K3K11 + 4K5 Ko7 + 6K7K)3,
Ey =46y — 5115 — 245, By = I3 + 32L53 — 16154,

Es = I3 + 32(12I5 15 — 317 + 16133),
32D = 4I2(31,Ey — E3) — (Al Ey + I Es),

T, = (9I2 + IsEy)? + 9I2(I2E, — 312) + I3(31,E5 — Es),

U, = 3Is119(31515 4 1613) — 2I5(312 155 + 2415 I5s 4 1613127)
+312(IsIyg + 10I35) — 2116(21515 — Iyo + 1213).

(7.1)

The proof of Theorem [I.2]is based on the classifications of quadratic Hamiltonian
systems given in [I] and [I6]. We use the notations of [I] whether the system has a
center as Vuly or if not as Hamy. In the first paper the global phase portraits of
this family were studied. In the second one there are determined the affine invariant
criteria for the realization of each one of the 28 possible topologically distinct phase
portraits constructed in [I]. That is, the phase portraits of the systems

de. OH dy  OH
&0y a - or (7.2)

where H(z,y) is a polynomial of degree 3 in the variables x and y over R.
According to the paper [4] for the quadratic Hamiltonian systems we have

2

H,y) =Y ——Cy(a,y), (7.3)

j:01+1

where Cj(z,y), j = 0,1, 2 are the polynomials . So the 3rd degree homogeneous
part of the polynomial H(x,y) is the polynomial Hs(z,y) = Ca(z,y)/3. As it is
shown in [I] via linear transformations the non-zero form Hs(z,y) can be derived
to one of the 4 canonical forms

a) z(z® —y?); b) (@ +9°)/3; o) 2Py, d) 2¥/3.

By (4.5)) we observe that the invariant polynomials 1 and M are respectively the
discriminant and the Hessian of the binary form Cs(x,y). So considering also [16]
we arrive to the next proposition.

Proposition 7.1. Assume that for a quadratic system the condition %P(w,y) +
a% (z,y) = 0 holds, i.e. it is Hamiltonian. Then this system could be brought via
an affine transformation and time rescaling to one of the canonical forms below if
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TABLE 4.
Affine tnvariant conditions for configurations o?%?ﬁgg&zartftggs No.
D<O $,8,%c; N,N,N 1
D>0 $,8;, NN,N 2
0
Ho < T 40 8,8, ; N,N,N 3
D=0 -
R#0 $,53; N,N,N 4
T=0 z >6)
R=0 (hhhhhh) (4 ; N, N, N 5
(R > 0)&(S > 0) $,$,¢c,c; N 6
D <0
(R<0)V(S<0) 0; N 7
D>0 $,c; N 8
>0
Ho T<0 $,¢, 2y N 9
T >0 Peay; N 10
D=0 PR <0 0N 11
T=0 PR >0 P2): P2y s N 12
R#0 ,Si3); N 13
PR =0 i S5
R=0 (hh)(4) H N 14
D <0 $,8,c; N,Q))PEP—H | 15
70 D>0 $; N, (L) PEP — H 16
D=0 P#0 $,p2; N,(3) PEP—H| 17
P=0 S@y; N,(3) PEP—H | 18
to =0 i3 o;N,(3)H — H 19
U< £0 N ()
s # 0 M=0 0; ()N 20
M40 |$,$;N,O)PEP—-PEDP| 21
P Uso # ()
M =0 $,c; Q)N 22
P 2N
U=0 CP2) 3 (3) N 23
s #0 $; ) PEPEP — P 24
p2 =0 us =0, M#0 o;N, () PHP — PHP | 25
Ha #0 ~ .
M=0 0; (3) N 26
/1.3:/1.4:0,M;£O (9[|]7S),N,(9[H,N) 27
us:% B <0 (elle);(allfsN) | 28
pa =0,
M=0 Bg >0 (elle); (el N) 29
B =0 (ell2;0); (ell2;N) 30

