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Abstract. In [C. Bujac, J. Llibre, N. Vulpe, Qual. Theory Dyn. Syst. 15(2016), 327-348] all
first integrals and phase portraits were constructed for the family of cubic differential
systems with the maximum number of invariant straight lines, i.e. 9 (considered with
their multiplicities). Here we continue this investigation for systems with invariant
straight lines of total multiplicity eight. For such systems the classification according to
the configurations of invariant lines in terms of affine invariant polynomials was done
in [C. Bujac, Bul. Acad. Stiinte Repub. Mold. Mat. 75(2014), 102-105], [C. Bujac, N. Vulpe,
J. Math. Anal. Appl. 423(2015), 1025-1080], [C. Bujac, N. Vulpe, Qual. Theory Dyn. Syst.
14(2015), 109-137], [C. Bujac, N. Vulpe, Electron. |. Qual. Theory Differ. Equ. 2015, No. 74,
1-38], [C. Bujac, N. Vulpe, Qual. Theory Dyn. Syst. 16(2017), 1-30] and all possible 51
configurations were constructed. In this article we prove that all systems in this class
are integrable. For each one of the 51 such classes we compute the corresponding first
integral and we draw the corresponding phase portrait.
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1 Introduction

Polynomial differential systems on the plane are systems of the form

X = P(x/]/)/ y= Q(x,]/), (1.1)

where P,Q € R]x,y|, ie. P and Q are the polynomials over R. To a system (1.1) we can
associate the vector field

0 0
X = P(xrl/)a + Q(x/y)@- (1.2)
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We call cubic a differential system (1.1) with degree n = max{deg P,deg Q} = 3.

There are several open problems on polynomial differential systems, especially on the class
of all cubic systems (1.1) (denote by CS the whole class of such systems). In this paper we
are concerned with questions regarding integrability in the sense of Darboux and classification of
all phase portraits of CS. These problems are very hard even in the simplest case of quadratic
differential systems.

The method of integration of Darboux uses multiple-valued complex functions of the form:

F= e fi(xy - fi(x,y)™, G=Gi/Gy, Gi€Clxy], (1.3)

and f; irreducible over C. It is clear that in general the last expression makes sense only for
Gy # 0 and for points (x,y) € C2\ ({Ga(x,y) =0} U {fi(x,y) =0} U---U{fs(x,y) = 0}).

Consider the polynomial system of differential equations (1.1). The equation f(x,y) = 0
(f € Clx,y], where C[x,y| denotes the ring of polynomials in two variables x and y with
complex coefficients) which describes implicitly some trajectories of systems (1.1), can be seen
as an affine representation of an algebraic curve of degree m. Suppose that (1.1) has a solution
curve which is not a singular point, contained in an algebraic curve f(x,y) = 0. It is clear that
the derivative of f(x(t),y(t)) with respect to t must vanish on the algebraic curve f(x,y) =0,
s0 % lr—0 = (3£P(x,y) + 5Q(x,)) |y=0 = 0.

In 1878 Darboux introduced the notion of the invariant algebraic curve for differential
equations on the complex projective plane. This notion can be adapted for systems (1.1).
According to [13] the next definition follows.

Definition 1.1. An algebraic curve f(x,y) = 0 in C? with f € Clx,y] is an invariant algebraic
curve (an algebraic particular integral) of a polynomial system (1.1) if X(f) = fK for some
polynomial K(x,y) € C[x,y] called the cofactor of the invariant algebraic curve f(x,y) = 0.

In view of Darboux’s definition, an algebraic solution of a system of equations (1.1) is an
invariant algebraic curve f(x,y) =0, f € Clx,y] (deg f > 1) with f an irreducible polynomial
over C. Darboux showed that if a system (1.1) possesses a sufficient number of such invariant
algebraic solutions fi(x,y) =0, fi € C, i = 1,2,...,s, then the system has a first integral of
the form (1.3).

We say that a system (1.1) has a generalized Darboux first integral (respectively generalized
Darboux integrating factor) if it admits a first integral (respectively integrating factor) of the
form eSO TTo_, fi(x,y)", where G(x,y) € C(x,y) and f; € C[x,y], degf; > 1,i=1,2,...,s,
fi irreducible over C and A; € C. If a system (1.1) has an integrating factor (or first integral)
of the form F =[];_4 fl.)"' then Vi € {1,...,s}, fi = 0 is an algebraic invariant curve of (1.1).

In [13] Darboux proved the following remarkable theorem of integrability using invariant
algebraic solutions of systems (1.1).

Theorem 1.2. Consider a differential system (1.1) with P,Q € C[x,y|. Let us assume that m =
max(deg P, deg Q) and that this system admits s algebraic solutions fi(x,y) = 0,1 = 1,2,...,s
(deg fi > 1). Then we have:

L ifs = m(m+1)/2 then there exists A = (A1,...,As) € C*\ {0} such that R = [T5_; fi(x, y)"
is an integrating factor of (1.1);

I if s > m(m+1)/2+ 1 then there exists A = (Ay,...,As) € C°\ {0} such that F =
[T, fi(x,y)" is a first integral of (1.1).
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In 1979 Jouanolou proved the next theorem which completes part II of Darboux’s Theorem.

Theorem 1.3. Consider a polynomial differential system (1.1) over C and assume that it has s algebraic
solutions fi(x,y) =0,i=1,2,...,s (deg f; > 1). Suppose that s > m(m +1)/2 + 2. Then there
exists (n1,...,ns) € Z° \ {0} such that F = TT;_; fi(x,y)" is a first integral of (1.1). In this case
F € C(x,y), i.e. F is rational function over C.

The following theorem from [19] improves the Darboux theory of integrability and the
above result of Jouanolou taking into account not only the invariant algebraic curves (in par-
ticular invariant straight lines) but also their algebraic multiplicities. We mention here this
result adapted for two-dimensional vector fields.

Theorem 1.4 ([12,19]). Assume that the polynomial vector field X in C? of degree d > 0 has irre-
ducible invariant algebraic curves.

(i) If some of these irreducible invariant algebraic curves have no defined algebraic multiplicity, then
the vector field X has a rational first integral.

(ii) Suppose that all the irreducible invariant algebraic curves f; = 0 have defined algebraic multi-
plicity q; fori =1,..., p. If X restricted to each curve f; = 0 having multiplicity larger than 1
has no rational first integral, then the following statements hold.

(a) IfYF_| qi > N + 1, then the vector field X has a Darboux first integral, where N = (37471)

(b) If Y q; > N +2, then the vector field X has a rational first integral.

We note that the notion of “algebraic multiplicity” of an algebraic invariant curve is given
in [12] where in particular the authors proved the equivalence of “geometric” and “algebraic”
multiplicities of an invariant curve for the polynomial systems (1.1).

If f(x,y) =ux+oy+w =0, (u,v) # (0,0) and X(f) = fK where K(x,y) € Clx,y], then
f(x,y) = 01is an invariant line of the family of systems (1.1). We point out that if we have an
invariant line f(x,y) = 0 over C it could happen that multiplying the equation by a number
A € C* = C\ {0}, the coefficients of the new equation become real, i.e. (uA,vA, wA) € R3).
In this case, along with the curve f(x,y) = 0 (sitting in in C?) we also have an associated real
curve (sitting in IR?) defined by Af(x,y).

Note that, since a system (1.1) is real, if its associated complex system has a complex
invariant straight line ux + vy +w = 0, then it also has its conjugate complex invariant straight
line iix 4+ oy + @ = 0.

To a line f(x,y) = ux+vy+w =0, (1,v) # (0,0) we associate its projective completion
F(X,Y,Z) = uX +9Y +wZ = 0 under the embedding C> — P,(C), (x,y) — [x : y : 1].
The line Z = 0 in Py(C) is called the line at infinity of the affine plane C2. It follows from
the work of Darboux (see, for instance, [13]) that each system of differential equations of the
form (1.1) over C yields a differential equation on the complex projective plane P,(C) which
is the compactification of the differential equation Qdx — Pdy = 0 in C2. The line Z = 0 is an
invariant manifold of this complex differential equation.

For an invariant line f(x,y) = ux + vy + w = 0 we denote 4 = (u,v,w) € C>. We note that
the equation Af(x,y) = 0 where A € C* and C* = C\{0} yields the same locus of complex
points in the plane as the locus induced by f(x,y) = 0. So that a straight line defined by 4 can
be identified with a point [d] = [u : v : w] in P»(C). We say that a sequence of straight lines
fi(x,y) = 0 converges to a straight line f(x,y) = 0 if and only if the sequence of points [a;]
converges to [4] = [u : v : w] in the topology of P»(C).
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Definition 1.5 ([27]). We say that an invariant affine straight line f(x,y) = ux +ovy+w =0
(respectively the line at infinity Z = 0) for a real cubic vector field X has multiplicity m if
there exists a sequence of real cubic vector fields X converging to X, such that each X has m
(respectively m — 1) distinct (complex) invariant affine straight lines fl=ux+dy+w =0,
(uf,vﬁ) # (0,0), (uf,vf,wf) € C3, converging to f = 0 as k — oo, in the topology of P>(C), and
this does not occur for m + 1 (respectively m).