and only if the respective conditions hold

(S(h)) T =a+bxr + cy — 2y,
! § = — ax — by — 322 + y?,
(s{™) & =a+br+ey+y?
2

y:ﬁiaxibyixza

& n >0

& n <0
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TABLE 5.
ngzb—_ Phase %g,g_' Phase %gg_' Phase
ration portrait ration portrait ration portrait
Vulq11 if By #0 8 Vul o 20 Ham11
Vulg if By =0, B3B4 <0 9 Vul 7 Hamsgg if B # 0
1 Vuls if B =0, B384 > 0 10 Hamq7 21 Hamar if Bs =0
Vul 10 if Bl = B3 =0 11 Hamll 22 VHZQ
Hamsg if By =0,B3By <0 12 Hamog 23 Ham17
2 Hamas if { B1#0, or 13 Vul 24 Ham
25 Bi =0,B3Bs >0 2 18
Hamo7 if By #0 14 Ham17 25 Hamqs
3 Hamas if B1 =0 s [V T B £0 26 Hamiy
4 Hamos Vul 5 if By = 0 27 Hamq4
5 Hang 16 Ham19 28 Ham11
6 Vulyg if By #0 17 Hamos 29 Ham s
Vulg if Bl =0 18 H(Lmlg 30 H(Lmlg
7 Ham11 19 Hamlg

.: b 2 __
(55") {x e =0 M0

Y= —ar— by — 2uxy,

(S4 , ©n=0M=0.

(h)) T =a+bx+ cy, —~
§=0—az—by—a?

Remark 7.2. For a quadratic Hamiltonian system the relation n = —27u¢ holds.
This could be easy established via the frontal evaluations of the invariant polyno-

mials  and g for systems (S%h)) - (Sih)).

Proof of Theorem In what follows we shall consider each one of the systems
(S’YL)) —(S ih)) and will show that the conditions given in [16] for distinguishing the
phase portraits of the respective systems, are equivalent with the affine invariant
provided in Tables [f] and

7.1. The family of systems (SYL)). In this case according to [16, Theorem 3]
the phase portrait (and this yields the respective configuration of singularities) of a

system of the family (S %h)) is determined by the following affine invariant conditions

D<0,0.=0,T.>0< Vulg=$58c;N,N,N;

D<0,U.=0,T, <0< Vulg = $,$,$,c;N,N,N;
D<0,U.=0,T. =0« Vuho = $,5,5,c;N,N,N;

13<0, (707&()«:) Vuljy = $,8,8,¢; N, N, N,

U.=0, T, = 0 & Hamas = (hhhhhh)(; N, N, N;
D=0,U.=0, T. <0 Hampy = 5,5, ; N,N,N;
{[:)>07 U.#0, or $,$;N,N,N  if D #0;

D>0 0

(7.4)

)

N

>0 $,8(3); N,N,N if D =0;

)

< Hamaos = {

D>0,U.=0, T, <0< Hamasg = $,$; N, N, N;
lA):O, ﬁc#O@Ham27é$,$,é;b(2);N,N,N.
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According to [I] systems (S%h)) have at least one real singular point. So we may
assume « = 3 = 0 due to a translation and then calculations yield

D = 4(b* — ac)?[—8a’c — (36¢% + b*)a? + 6¢(4b* — 9¢%)a + 3(b* + 3367 — 9¢Y)],
U, = 108bc(a — 2b — 3c)(a 4 2b — 3¢)(a — 2b + ¢)(a + 2b + ¢),
T, = 3456[(a + 2b + ¢)*(a — 2b — 3¢)® + 24be(a + 2b + ¢)?(a — 2b — 3¢)?
— 384b*c*(a + 2b + ¢)(a — 2b — 3c) — 4096b°¢*],
po=-12<0, D=48D, B, =0U,/2, (7.5)
Bs = 18(a? — 4b* — 2ac — 3¢*)x3y — 18bc(3z* + 627y — o),
By = 288](a® — 4b* — 2ac — 3¢*)x — 8bey][24bcx + (a* — 4b* — 2ac — 3¢?)y].

Remark 7.3. We claim that in the case U, = 0 we have sign(T.) = sign(BsBy)
and T, = 0 if and only if B3 = 0.