We first remark that in the above definition we made an abuse of notation. Indeed, to talk
about a complex invariant curve we need to have a complex system. However we said that
the real systems X} meaning of course the complex systems associtated to the real ones X.

We remark that the above definition is a particular case of the definition of geometric
multiplicity given in paper [12], and namely the notion of “strong geometric multiplicity”
with the restriction, that the corresponding perturbations are cubic systems.

The set CS of cubic differential systems depends on 20 parameters and for this reason
people began by studying particular subclasses of CS. Here we deal with CS possessing
invariant straight lines. We mention some papers devoted to polynomial differential systems
possessing invariant straight lines. For quadratic systems see [14,23,24,27-31] and [32]; for
cubic systems see [4-10,17,18,20,21,25,35,36] and [26]; for quartic systems see [34] and [38].

The existence of sufficiently many invariant straight lines of planar polynomial systems
could be used for integrability of such systems. During the past 15 years several articles were
published on this theme. Investigations concerning polynomial differential systems possess-
ing invariant straight lines were done by Popa, Sibirski, Llibre, Gasull, Kooij, Sokulski, Zhang
Xi Kang, Schlomiuk, Vulpe, Dai Guo Ren, Artes as well as Dolov and Kruglov.

According to [1] the maximum number of invariant straight lines taking into account their
multiplicities for a polynomial differential system of degree m is 3m when we also consider
the straight line at infinity. This bound is always reached if we consider the real and the
complex invariant straight lines, see [12].

So the maximum number of the invariant straight lines (including the line at infinity Z = 0)
for cubic systems with finite number of infinite singularities is 9. A classification of all cubic
systems possessing the maximum number of invariant straight lines taking into account their
multiplicities has been made in [18]. The authors used the notion of configuration of invariant
lines for cubic systems (as introduced in [27], but without indicating the multiplicities of real
singularities) and detected 23 such configurations. Moreover in this paper using invariant
polynomials with respect to the action of the group Aff(2,R) of affine transformations and time
rescaling (i.e. Aff(2,R) x R*)), the necessary and sufficient conditions for the realization of
each one of 23 configurations were detected. A new class of cubic systems omitted in [18] was
constructed in [4].

Definition 1.6 ([31]). Consider a real planar cubic system (1.1). We call configuration of invariant
straight lines of this system, the set of (complex) invariant straight lines (which may have real
coefficients) of the system, each endowed with its own multiplicity and together with all the
real singular points of this system located on these invariant straight lines, each one endowed
with its own multiplicity.

The configurations of invariant straight lines which were detected for various families of
systems (1.1) using Poincaré compactification, could serve as a base to complete the whole
Poincaré disc with the trajectories of the solutions of corresponding systems, i.e. to give a
full topological classification of such systems. For example, in papers [28,30] for quadratic
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systems with invariant lines greater than or equal to 4, it was proved that we have a total of
57 distinct configurations of invariant lines which leads to the existence of 135 topologically
distinct phase portraits. In [25,26, 35, 36] the existence of 113 topologically distinct phase
portraits was proved for cubic systems with invariant lines of total parallel multiplicity six
or seven, taking in consideration the configurations of invariant lines of these systems. The
notion of “parallel multiplicity” could be found in [36].

In this paper we consider the analogous problems for a specific class of cubic systems
which we denote by CSILLg. We say that a cubic system belongs to the family CSILg if it
possesses invariant straight lines of total multiplicity 8, including the line at infinity and
considering their multiplicities.

The goal of this article is to complete the study we began in [5-9]. More precisely in this
work we

e prove that all systems in the class CSLLg are integrable. We show this by using the
geometric method of integration of Darboux. We construct explicit Darboux integrating
factors and we give the list of first integrals for each system in this class;

e construct all possible phase portraits of the systems in this class and prove that only 30
of them are topologically distinct;

e give invariant (under the action of the group Aff(2,R) x R*)) necessary and sufficient
conditions, in terms of the twenty coefficients of the systems, for the realization of each
specific phase portrait.

This article is organized as follows.

In Section 2 we give the list of affine invariant polynomials and some notion and results
needed in this article.

In Section 3 we present some preliminary results. More exactly, in Theorem 3.1 we describe
all the 51 possible configurations of invariant lines which could possess the cubic systems in
the class CSILg. Moreover we give necessary and sufficient conditions for the realization of
each of these configurations. These results (obtained in [5-9]) serve as a base for the construc-
tion of the phase portraits as well as for determining of the corresponding first integrals and
integrating factors.

Section 4 contains the main results of this article formulated in the Main Theorem. In
Table 4.1 we give the canonical forms of systems in CSILg as well as the corresponding first
integrals and integrating factors. We prove that each one of the 51 configurations given by
Theorem 3.1 leads to a single phase portrait, except the configuration Config. 8.6, which gen-
erates two topologically distinct phase portraits. In Table 4.1 we also present the necessary
and sufficient affine invariant conditions for the realization of each one of the phase portraits
obtained. Defining some geometric invariants, we prove (see Diagram 4.1) that among the
obtained 52 phase portraits only 30 of them are topologically distinct.

2 Invariant polynomials associated with cubic systems possessing
invariant lines
As it was mentioned earlier our work here is based on the result of the papers [4,6-9] where the

classification theorems according to the configurations of invariant straight lines for different
subfamilies (i.e. systems with either 4 or 3 or 2 or 1 infinite distinct singularities) of systems in
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CSILg were proved (see further below). In what follows we recall some results in [18] which
will be needed to state the mentioned theorems.
Consider real cubic systems, i.e. systems of the form:

X = po+p1(x,y) +p2(x,y) + ps(x,y) = P(x,y),

2.1
y=q0+q(xy) +q(xy) +q3(x,y) = Q(x,y) &

with real coefficients and variables x and y. The polynomials p; and g; (i =0,1,2,3) are the
following homogeneous polynomials in x and y:

Po = 4o, p3(x,y) = asx® + 3ax1 X%y + 3appxy? + agsy’,
pi(x,y) = aox +any,  pa(x,y) = azxx® + 2a1xy + any’,

g0 = boo, 73(x,y) = b3ox® + 3by x*y + 3byoxy* + bosy®,
71(x,y) = biox + by, 72(x,y) = bagx? + 2b11xy + booy*.

It is known that on the set CS of all cubic differential systems (2.1) acts the group Aff (2, R)
of affine transformations on the plane [27]. For every subgroup G C Aff(2,R) we have an in-
duced action of G on CS. We can identify the set CS of systems (2.1) with a subset of R?° via
the map CS — R? which associates to each system (2.1) the 20-tuple a = (ago, 410, ao1, - - -, 403,
boo, 10, bo1, - - -, boz) of its coefficients and denote Rla, x,y] = Rlago, 410,401, - - -, 303, boo, b1o,
b()l, .. .,bog,x,y].

For the definitions of an affine or GL-comitant or invariant as well as for the definition of
a T-comitant and CT-comitant we refer the reader to [27]. Here we shall only construct the
necessary T- and CT-comitants associated to configurations of invariant lines for the family
of cubic systems mentioned in the statement of Main Theorem.

Let us consider the polynomials

Ci(a,x,y) = ypi(a,x,y) — xqi(a,x,y) € Rla, x,y], i=0,1,23,
Dj(a,x,y) = aaxpi(a, x,y) + aayqi(a, x,y) € Rla,x,y], i=1,23.
As it was shown in [33] the polynomials
{Co(a,x,y), Ci(a,x,y), Ca(a,x,y), Cs(a,x,y), Di(a), Da(a,x,y) D3(a,x,y)} (2.2)
of degree one in the coefficients of systems (2.1) are GL-comitants of these systems.

Notation 2.1. Let f, ¢ € Ria, x,y] and

k k akf ok
(k) — _ 1)k 8
(£,8) h;o( 1 <h> dxk=hoyh 9xhoyk—""

(f,g)%) € R[a, x,y] is called the transvectant of index k of (f,g) (cf. [16,22])

Here f(x,y) and g(x,y) are polynomials in x and y of the degrees r and s, respectively,
and a € R% is the 20-tuple formed by all the coefficients of system (2.1).

We remark that the set of GL-invariant polynomials (2.2) could serve as bricks for the
construction of any GL-invariant polynomial of an arbitrary degree. More precisely as it was
proved in [37] we have the next result.
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Theorem 2.2 ([37]). Any GL-comitant of systems (2.1) can be constructed from the elements of the
set (2.2) by using the operations: +, —, x, and by applying the differential operation (f, g)")

In order to define the needed invariant polynomials it is necessary to construct the follow-
ing GL-comitants of second degree with respect to the coefficients of the initial systems:

( )(1)
( )(1)
= (Co, D)V, S =
= (Co, C3)!"
= (Co, D))", Sn=
( )(2)
( )(1)
We shall use here the following invariant polynomials constructed in [18] and [6-9] to charac-
terize the cubic systems possessing invariant lines of total multiplicity greater than or equal

to 8:

@)
Di(a) = 653 — [(C3,55)¥ |, Da(a,x,y) = —5ns,

Ds(a,x,y) = (Sa3, S23)® —6C5(Cs, Sa3)¥,

Vi(a,x,y) = Sz + 2D3, Va(a,x,y) = Soe,

Vi(a,x,y) = 6Sa5 — 38 —2D%, Vi(a,x,y) = Cs [(C3,523)(4) + 36 (Ds, 526)(2)} ,
Vs(a,x,y) = 6T1(9As — 7Ag) + 2Ts(4Tis — Ti7) — 3T3(3A1 + 5A,) + 3A,T;

+36T2 — 3Ty,
L1(a,x,y) = 9Ca (Sas + 24Sy7) 12D (So0 + 852) — 12 (S16, D3)'?) — 3 (Sy3, C) @
—16/(S19,C3)?) 412 (5550 + 2455, C3) Y,
Lo(a,x,y) =32 (13 S + 33551, ;)Y + 84 (9 Sy; — 2 Sy4, D)V
— 448 (S15,C2) Y +8D; (1255 + 35515 — 73520) — 56 (S17, C2)?)
— 63 (Sa3,C1)? +756D3513 — 1944D; Sp6 + 112 (Sy7, Do)V
— 378 (S26,C1) V) + 9C; (48557 — 355,4),
Le(a,x,y) =2A3 —19A4, L7(a,x,y) = (Tho, Tlo)(z) ,
Us(a,x,y) = 6(S23 — 3525, S26) M) — 353(S24 — 8Sy7)
— 2453, 4 2C3(C3, 523) ) + 24D3 (D3, S26) V) 4 24D3Sy;,

Ki(a,%,y) = (3223T2Tugg + 2718Ty Trag — 829T2Tha1, Tiaz) " /2, Kala,x,y) = T,
Ks(a,x,y) = Z1Z27Z3, Ka(a,x,y) = T1z — 271,

Ks(a,x,y) = 45Ty — TyTig + 2T Tys + 12Ts6 + 45Ts7 — 45T + 30Ts0,

Ke(a,x,y) = AT, Ts(2663T14 — 8161Tys) + 6Ts (178 Tz + 70Tag + 555T26)

+ 18To (30T, Ts — 488T; Tyy — 119Ty; ) + 5T5(25T36 + 16T137)
— 15Ty (25T140 — 11T141) — 165T1an,
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K7(a) = A1 +3A;, Ks(a,x,y) = 10A4Ty — 3T>Ty5 + 4T36 — 8T3,
Ko(a,x,y) = 3Ty (11Ty5 — 8T1y) — Toz + 5To4,
Ni(a,x,y) = 4Co(27D1 D3 — 8D3) + 2C»(20S15 — 4514 + 39S12) + 18C1(3S21 — D2D3)
+54D3(3S4 — S7) — 288C3S9 4 54(S7, C3)M) — 567(S4, C3) M) +135C, D3,

Na(a,x,y) = 2C,D3 — 3C3Dy,  N3(a,x,y) = CaD3 + 351,

Ny(a,x,y) = DaD3+9Sx1 —2S17, Ns(a,x,y) = S17+ 2519,

Ns(a,x,y) = 6C5(S12 + 6S11) — 9C1(Sa3 + Sa5) — 8(S16, C2)V) — C3D%,
N7(a,x,y) = 6C3(12811 — S12 — 6D1D3) — 21C1Sp3 — 24(S16,C2) ) 4 3C1 S5

44D, (S16 +2D2C3 — CoD3),  Ng(a,x,y) = D3 —4D; D3,
No(a,x,y) = C3 —3C1Cs3, Nig(a,x,y) =2CoD; +3S;, Nii(a) = S,
Nia(a,x,y) = —32D3S, — 108D D35S0 + 108C3D1S11 — 18C1D3S11 — 27510511
+4CyD3(9D,D3 + 4S17) + 10854551,
N(a, x,y) = 36D2D3(Sg — Sg) + D1(108D3D3 — 54D3(S14 — 8515))
+2514(S14 — 22515) — 8D3(3514 + Si5) — 9D3(S14,C1) M) — 16D3,
Nis(a, x,y) = 216D D3(63S1; — 104D3 — 136S;5) + 4536D3 S, + 4096 D5
+ 12082, +992D5(S14,C2) M) — 135D5[28(S17, Co) V) + 5(S14,C1) V],
Nig(a,x,y) = 2C1D3 43819, Niy(a,x,y) = 6D1D3 —2D3 — (C3,C1)?,
Nig(a, x,y) = 2D3 — 6D1D;D3 — 12D3S5 + 3D3Ss,
Nig(a,x,y) = C1D3(18D% — Sg) + Co(4D5 — 12D D;D3 — 18D3Ss5 + 9D3Ss) + 6Co D1 Ss
+2(9D,D38; — 4D3S; +12D1D3S; — 9C3D1S6 — 9D3(Ss, Co) V),

Nyo(a,x,y) = 3D2 - 8D1D2D3 - 8D3S6 —16D1D3511 + 16D, D3So,
Na1(a, x,y) = 2D D3D3 — 4D3S6 4+ Dy D3Sg 4+ D1(S23,C1) Y,
Nyp(a,x,y) =Ts, Nx(a,x,y) =Ts, Noa(a,x,y) =2T3Ty — T1T136,
Nos(a,x,y) = 5T3Ts — Ty Tas, Nog = 9T135 — 480TTg — 40T> Try — 15T, Tys,
Noz(a,x,y) = 9T>To(2Taz — 5Ty — 80Tas) + 144 Tas(Tas + 5Tas + 15Te)

— 9(T23 — 5T24 — 33T9T76), Nzg(a, X,y) = T3 + T4,

Wi (a,x,y) = 2C,D3 — 3C3Ds,

Wa(a,x,y) = 6C3(S12 + 6511) — 9C1(Sa3 + Sp5) — 8(S16,C2) V) — C3D3,

Ws(a,x,y) = 12D1C3 — S19, Wa(a, x,y) = —2754 + 4S5y,

Wis(a, x,y) = 3D?Cy 4 4D1S; — 3(S4,Co) Y,

We(a,x,y) = 2CoD1 + 354, Wy(a, x,y) = (510, Dz)(l),

Ws(a, x,y) = 4C2(27D1D3 — 8D3) +2C5(20S15 — 4S14 + 39S12) + 18C1(3Sy — D2D3)

+54D3(3S4 — S7) — 288C3S9 4 54(Sy, C3)M) — 567(S4, C3) M) +135C, D3,
Wo(a, x,y) = 3S6D3 + 4S3D3 — 6D1D;Ss,
Wio(a, x,y) = 18D3Cy + 155¢Cy — 6D1Cy Dy + 4CoD3 + 27D S, — 6C; So,
Wii(a, x,y) = 9CoD3 — 6D35(CDy — S7) +4CoD3 (D3 + S14 — 2S15)
—12C3D3[5D,514 — 4D2S15 — 7(S14, C2) V],
Wiz(a,x,y) = —480TsTg + 9T135 — 40T, Ty — 15T Tys,
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where

71 = 2C1D;D3 — 9Co(Sa5 + 2D3) 4 4C5(9D; D3 + S14) — 3C3(6D1 Dy + 58g) 4 36D35,,
Zy = 12D1S17 + 2D2(3S1; — 2514) + 6D3(Sg — 6S5) — 9(Szs, Co) V),
73 = 48D3C;3 4 12D3(C1D3 — CaDy) + 36D1(CoS17 — C3S6) — 16D3S, — 165,514
+2CoD5(3S11 +2514) 4 3D3(8D251 4+ 3CoSg — 2C1S6) — 95458
—216C3(Ss, Co) ™M) + 6C2(D2Se — 4(S14,Co) V) + 54D1 D2 (S4 + D3Co).

Here the polynomials

Ay = 554/288, Ay =Sy /72, As = (72D1As+ (Sm,D2) ") /24,
Ay = [9D;(Sps — 288A2) + 4(9S11 — 2514, D3)?) + 8(3S15 — Sa0 — 452, D2) V] /27/3,
As = (52, Cs)(4)/27/35, As = (Sa6, D3,)(2)/25/33
are affine invariants, whereas the polynomials
Th=Cs, Ta=D; T3=25»3/18, Tyi=S5/6, T5=>5x%/72,
T = [3C; (D} — 9Ts + 18Ty) — 2C,(2D,Ds — Sy7 + 2519 — 6S1)
+2C3(2D3 — S14 + 8S15)] /2*/3%,
Tg = [5Dy (D} +27T; — 18Ty) + 20D3S19 + 12(S16, Ds) ") — 8D5817] /5/2° /3%,
Ty = [9D;(9Ts — 18Ty — D}) + 2D(DaDs — 3817 — S1o — 9S21) + 18(S1s, C3)
— 6C2(2S50 — 3S22) + 18C1Sa6 + 2D3814] /24/3%, Ty = (Sa3, D3)'" /25/3°,
Ty = [(D2 — 9T + 18Ty, C)? — 6(D% — 9T5 + 18Ty, D2) ) — 12(Sp6, Cy)
+12D,S56 + 432(A1 — 5A,)C2] /27 /3%,
Tis = [27(T3,C2)® — 18(Ty, C2)'®) + 48D382 — 216(Ty, D)V 4 36D,52
—1296C, A1 — 7344Co Ay + (D2, Cp) P /27 /34,
Tis = [(8S10 + 9821, D)) — D2 (8850 + 3S2) + 18D; S6 + 1296C; Ap] /24 /3,
Tis = 8(9S10 + 251, D) " +3(9T5 — 18T, — DZ,C)? — 4(Sy5, )P