Indeed assume 06 = 0. We observe that the change of variables (z,y,t) —
(z, —y, —t) keeps the systems (S%h)) with o = 8 = 0 except the sign of the parameter
b, which will be changed. Hence without loss of generality we could consider only
the equality be(a+2b+c)(a—2b—3c¢) = 0. If be # 0 then by (7.5) evidently we get
T, = —21933p3¢3. On the other hand for a = —2b — ¢ as well as for a = 2b+ 3¢, we
obtain B3By = —2'23%3¢3(z — y)*(3z + y)? and B3 = —18bc(x — y)3(3x + y). So
our claim is proved in the considered case.

Assume now bc = 0. Then calculations yield

T. =3456(a — 3¢)*(a + ¢)®, BsBy=3T.a"y?/2, Bs=18(a—3c)(a+ )2’y
if =0 and
T. = 3456(a — 2b)*(a + 2b)%, BsBy = 3T.2%y%/2, Bs = 18(a — 2b)(a + 2b)z’y

if ¢ = 0. Now evidently the proof of the claim is completed.

7.1.1. The case D < 0. Then D < 0 and considering (7.5) and Remark we
conclude that the conditions for phase portraits Vuls — Vuly; given by Tables []
and [5| are equivalent to the respective conditions in ((7.4)).

7.1.2. The case D > 0. According to ([7.4)) in this case we could have only the phase
portraits Hamsgs and Hamsgg. So considering (7.5) and Remark we again arrive
to the equivalence of the respective conditions from ([7.4) and from Tables {4 and

7.1.3. The case D = 0. By we have: (i) the phase portraits Hamay (if U, =
0, fc < 0) and Hamgr(if ﬁc # 0) with the same configuration having three finite
singularities (one double); (ii) the phase portrait Hamgs (if U. =0, T, > 0)
possessing only two real finite singularities (one triple); (7) the phase portrait
Hamgg (if (76 = fc = 0) possessing only one finite singularity of multiplicity four.
Considering the diagram in Figure|l|and (7.5) we conclude that the conditions for
determining the mentioned phase portraits from Tables [4] and [] are equivalent to
the respective conditions from .
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7.2. The family of systems (Séh)). In this case according to [16, Theorem 4]
the phase portrait (and this yields the respective configuration of singularities) of

a system from the family (S’éh)) is determined by the following affine invariant
conditions

>0, or R $,c; N if?;«éo;

T=P=0,R#0 ¢,53); N if D = 0;
5<0,ﬁ>&§>0iﬂ=0@ﬂ@&:&&an;
D<0, R>0,8>0,U.#0% Vuly = s,5,¢,c;N;
D=0,T <0 Vul = s,¢,d; N;

o o

& Vul, = {

~ . N (7.6)
D < <
A<(L( _OA)A\/(S_O)’ or < Hamyp = 0; N;
D=T=0, PR<O
D=0,T>0 Doy N i T #£0;
~ 2 f » Ot < Hamy7 = P> l A# ’
D=T=P=R=0 (hh)y; N if T = 0;

D=T=0, > 0 < Hamas = ¢P(3), CP(2); N.

Taking into account (|7.1)) and (5.2) a straightforward calculation gives for systems
(h)
(53 7)

po=1, D=D/48, T=T/6, R=R/4, S =S/48, P=P, U, =2B,.
(7.7)
Herein considering the diagram from Figure 1, it is easy to observe that the condi-
tions for determining the phase portraits from Tables [4] and [f] corresponding to the
case g > 0 are equivalent to the respective conditions from .

7.3. The family of systems (Séh)). For this family of systems we have n = g = 0

and M # 0. According to [28], Table [2] at infinity we have two real singularities of
total multiplicity at least four. So in order to determine exactly the configuration
of the singularities at infinity we shall use the classification of the behavior of the
trajectories in the neighbourhood at infinity of quadratic differential systems, given
in [28].