+4(S14 — 17515, D3) ") — 8(S14 + S15,C3) P + 432C (541 + 114,)
+36D1 526 — 4D1(S15 +452)] /2°/3°,

T16 = (523, D3)(2)/26/33/ T17 = (526/ D3) (1)/25/33/

1 2 !
Ty = (Ts, Ca)( ), T3 = (T6/C3)( )/6/ Tos = (Ts, D3>( )/6’
Tps = (15552A2C1C3 + D3D3 — 81D3Ts — 54D3 Ty + 12D3 D217 + 8D3 D2S19

+16((Ca, D3)M)? — 5184Cy D3 T + 2592C, D, Ts — 72C3D,500) /20 /3,
Tos = (To,C3) /4, T3 = (T1, &), Tor = (T, G3) P /24,
= (Ts, Ds)(l)/6, T3s = (Ts, Ds)(2)/12, T3y = (To, C3)(2)/12,
Tas = (To, Ds)(l)/ll Ta9 = (Te, C3)(3)/24/32, Ty = (Tha, C3)(1)/2,
((S23,C3)®, D3)? /5/2°/3,
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Ty = [27Co(9T5 — 18Ty — D3)* + Cy ( — 62208T1C5 — 3(9T5 — 18Ty — D3)
X (2D2D3 — S17 + 2519 — 6Sa1)) + 20736T11C3 + C2(9T3 — 18Ty — D3)
x (8D3 + 54D D3 — 27511 + 27515 — 4S14 + 32S15) — 54C3(9T; — 18T, — D3)
X (2D1Dy — Sg 4 2S9) — 54D1(9T3 — 18T, — D3)S16
— 576T6(2D,D3 — S17 + 2519 — 6521)] /28 /3%,
Tss = 512C3(D3D3 + D2D3S14 4 D3S19 + S15519 — 3D3S01) — 648Co D5
+ 144(9CoD +2C1D,) D3 + +216C3(1728T13C1 — 9216Tg Dy — 7955S25)
— 64D3(6C2D3 — 2D3516C2S03) + 384Co D (C3S18 — 2D3S19 — 3C3S20 -+ 5D3551)
—36C,D3(3S11 — 18513 + 8S14 — 32515) + 216CoD3(Sp3 — 12525)
4 72D3(3C3Sg + 54D1S14 + C1S17 — 2C1S19) — 288C3D3(S18 — 3S00)
— 1728(648T3S19 + 11C359S25) + 96C2517(S17 + 4S21) — 32C3514(3S17 4+ 2S19)
—90C5515(31S23 — 102S05) + 3456C3D1 D5 (S23 — 3S25) — 216D1S16(S23 — 30S25)
—12C5(32514S21 — 358523 — 69659S53) + 96D3(S14516 — 8515516 — 2C1D2523)
—128D,516(S17 — 6S19 + 6S21) — 216C,D1D3(11S23 — 42S55) — 12C1523(3517
+ 10819 — 360S1) + 72C1S25(43S17 — 78519 — 138557) + 54Co(Sa3 — 6S05)
X (S3 + 6825) — 2C2523(9S11 + 16514 — 96S15) + 12C2 (24516520 — 8516518

— 3282 + 711811525) + 48C3 D5 [ (3525 — 1502, C1) ") — 4(Sy4 + 4815, C3) ]
+9C2D3[9(2S25 — S35, C1) Y + 16(S14, C3) ] + 48516 (S14, C5)
+9516 (5823 — 274D} + 54555, C1) Y,
Tz = ((Te, C3)®, G3) M /36,
Tizs = (Tra, C3) V), Tigs = (T75,C3)(1),
Ti36 = (Tra, C3)(2)/24, Ti37 = (T, D3)(1)/6, Tig0 = (T, Da)(2)/12,
T = (Tra, C3)(3)/36, T = ((Tra, C3)(2),C3)(1)/72

are T-comitants of cubic systems (2.1). We note that these polynomials are the elements of the
polynomial basis of T-comitants up to degree six constructed by Iu. Calin [11].

Next we consider the differential operator £ = x - L, — y - L1 constructed in [3] and acting
on R[a, x,y|, where

1= 00 aﬂlo 10 8a20 o1 8a11 3 02 aﬂlz 3 1 8a21 20 8a30
d d 0 1 0 2 0 d
2b b ~bpp=—— 4+ =b11=— =,
b0 T %00 T3, T 37250, T 37 5k, T 3k
0 1 d 2 d d

0
L, = 30100W01 + 20101W02 + ﬂloa + gﬁlZOW21 + gﬂn% an2 9003
I SN SO T SO
obyy ' 9by ' 3 Poby | 3 Moby,

+ 3b00

)
+ 3b00 + 2b01
1

abo

construct the following polynomials: p;(a,x,y) = L0 (), i =
L(LE (o)) and L1 (o) = po-
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These polynomials are in fact comitants of systems (2.1) with respect to the group GL(2,R)
(see [3]). The polynomial y;(a,x,y), i € {0,1,...,9} is homogeneous of degree 6 in the coeffi-
cients of systems (2.1) and homogeneous of degree i in the variables x and y. The geometrical
meaning of these polynomial is revealed in the next lemma.

Lemma 2.3 ([2,3]). Assume that a cubic system (S) with coefficients & € R'? belongs to the fam-
ily (2.1).

(i) The total multiplicity of all finite singularities of this system equals 9 — k if and only if for every
ie€{0,1,...,k—1} we have u;(a,x,y) = 0 in the ring R[x,y| and uy(d,x,y) # 0. In this case
the factorization ui(d,x,v) = [T (uix — v;y) # 0 over C indicates the coordinates [v; : u; : 0]
of those finite singularities of the system (S) which “have gone” to infinity. Moreover the number
of distinct factors in this factorization is less than or equal to four (the maximum number of
infinite singularities of a cubic system) and the multiplicity of each one of the factors u;x — v;y
gives us the number of the finite singularities of the system (S) which have coalesced with the
infinite singular point [v; : u; : 0].

(ii) The system (S) is degenerate (i.e. gcd(p,q) # const) if and only if p;(4,x,y) = 0 in Rx,y] for
everyi€ {0,1,...,9}.

3 Preliminary results: the classification theorem for the family of
systems in CSILg

As it was mentioned in Section 2 our work is based on the results of the papers [4, 6-9]
where the classification theorems according to the configurations of invariant straight lines
for different subfamilies (i.e. systems with either 4 or 3 or 2 or 1 infinite distinct singularities)
of systems in CSILg were proved. More precisely, our results could be described as follows:

e In [6] the investigation of the subfamily of cubic systems in CSILg possessing 4 distinct
infinite singularities was done. As a result it was proved that a system in this class could
possess only one of the 17 configurations Config. 8.1-Config. 8.17 given in Figure 3.1.

e The subfamily of cubic systems in CSILg possessing 3 distinct infinite singularities was
considered in [7]. It was proved that a system in this class could possess only one of the
5 configurations Config. 8.18-Config. 8.22 presented in Figure 3.1.

¢ In the articles [5] and [8] the subfamily of cubic systems in CSILg with 2 distinct infinite
singularities was investigated. This class contains cubic systems which could possess
one of the 25 configurations Config. 8.23—Config. 8.47 given in Figure 3.1.

e And finally in [9] were examined the cubic systems in CSILg possessing a single infinite
singular point (which is real). It was detected exactly 8 configurations Config. 8.48—
Config. 8.51 (see Figure 3.1) which could possess a cubic system belonging to this class.

We join here all these results (formulated as Main Theorems in the above mentioned arti-
cles) in the following classification theorem.

Theorem 3.1. Assume that a cubic system (1.1) is non-degenerate, i.e. Y;_o u? # 0. Then this system
belongs to the family CSlLg, i.e. it possesses invariant straight lines of total multiplicity 8 (including the
line at infinity with its own multiplicity), if and only if one of the sets of the conditions Cond. 1-Cond. 51
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given in Table 3.1 is satisfied. In addition, this system possesses exactly one of the 51 configurations
Config. 8.j (j € {1,...51}) of invariant straight lines shown in Figure 3.1. Furthermore the quotient
set under the action of the affine group and time rescaling on CSILg is formed by:

(i) a discrete set of 22 orbits;

(ii) a set of 29 one-parameter families of orbits. A system of representatives of the quotient set is given
in Table 4.1 (column 1).

4 Main results

In this section we state and prove the main results of this article.