In this order of ideas we need the following additional invariant polynomials,
defined in [28]

k(@) = (M, K)®, (@) = (M,C1)?,
Ki(a,2,y) = p1(2.y)a2(2,) — pa(@,9)q1(x, 1),
Ko(a,2,y) = 4(Ta,w)™ + 3D (C1,w) — w(16T5 + 3T4/2 + 3D?),
Ks(a, z,y) = C2(4Ts + 3Ty) 4+ C2(3CoK — 2C41T%) + K1 (3K, — C1 Dy),

(7.8)
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where w = M — 8K. According to [I6] Theorem 2] the phase portrait of a system
from the family (Séh)) is determined by the following affine invariant conditions

Vuls < D <0, U, = 0;
U. # 0

Hamlgﬁﬁzﬁzo,

D >0, or (7.9)
D=0, R#0, U, = 0;

Ham20<:)R=0, U>O, WQ#O;
Hampy < R=0,U >0, W, = 0;
HGWQQ@EZO, ﬁc¢0

Hamyg & {

For systems (Séh)) calculations yield

D= 108c*(ab + 28)* — 4c2(b? + 2ac — 4a)?,
U, = —108¢* (ab + 20), R = 12c%2
=0, M=-722% D=48D, B, =0U,/2,

u1=4cz, L =242% > 0, [?:—4:52<0,

(7.10)

7.3.1. The case R # 0. In this case the condition ¢ # 0 (i.e., 1y # 0) holds and
as L > 0 and K < 0 according to [28, Table 4] at infinity the behavior of the
trajectories corresponds to Figure 9; i.e., we have the following configuration of
singularities N, ( )PEP H.

We observe that in the case D = 0 and (i.e., D =0) by (7.9) we have the phase
portrait Hamig with one finite singularity (if U = 0) and Ham22 with two finite
singularities (if U, ;é 0). Con51der1ng the dlagram (Figure |1 ', and the fact,
that the condition D? + U; 02 # 0 implies R # 0, we conclude that the conditions
for determining the phase portraits from Tables @ and [5] corresponding to the case
o = 0 and p; # 0 are equivalent to the respective conditions of (i.e. the
conditions for the phase portraits Vuls, Vuls, Hamig and Hamss).

7.3.2. The case R =0
Then ¢ = 0 and for systems (Séh)) we calculate

U= (b* — 4a)[(ab + 28)z — (b* — 4a)y]2gc47 Wy = —6z (ab + 20),
fo=p1 =0, pg = (4o — %22, U=0U, Bs=3Ws, (7.11)
k=r1 =0, Ky="7168b>—4a)z>

We observe that sign(ﬁ) = sign(U) = — sign(us) = sign(K>).
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Assume first U < 0. According to the phase portrait of a system (Séh))
corresponds to Hampa (without real finite singularities). On the other hand as
o =1 =K =~k =0, ug >0, L >0 and I?Q < 0, according to [28, Table at
infinity the behavior of the trajectories corresponds to Figure 8, i.e. we arrive to
the configuration N, (g)H —H.

Admit now U > 0. Then by we obtain the phase portrait Hamsgg if Wg # 0 and
Hamy, if /1/172 = 0 in both cases having two finite integrable saddles. As regarding
the configuration of infinite singularities we observe that s < 0, L > 0 and K <
0. So following [28, Table [4] we obtain Figure 9, i.e. we get the configuration
N, (g)P E P— P E P. This leads to the total configuration 21 of Table It
remains to note that by the condition /V[72 = 0 is equivalent to B3 = 0.
Assume finally U = 0. Then o = b2 /4 and for systems (ngh)) we have

po = p1 = po = pz =0, pg = (ab+26)%z*/4 = V. (7.12)

According to (|7.9) the phase portrait of a system (Séh)) corresponds to Hamgs if
V # 0 and we get degenerate systems (with the phase portrait Hamy4) if V= 0. We
claim that in the first case at infinity we have the configuration NV, (;) PHP—PHP.

Indeed following [28] for systems (Séh)) we have
k=K1 =0, L=242>>0, K=-422<0, R=-82%2<0

and according to [28] Table at infinity the behavior of the trajectories corresponds
to Figure 28; i.e., we arrive to the mentioned above configuration and our claim is
proved.