Main Theorem. Consider a non-degenerate cubic system (2.1), i.e. the condition Y5, u? # 0 holds
and assume that it belongs to the family CSILg. More precisely we assume that this system possesses
one of the configurations Config.8.j (j = 1,...,51) (see Figure 3.1), i.e. the corresponding set of the
conditions Cond. j given in Table 3.1 is satisfied. Then:

(A) this system is integrable and it has the first integral F; of generalized Darboux type (1.3)and
the corresponding rational integrating factor R; € R(x,y) (j =1,...,51) as it is indicated in Table 4.1
(column 3). This table also lists the corresponding invariant lines and their multiplicities, see column 2;

(B) the phase portrait of this system corresponds to one of the 52 phase portraits P.8.1-P. 8.5,
P.8.6(a), P.8.6(b), P.8.7-P. 8.51 (see Figure 4.1) if and only if the associated affine invariant conditions
given in Table 4.1 (column 4) are satisfied.

(C) Among the 52 phase portraits given in Figure 4.1 there are exactly 30 topologically distinct
phase portraits as at is indicated in Diagram 4.1 using the geometric invariants defined in Remark 4.2.

Corollary 4.1. All the systems in CSlLg have elementary real first integrals. We only list below in
Table 4.2 all real first integrals which correspond to those in the column 3 of Table 4.1 which are given
there in complex form.

Remark 4.2. In order to distinguish topologically the phase portraits of the systems we ob-
tained, we use the following geometric invariants:
e The number ISR of real infinite singularities.

e The number FSR of real finite singularities.

e The number Sep/ of separatrices beginning or ending at a finite singularity.

e The number Sep ™ of separatrices beginning or ending at an infinite singularity.
e The number FSep of separatrices connecting finite singularities.

e The number SC of separatrix connections.

e The maximum number ES® of elliptic sectors in the vicinity of an infinite singularity.

Proof. (A) The expressions for the integrating factors and the first integrals presented in Ta-
ble 4.1 (see column 3) follow, after some easy calculations, by using Theorems 3.1 and 1.4.

(B) We split the proof of this statement in three parts in accordance with the following
three groups of the configurations (see Figure 3.1) :

(a) Configurations 8.1-8.17: x = 2 the corresponding phase portraits are constructed in [36];

(B) Configurations 8.18-8.23, 26, 31, 32, 33, 36, 38, 42, 47-51: the corresponding canonical
systems do not depend on parameters;
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Configuration ' N

of ISLs The necessary and sufficient conditions Notation

Config. 8.1 Ks>0 Cond. 1
Dy >0, Dy >0, D3 > 0,

Config. 8.2 .

oy Vi=Vo= L1 =Ly =Ky =0, Ky #0 Ks <0 Cond. 2
Config. 8.3 K3=0 Cond. 3
Config. 8.4 L1 #0 and K7 >0 Cond. 4

Dy >0, Dy >0, D3 >0,
Config. 8.5 L1 #0 and K7 <0 Cond. 5
V5:Z/{2:’C4:’C5:K6:0, D47EO
Config. 8.6 L =0 Cond. 6
Config. 8.7 Ko >0 Cond. 7
I — D1 >0, Dy >0, D3>0,
Config. 8.8 Ko <0 Cond. 8
V3:’C2:IC4:IC8:0., D47é0
Config. 8.9 Ko=0 Cond. 9
Config. 8.10 K3 >0 Cond. 10
Config. 8.11 D <0, Vi=Vo=L1=Ly=K; =0, K3 #0 K3<0 Cond. 11
Config. 8.12 K3=0 Cond. 12
Config. 8.18 L1 #0 Cond. 13
D1<0, V5:Z/[2=K:4:K5:K:6:0, D47é0
Config. 8.14 Ly=0 Cond. 14
Config. 8.15 Ko >0 Cond. 15
Config. 8.16 D <0, Vs=Ko=K;=Ks=0, Dy#0 Ko <0 Cond. 16
Config. 8.17 Ko=0 Cond. 17
Config. 8.18 K7 #0, L1 #0 Cond. 18
Config. 8.19 | Ds#0, Di=Va=Vs =Ks=K; =K =0| . 20, £,=0 Cond. 19
C()Tbﬁg. 8.20 IC7 :V{) - Eg :0,£1 7é 0 Cond. 20
Config. 8.21 Ko >0 Cond. 21
Di= V=K =Ky=Ks=0, L;#0,D5#0

Config. 8.22 Ko <0 Cond. 22
Config. 8.253 | DyNyN3 #0, Dy =D3 =V, =V3=K;=N; =N;=N;=Ns=N;=0 Cond. 23

Table 3.1: Conditions for the realization of the configurations

(7v) Configurations 8.24, 8.25, 27-30, 34, 35, 37, 39, 40, 41, 43-46: each one of the corresponding
canonical systems depends of one parameter.
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Configuration o o
of ISLs The necessary and sufficient conditions Notation
Config. 8.24 Ny <0 Cond. 24
Config. 8.25 DyNyNg #0, Dy = D3 =Dy =0, Nip>0,N;;>0| Cond.25
Config. 8.26 N3 =Vi=Vs=K5=N=N;=Ng=Ng=0 Nip=0 Cond. 26
Config. 8.27 Nip <0 Cond. 27
COﬂﬁg 8.28 N15 <0 Cond. 28
Dy Ny N, 0, D1 =D3 =Dy =0,
Config. 8.29 2Nal1a 70, Dy = Dy =Dy Ny <0 Npz>0| Cond.29
N3 =V =V3=K5=N;=N;=Ng=N;3=0
Config. 8.30 Ny >0 Cond. 30
Config. 8.31 Dy NigN1g # 0, Dy = Dy = Dy =0, Nip <0 Cond. 31
Config. 8.32 Ny = N3 =V =V3=K5=N;=N17=Ni3g=0 Ny >0 Cond. 32
CO’flﬁg 8.3% DQ‘NI()‘ 7é 07 ]VQ = N3 :Vl = V3 = IC5 = N1 = N10 = N17 = ng =0 Cond. 33
Config. 8.34 Ny <0 Cond. 34
Config. 8.35 Nog > 0, Ny; >0 Cond. 35
DQNIS%()? Dl :DS :D4:07
Config. 8.36 Noy =10 Cond. 36
No=N3=V1=V3=K5=N;=N;5=N;9=0
Config. 8.37 Ny <0 Cond. 37
Config. 8.38 Ny =0 Cond. 38
Config. 8.59 Dy VK # 0, e <0 Cond. 39
Config. 8.40 Vi=Ly=Ly=Nap=Np=Ny=0 pe >0 Cond. 40
Config. 8.41 e <0 Cond. 41
Dy V3Noy #0, Dy =Dy =Dy =0, 0
C . 842 6 = Cond. 42
oo 54 Vi= L1 = L= Npp = Noy = Ky = 0 e -
Config. 8.43 je >0 Cond. 43
Config. 8.44 Jg < 0 Cond. 44
C’onﬁg 845 D2V1V3 7é 0, Dl = Dg = D4 = 0, 146 > 07 ]VQS <0 Cond. 45
Config. 8.46 | Vs =Uy = Ky = K5 = K¢ = Nog= Nos= Nog= No7= 0 j6>0,Nog >0 Cond. 46
Config. 8.47 pe =0 Cond. 17
Config. 8.48 Dy =Dy=D3=Vi=Ly=Nyg=W, =Wo =W3 =W, =0 Cond. 18
C()’Hﬁg. 849 D1 - DQ = D3 = V1 = [.:2 = N23 = W1 = I/VQ = Nlﬁ = I’VE, == O7 I/VG 7é 0 Cond. 49
Conﬁg 850 Dl = D2 = D3 :Vl = LQ = N3 = VV7 = Wg = ”/9 = H/l() = 07 IVQ:; 7é O Cond. 50
Config. 8.51 Di1=Dy=D3=V; =K1 =K5s =Ks=Kg= Ny =Kg=Wi1 =W, =0, (Cond.51
V), #0

Table 3.1 (continuation): Conditions for the realization of the configurations
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Figure 3.1: Configurations of invariant lines for systems in CSILg
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Figure 3.1 (continuation): Configurations of invariant lines for systems in CSILg
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We examine each one of these three groups of configurations.

(«) We remark that Config. 8.1-Config. 8.17 correspond to systems in CSILg which possess
4 distinct infinite singularities (real or/and complex). In the article [36] the authors have
detected 17 configurations of invariant lines denoted by (I.1)—(1.17) and have determined 18
phase portraits corresponding to these configurations. We mention that the configurations
(1.1)=-(1.17) from [36] coincide with the first 17 configurations Config. 8.1-Config. 8.17 and we
have the following correspondence:

Config. 8.1 < (1.1); Config.8.2 < (1.3); Config. 8.3 & (1.2);
Config. 8.4 < (1.7); Config. 8.5 < (1.8); Config. 8.6 < (1.9);
Config.8.7 < (1.12);  Config. 8.8 < (1.16);  Config. 8.9 < (1.13);
Config.8.10 < (1.4);  Config.8.11 & (1.5);  Config.8.12 < (1.6);
Config.8.13 < (1.11); Config.8.14 < (1.10); Config.8.15 < (1.14);
Config. 8.16 < (1.17); Config.8.17 < (1.15).

(4.1)

As it is proved in the article [36], each one of the configurations (I.1)—(I.17) leads to a single
phase portrait with the exception of configuration (1.9), which leads to 2 topologically distinct
phase portraits. We observe that (1.9) corresponds to Config. 8.6. So we conclude that the affine
invariant conditions provided by Theorem 3.1 for the realization of configuration Config. 8.
forj=1,...,57,...,17 guarantees the realization of the corresponding phase portrait P.8.j,
too. It remains to examine the two phase portraits given by Config. 8.6 and to determine the
necessary and sufficient conditions for their realization.

According to [36] a cubic system possessing the configuration (1.9) could be brought via
an affine transformation and time rescaling to the form

x=x, y=y*lax+(1—-a)y], a€R\{0,1,3/2,2,3}. (4.2)

As it was proved in [36] these systems have the phase portrait given by Figure 1.9a if 2 < 1
and by Figure 1.9b if 2 > 1 in [36].

On the other hand according to [6] a cubic system possessing the configuration Config. 8.6
could be brought via an affine transformation and time rescaling to the form

x=r, y=y[r—Dx+y], (r+2)(r+1)Q2r+1)r(r—1) £0. (4.3)

Remark 4.3. We observe that the rescaling (x,y,t) — (x, —ry, t/r?) brings these systems to the
same form with r; = 1/r. Therefore we may assume —1 <r < landr ¢ {—1/2,0}. Anal-
ogously considering systems (4.2) with parameter a we observe that the rescaling (x,y,t) —
((a—1)x,y,t/(a —1)?) brings these systems to the same form with a; = a/(a — 1). So in this
case we may consider 0 <a <2anda ¢ {1,3/2}.

It remains to observe that via the rescaling (x,y,t) — (x, —ry,t/r) systems (4.3) become
x=x, y=y*[Q-r)x+ry],

which coincide with (4.2) for r = 1 — a. Therefore considering the above remark we obtain that
the condition a < 1 (respectively a > 1) for systems (4.2) is equivalent to r > 0 (respectively r <
0) for systems (4.3). On the other hand evaluating for systems (4.3) the invariant polynomial
K7 we obtain K7 = 4r and hence sign (r) = sign (Ky).

Thus we arrive at the phase portrait P.8.6(a) if Ky < 0 and P.8.6(b) if Ky > 0 (see Fig-
ure 4.1). We remark that the phase portrait P.8.6(a) (respectively P.8.6(b) corresponds to
Figure 1.9a (respectively Figure 1.9b) from [36].



18 C. Bujac and N. Vulpe
Invariant Lo )
Canonical form lines and their Inver FZ;S: zrrl;(;(ig;alls: (‘?2 (Ry) (,;c;n:z- th::
multiplicities Cerse Htegrating Factors Ui ons | portr
F=x(et D=1, | x(1),x+10),y(1), | Fi=5E) ()
Dy= y(y Dy =), | y—r(),x=y(1)"| Ry =[xy x+1)(y+1)x | Cond1| P81
0<r#1 x—r(1),y+1(1) (x—r)(r—y)]~
5 = r+y-+iy 1+ir
X =x[(x+7r)?+1] x(1), r+x+i(1), ? ((rri;ﬂz))l er
2) y=ylly+r*+1], | x=y(), y<13, =) Cond.2 | P.8.2
r£0 r+y+i(1) Ry = [xy(1+(r+§)2)l]—lx
[1+(r+y)?]"
x(2), x + 151;, _ y(x+1) x—1
g E=3 (}+X) x—y(1), y(2), Fs =y Pl .| Cond.3 | P83
p=yty) yH11) | Ra= [P+ D +1)]
x—1) (x4r)"y" 1
f=r(x (), Lx—1nx), g | B e
O SR | gl e oo 2o
' [(x—yyx+ry)]
x=x(x—1)(x+r), _ Fs = Gy
y=[(1—r)x+ry+r]x x—1(1), x(1), y(1) > (x=y)(x+ry) .
5) Yy —1), 1 £ r<0, x+r(1), x=y(1), | Rs= x[(x=1)(r+x)]  x Cond.5 | P.8.5
Qr+1)(r+2) £0 | ¥~ 11, x+ry(1) [(x = )y (x+ ry)]
x=rx3, r# 41, _ Fo = ) (raty) Cond.6
6) y=1y*(rx —x+vy), x(23),rxx+ }/((11)) N | Kr<0 P.8.6(a)
r2r+1)(r4+2) #0 Y Y Re = [xy(x —y)(rx +y)] K;>0 |P.8.6(b)
RO IO | x 1), v, | = SR (B
7) y(" (_+)2:xﬁy) rx+y+(1+7)(1), Ry = (x—y)[(x2— 1)(y*— 1)x | Cond.7 | P.8.7
(P—1),r#-2,-} x—y() (rx+y)* = (1+1))]"
X=(rx+2y+r . . N rxFy—i(r+1) 1
xz( 0 oy¢)1 x=i(L), y= i), | Fo= 15 () (Rt
g (A1, r#0, fy+il+n(1) 2 Y2 Cond.8 | P.8.8
j=(x+2rx+y)x |XTYELAIDIR = (x—y) [(x*+1) (y?+ 1) x| Cond.o | Lo
(2+1),r#£-2,-1 *—y(1) (rx +y)? + (14 1)2)]) !
¥ =x (rx+2y+ry) 2) x—y(1 xy(rx+y)
9=y (x+2rx+]/) x(2), x —y(D), Fo= G Cond.9 | P.8.9
£ 0,+1,-2,— y(2), rx+y(2) | Ro = [xy(x —y)(rx +y)]!
Fo = (o) ¥
1—r2 2 ) y—i(1—r+2x B
*= 34 ;C;;/x ;,;Véar y(l,), yilx(l)/ (y l‘X) ( y—z:(1+r+2x)>17’
100 4 2y 2y£i(l+r+2x)(1), | vt A2yl Cond.10| P.8.10
; iZ* WE | 2yti(1—r420)(1) Rio = (" +¥°)" x|
rP#L g [(147+2x)? + 4% X

[(1—7r+2x)>+ 4%

Table 4.1: First integrals and integrating factors

Remark 4.4. We remark that Theorem 1.1 of [36] states: “..
distinct phase portraits on the Poincaré disk ...".
among 18 phase portraits given by Configurations (I.1)-(1.17) in [36] only 13 are topologically
distinct. More precisely, considering the above mentioned correspondence (4.1) we have the

following topological equivalence of the phase portraits in [36]:

.we give the 18 topologically
However as it follows from Diagram 4.1
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Invariant L .
Cononical form | tines and teir | R S | por
multiplicities gratmg ! porer:
1+r
([ 2y—r+i(142x)\ 2
X = #x—}—xz—yz—l— Tu = (25+:—§(1+2§)) x
B = 32 y(1), y £ix(1), (1inyr <2y—r—i(1+2x)) 7
11) L 142 ’ 2y+ r+i(1+42x)(1), y+ix 2y+r+i(1+29i)1 * |Cond.11| P 8.11
y= Ty—f—Zx]/-l— 2y—rii(1+2x)(1) R = (x -l-]/ ) X 1
3%y —y3, r £0 [(2x+1)% + (r+2y) ]
[(2x +1)% + (r — 2y)?] v
(y—ix)[2y+i(142x)]
X = x/4+x — ¥+ D ot i1 Fi2 = (y+ix) 2y—i(1+2x)] <
- / ’ ¢
1) o y(1), y & ix(1) exp|— eyl Cond.12| P.8.12
y= 3 y/4+ 2xy+ 2y +i(1+2x)(2) Rip = (2 +y?) 1x
Y=y [(2x + 1) + 442 -2
£ = (14 ) x 0y | T = (e x
[(x—l—r) ] r#0, x(1), x+r+i(1), (x_,'_,_i)(l—i-cirly )
13) y=(1+4 r?)2y+ \ rx+y+1+72(1) i) v |Cond13| P8.13
2r(14 7 )xyfrx + | et y(1), y+iv(1)| Re=xltn 1] x
(” X% —rxy —y?) [(rx +y) (x> + )]
=(1 . 2 2
14) y = 52;;_);3_ x(3), x +r+iy(1), Fia =74 ,E?fyg) (Lg)lr, Cond.14| P 8.14
. . . 8.
rx(x?+y?), r#0 rx+y(2) Ris = [x(rx +y) (x> +y?)]
X=x(x—-1)x —1)2 i 1+i
(1 +re— 2x)+ Zry) x(l)' rx+y(1)/ J15 = (xxz) (y+r¥:1_(lifl)) x
15) y = —(1+r2)y—ra¥+-| y+r+i(x —1)(1), (yiﬂyj(lz,l))l o Cond.15| P.8.15
— . 2 2\—1
et e Y Ll ) G
_ (x+i 21 y—l—&-zj(x—r) r—i
=200 i1, ey, | 70 D) G
16)3/(—r(r Ty”g;;: y+1+i(x+7)(1), (i) | |Cond.16| P.8.16
=y, 1 A0 | y—1Ei(x =) (1) | Ry, = G [t
(1+22) [(x+7)2+(y+1)2]
— _ . 2 2
17) ; _ rf"f;; ﬂ) x(2), x £i(2), Fir = et .| Cond.17| P.8.17
rxy —y r#0 rx+y(1) Ri7 = [x(rx—l—y)(xz—l-yz)r
—y—9
¥ =x3—9x2— x(2), x —y(1), F18 :9y(jgxi 2) 8
18) %y —nyz, y(2), y+9(1) exp[~ =, Cond.18| P.8.18
A | s | mee g
. — -y
19)*~ x(xi_ W =), (2)’ y(3), Fo =g ol3l | ool o
y=-y (2) ng = [xZ(x — y)y} -1
¢ = (1— x—1 Fon — x(x—y-1)
200 ¥ = (A= x)x(1+y), L x— y§ ; 20 v 0 | cond2o| P20
el e 25 ==