It remains to observe that in the case V = 0 (then p4 = 0) and the degenerate
systems have the phase portrait Hamy4. Hence the singular invariant line coincides
with the invariant line of the respective linear systems, and using our notations (see
page we get the configuration (6 [[];s); N, (& [|; N).

Considering that the condition M # 0 for the family (Séh)) holds and @ , we
conclude that the conditions for determining the phase portraits from Tables [4 and
corresponding to the case pg = p1 = 0 are equivalent to the respective conditions
from (i.e. the conditions for the phase portraits Hamia, Hamys, Hamgy and
Hamgl).

7.4. The family of systems (Sih)). For this family of systems we have n =
po = p1 = 0 and M = 0. According to [28] Table [2] at infinity we have one real
singularity of total multiplicity at least five. So in order to determine exactly the
configuration of the singularities at infinity we shall use again Table [4| from [2§].
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According to [I6, Theorem 1] the phase portrait of a system from the family
(S ih)) is determined by the following affine invariant conditions

Vub < P £0, U > 0;

=U=V=0,W <0
Hamys & P=U=V =0,W; > 0; (7.13)
Hamm@f’:ﬁ:f/zwlzo,
Hamlyﬁﬁ;«éo, (7:0;
Ham18<:>ﬁ20, [77&0
For systems (S flh) calculations yield
P=c2t, U= [(ac — b*)? + dc(ba + ¢B)] (ba + cy)?a?, ) (7.14)

n:M:NO:lll:O» /'LQZCQ"I;Q; }?:07 P:ﬁ7 U="U.

7.4.1. The case P # 0. In this case according to a system from the family
(Sih)) has one of the following phase portraits: Vuly (if U > 0), Hamq; (if U< 0)
or Hamy (if U= 0). In all the cases at infinity we have a multiple node, which
according to [28, Table 4] is of multiplicity five, as the conditions pog = p; = M=
K =0 and pa >0 (as ¢ #0) are Veriﬁgd. More precisely at infinity we have Figure
30, i.e. the nilpotent singular point (g) N.

7.4.2. The case P =0. Then ¢ = 0 and for systems (Sih)) we have
U= 620, V= [(oz2 —aba — V2 B)x — b2ay]x3,

_ T _ (7.15)
/u2:07 M3:b3$3, U:Ua /’L4:V7 K:O7 K, :_be-

So if U # 0 (i.e., b # 0) according to we get the phase portrait Ham,g with
a finite integrable saddle. On the other hand as ugf( 1 = —b*2* < 0 according to
[28, Table 4] the configuration of infinite singularities corresponds to Figure 33; i.e.,
(3) PEPEP — P.

Assume U = 0 (i.e., b= 0). In this case we have
3 =0, g = V= a?zt, W, = (a® +48)z* — 4ax®y = Be, K;=0 (7.16)
and we shall consider two subcases: u4 # 0 and uy = 0.

(1) If pg # 0 systems (Sih)) are non-degenerate having the phase portrait Ham;q
(see (713), as V£ 0). Clearly at infinity we have a singular point of multiplicity
seven. As pg4 > 0 and K;=0 according to [28] Table 4] at infinity we get Figure
30. More exactly we have the configuration (é) P — P as the infinite singular point
is intricate.

(2) Assume finally py = 0, i.e. @ = 0. Then systems (S’ih)) withe=b=a=0
become degenerate possessing the phase portraits indicated respectively in .
We observe that in the case of all the three phase portraits Ham;i, Hamys and
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Ham,g the systems (Sih)) have an invariant singular conic which is reducible. More
exactly, it splits into two parallel invariant lines which are real and distinct if Bg > 0
(portrait Ham;s); they are complex if Bg < 0 (portrait Hamq1), and they coincide if
Bg = 0 (portrait Hamyg). This leads to the respective configurations of singularities
described in Table {| (see rows No. 28-30).

It remains to note taking into account (7.14)), (7.15)) and (7.16)) that for the family

of systems (S, A(lh)) the respective conditions for determining the phase portraits from
Tables 4] and [5] in all the cases considered above are equivalent to the respective

conditions from (7.13)).
As all the cases are considered Theorem is proved.
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