Table 4.1 (continuation): First integrals and integrating factors
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Invariant . .
Comiston | ot |, FEET) | G|
multiplicities gratmg ! portr.
. _ ey D
oy ¥= 0~ Dx+y), | x£1Q) yE1QM),) - Fn = W © | condaat| P st
y=2x(y*> — 1) x—y(1) Ry = L= y)(2 . 1y
A
: - _ ) Y
=2 (xy), | v i@, y2i), | Fr= Gy et |l e
j=2x(y> +1 x—y(1 _ (=y)(a?+1) 2 ' o
y (]/ ) y( ) Ry = y2+1
_ +2xy+x%(4+y)
ypy =GN0, | x(@), x+1(0), | Fo=wepMHEEE, L
y=x—y+ xz—i— 3xy X — 1(3) Rz = (,zji)l,;;z
X:x[(x—f—l)z_bZ}, j’.’ _(x 2b (x+1_b)1—b
24) y=y(1 - b* +2x), x(i)' . 11+ Z(ll)’ == ()" G | cond.24] P 824
b>1 y(1), x+1=b(1) | Ry = [x((x +1)2 — b2)y]
x=x[(x+1)*—b?], —an2b (x 1)t
3 1+b(1 Fps = (%)20 Lxf1=b)
25) y=y(1—b* +2x), x(l)' . 1+ b( 1>' 5= ()" o _, |Cond.25| P.8.25
0<b<1,br1ss| YO X F1=b) IR0 [x((x+1)2 - 1?2)y]
26) r=x(x+1) x(3), y(1), Fos = W expleigl, Cond26| P 826
y=y(1+2x) x+1(2) Roe = [x(1+x)%]~ -1
X=x (-x + 1)2 + b2 ’ 1 ib(1 — (x 2b (X+l+lb)' b
27) y=y(1 + b + 2x), X8, ¥ 1) Ty = (5)7 (o ., |Cond.27| P.8.27
b>0 y(1), x+1=ib(1) | Ry = [x((x +1)2 + b?)y]
X=x [(x — 1)2 — bz}, (x_l)z_bz
1), x—1+b(2 —
28) y=2y(x -1+ %), x(1>' x 1+ b(z), Fas S| Cond.28) P8.28
b>1 ]/( )/ x—1-= ( ) Rzg— [X((X 1) b )y]
x=x[(x—1)2—p?], (x—1)2—1?
1), x—1+b(2 —
29)y=2y(x -1+ %), x(l)' * 1+ l;(z% Fo D | Cond.29) P.8.29
0<b<1,bz1/3| YO x=1=0Q2) | Rog = [x((x —1)2 — 1?)y]
x=x[(x—1)2+b%], , (x—1)2+1?
1), x —1+ib(2), - ,
30 y—2y(x—1-12), | (L ETITOE T ="y _, | Cond.30| P.8.30
b0 y(1), x =1-ib(2) | R4y = [x((x = 1)2 +%)y]
31) x = x(xZ - 1)/ x(l)/ X+ 1(2)r ]:31 = % exp[Zx(lljfzx]/)], Cond.31| P 8.31
y=x+2y x—1(2) R3:x(x2—1)*2
. . —1)2—4yx?
32) x = x('xz + 1)/ x(l)’ X + 1(2)/ f32 - x+z eXp [ [(X4]~)‘rx2 }/x }:I/ Condsz P 832
y=x-2% x—i(2) Rz = x(x?>+1)72
33) x =23, g=x+1 x(5 Fan = H242% p -3 | Cond.33| P 8.33
y 33 2 s %3
2b 2 1+b 1-b
x=x[(2et 1202, | x(2), 2x + 14 b(1),| Faut = e
34) y=4+ (1- 1)y, 2x+1-0b(1), 1., |Cond.34| P.8.34

b>1

(b* — 1)y —4(1)

34 — [(bzfl)yfﬁl]_ X
[x(@x+1)2—b?)] "

Table 4.1 (continuation): First integrals and integrating factors
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Invariant o .
Canonical form lines and their Fz.rst zntegmls (Fi) andz- Phase
S Inverse integrating Factors (R;)| tions | portr.
multiplicities
2b 1-b
x=x[(2e )20, | x(2), 2x+1+b(1), | Fi5 = i
35) y=4+(1-1)y, 20+1-b(1), | Rg5=[(2—1)y—4] 'x |Cond35| P8.35
0<b<1l,b#1/3| (*P—1)y—4(1) e((2x + 1) — b2)] "
¢ = 2 _ (1+42x)(4+y) 1
3 L = X2 *(2), 4 12), | T 2 Pl | cona 36| P86
y=4+y y+4(1) Rae = [x(1+2x)%(4 +y)] !
2b __in\i—b
=x[(2x+1)>+V?], | x(2), 2x + 1+ ib(1),| 737 = 1% = +(bz)’,~‘$1(bz’j)+y+4)zw
37) y=4+ (1+b?)y, 2x+1=ib(1), | Ry = [P +1)y+4] 'x |Cond37| P.837
1+xy
38) i=x2(1+x), y=1| x(3), x+1(1) ;38 - "[“ elxp[ i 1 Cond.38| P.8.38
38 = + X
i=x[02—(2x+1)%],| y(2), 26+ 14+ b(2), | F 2x +1)2 — b2
’ , 39 = x[(2x + Iy,
39)y= ygb —1 —8x - 5 ov q—1/|Cond.39| P.8.39
12x2 y,0<b7é y(1),2x +1—-b(2) | R39 = [x((2x+1)*=b )y}
r= “’2+(2x+1 /| x(2), 2x +14b(2),| Fao = x[(2x +1)2 +b?
40) j= ygbZ £ 1480)1 x(l)’ 2x+ 1+ b(z) 0 =x[( 2]y Cond40| P.8.40
1222, b>0 | ¥(1), 20 +1-b(2) |Rag = [x((2x +1)>+b%)y] '
Fu = x)3 X
v — 2 _ 3), 1(2), (14x)
g P, *(@), x+10) exp [222322)] Cond.41| P.8.41
y=1-y+3x%y X — 1(2) (1—x)x(1+x) 1’ .
Ry = [(1—x)2x2(14x)?]
42) x=x3, y=1+3x%y x(7) Fp = 1+5ify, Ry =x6 |Cond42| P.8.42
N3
Faz = T
¢ = x(x2 3 ‘ (x~i)
= XA, () x+i2) exp [(HHEO2E4) ] | Cond 43| P.8.43
y:1+y+3x y _X—l(z) —X(X2+1) 1/
Rz = [xz(xz + 1)] B
X = x(l + X)X Fo [x(x-&-l)]l*’
oy ZITEEEI a(@), (), x 1) M T e | L
_= - ond. . 0.
y=y@trt x_)+ (r+1)x+r+2(1) Ry = [xy(x+1)]
rx(2+x)y, r#-3/2 1
—2<r< -1 [(2+7+x+7x)]
¥ =x(1+x)x ]__45:%
3), y(1), 1(2), Yy (24r+xrx)2trs
g5 @Hrrxtr), 1 x(3), (1), x+1(2) Res = [xy(x +1)] 1 |Cond45| P.845
y=xy(3+2r+rx)+ | (r+1)x+r+2(1) 45 Yy »
(24r)y, —3#r< -2 [(2+74+x+7x)]
rrrxir, | 5y, xe1),| T T
(24+r+x+rx), x(3), y(1), x +1(2), Yy (2 rfxtrx)2tr7
46 _ -1 Cond.46| P. 8.46
)y xy(3+2r+rx)+ | (r+1)x+r+2(1) Rae = [xy(x +1)] on

(2+r)y, 0#£r>—1

[(24—1’4—x+rx)]_1

Table 4.1 (continuation): First integrals and integrating factors
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Invariant L .
Canonical forn lines and their Inversf z:lstfz l:’l:zi?r:ﬂ;éiﬁs (Ri) Ct?::: ng::
multiplicities STatg ! portr:
¥ = 3), y(1 Fur = —L— exp[x],
7)Y ) *(3), y() = s P Cond.47| P.8.47
y=y(1+x—x% x+1(3) Rz = [x(x +1)y]
48) x =x, y= -2y —x° x(1) Fig = x2(x> +5y), Ryg =x |Cond.48| P.8.48
49)x=x, )=y —x>—x3 x(3) f@:3ﬁ+2ﬁ+@LR@:ﬂijmiw P 8.49
¢ = x(1 _
50 * =12, x4), x—1(1)| T = exp[ VEED | conaso| P gso
y=y—x>—x Rso = [x (l—i—x)]
) Fer = —1+x(2+y)
sp = AN @) 1) 1= 2Pl b conds1| R8s
y=-1-3x+xy—x R51:[x2(1+x)2]

Table 4.1 (continuation): First integrals and integrating factors

F, = exp [2rarctan[;1] — 2rarctan[7+y]] A+ (r+y)H)[PA+r+x0)H]

1

[(x—y)2+(1+r+ra+xy)?])"

Fo= b L[+ my ) = 2 (x = )] x

cos [2r arctan] 1] +2r(x —y) (1 +r + rxy +y?) sin [2r arctan[-———%

Tl b

Tt
Fio = cos [(1+47) arccot [—7 rin} + (r — 1) arccot [1+r42x] 2r arctan| ; |;
Fi1 = cos {r arctan[if%ﬁ] + 2rarctan[j] — - arctan[li%é‘] + 11 [%H
Fio = [[(x +2x% 4+ 2y2)% — 2] cos[m] + 2y(x + 2x% + 21?) sm[m_zf%ﬂ X
(22 + 202 + 42
Fi3 = exp [Zrarctan[%] + 2rarctan[2]] [1 + (r +x)?] (rx + y)? (x> + y*) 7
Fia = x2(rx +y)?exp [2rarctan[4]] (x2 + y?) 7Y
Fis = exp [rarctan[l—y] +rarctan[4]] (x = 1)/x2 + 2 x 7 (x = 1)2 + (r + y)?] —/2,
]?16 = exp [ 4arctan[ ] +2arctan[—y] +2arctan[ﬁfc]} {% r;
Fro = [[(xy+12 = (x =) cos 2] +2(x —y) (xy + DsinZE2] | [(1 +22) (1 +9)2]
Fo7 = exp [ — 2arctan[¥ 1] [u? + (14 x)%] "y~
Fap = x(1+2xy)(1+ x2)~! — arctan[x];
Fs7 = exp [2arctan[25:]]x2 [u? + (1+2x)2] “(4+y +uPy) =2
Fi3 = {(u2 — x2) [(u? + x?)% — 16u2x?] cos[”(4u2+”2x’$26ﬁ;r)x3+4u4y)} -
—2ux(u? — 3x%)(3u® — x?) sin[”(4”2+”1x(;6i;r)x3+4u4y) ] } (u? + x%)73

Table 4.2: Real First integrals
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Figure 1.7 = Figure 1.1, Figure 1.12 = Figure 1.8; Figure 1.13 = Figure 1.9b;
Figure 1.9a = Figure 1.3; Figure 1.5 = Figure 8.

We continue the proof of the Main Theorem.

(B) We point out that each one of the 20 configurations Config. 8.18-8.23, 26, 31, 32, 33,
36, 38, 4143, 47-51 corresponds to a system without parameters. The phase portraits of
polynomial differential equations are usually presented in the Poincaré disc using the so called
Poincaré compactification, see for details Chapter 5 of [15]. The existence of the 8 invariant
straight lines taking into account their multiplicities and the knowledge of the real elementary
first integrals allows us to draw the 18 phase portraits corresponding to the above mentioned
configurations as presented in Figure 4.1.

We note that the study of the phase portraits of systems without parameters can also be
done using the algebraic program P4, see for details Chapters 9 and 10 of [15].

(7) Among the 34 Config. 8.18-Config. 8.51 there are 14 configurations Config. 8.24, 8.25,
8.27-8.30, 8.34, 8.35, 8.37, 8.39, 8.40, 8.44-8.46 corresponding to one-parameter families of
cubic systems. In what follows we examine each one of these canonical systems applying the
following steps:

(i) detect the finite real singularities of the systems and their types;

(ii) examine if the information about the invariant straight lines and the types of finite
singularities as well as the types of simple infinite singularities determine univocally the
behavior of the trajectories at infinity;

(ii) construct the corresponding phase portraits on the Poincaré disk.

However first we prove the next lemma.

Lemma 4.5. The one-parameter families of cubic systems which correspond to the configurations Con-
fig. 8.24-8.30, 8.34-8.38 possess at infinity exactly one simple and one multiple singularities. Moreover
the simple singular point is a star node.

Proof. According to [8] if a quadratic system possesses one of the mentioned configurations
then via an affine transformation it could be brought to one of the following canonical forms,
respectively:

- for the configurations Config. 8.24-8.27 =

¥ =x(r+2x+x%), y=y(r+2x), r(9r—8) #0; (4.4)

- for the configurations Config. 8.28-8.30 =
x=x(r—2x+x%), y=2ylx—r), r(r—1)(9r—8) #0; (4.5)

- for the configurations Config. 8.34-8.38 =
Xx=x(r+x+x%), y=1+ry, Ir—2#0. (4.6)

For each one of the canonical systems (4.4)-(4.6) we calculate C; = x%y. Therefore all
these 3 families have at infinity two singularities: N;(1,0,0) and N>(0,1,0). Considering The-
orem 3.1 (see the configurations under examination presented in Figure 3.1) we conclude that
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N;i(1,0,0) is a simple singularity whereas N>(0,1,0) has multiplicity 9 (six finite singularities
coalesced with three infinite ones on the line Z = 0).

Examining the Jacobian matrix corresponding to the simple singularity Nj(1,0,0) for each
one of the above families of systems we detect that it equals (). Therefore this singularity
for any of systems (4.4)—(4.6) is a star node and this completes the proof of the lemma. O

v1) Config. 8.24, 8.25, 8.27. According to Lemma 4.5 we consider the family of systems
(4.4) which possesses Config. 8.24 (respectively, 8.25; 8.27) if r < 0 (respectively, 0 < r < 1;
r>1).

We observe that the invariant straight lines r + 2x + x> = 0 of systems (4.4) are real if
Discrim[r + 2x + x2,x] = 4(1 — r) > 0 and they are complex if 1 — r < 0 (these invariant lines
could not coincide due to ¥ — 1 # 0). So in what follows we examine these two cases.

1) The case 1 —r > 0. We set 1 —r = b?> > 0 where b is a new parameter and we get:
r =1—1b? < 1. We may consider b > 0 due to the change b — —b and we arrive at the family
of systems

t=x[(x+1)? =), y=y(l1-b>+2x), b(b—1)(3b—1) £0. (4.7)
These systems possess the following invariant affine lines:

Ly : x = O(triple); Ly: x =—(b+1) (simple);

. . (4.8)
L3 : x = b —1(simple); Ly : y = O(simple).

In addition the line at infinity Z = 0 is a double one. All these invariant lines are distinct due
to the condition 0 < b # 1 and by the relation L; < L, < L3 we mean that the invariant line
L is located between invariant lines other two parallel lines L; and Ls.

We detect that systems (4.7) possess three finite singularities: M;(0,0), Mx3(—1 F b,0).
For a singularity M;(x;,y;) we denote by /\gl) and /\g) the eigenvalues of the corresponding
Jacobian matrix. For the mentioned finite singularities of the above systems we have

M =1-2 =2 AP =2b(1+b), AP = —(1+b)%
A =2b(b—1), A = —(b - 1)

Considering the conditions 0 < b # 1 we conclude that the singularity M;(0,0) is a star
node and M(—1 —b,0) is a saddle. On the other hand we observe that the singular point
M3(—1+b,0) is a (stable) node if 0 < b < 1 and it is a saddle if b > 1.

We observe that the singular point M; (respectively M,; M3) is located at the intersection
of invariant line y = 0 with L; (respectively Ly; L3).

If 0 < b < 1 then the singular point M3 (located on the line L3) is a node. Taking into
account that in this case we have L, < Lz < L; and the fact that by Lemma 4.5 the infinite
singular point N;(1,0,0) is a node, we obtain the phase portrait given by P.8.25.

Assume now b > 1. In this case the singularity M3 is a saddle and we have L, < L; < Ls.
Since Ni(1,0,0) is a node we arrive in this case at the phase portrait given by P.8.24.

2) The case 1 —r < 0. Then we can set 1 —r = —b? < 0 and we get: r = 1+ b* > 1. We may
consider again b > 0 due to the change b — —b and we arrive at the family of systems

t=x[(x+1)2+b?), y=y(l+b*+2x), b#0. (4.9)
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These systems possess the unique real finite singular point M;(0,0) which is located at the
intersection of the (unique real) invariant lines x = 0 and y = 0. For this real finite singularity
we determine A; = 1+ b? = Ay, i.e. systems (4.9) possess a star node.

As by Lemma 4.5 the infinite singular point Nj(1,0,0) is a star node it is clear that the
unique possible phase portrait in this case corresponds to P.8.27 (see Figure 4.1).

7v2) Config. 8.28, 8.29, 8.30. Considering Lemma 4.5 we examine the family of systems (4.5)
which possesses Config. 8.28 (respectively, 8.29; 8.30) if r < 0 (respectively, 0 <r < 1; 7 > 1).
Since these systems possess invariant straight lines r — 2x + x> = 0 and Discrim[r — 2x +

x2,x] = 4(1 — r) we again consider two cases: 1 —r > 0and 1 —r < 0.

1) The case 1 —r > 0. Then as in the previous case we canset 1 —r = b*> > 0,ie. r =1 —b?
(where we may consider b > 0 due to the change b — —b). This leads to the family of systems

t=x[(x—1? -0, y=2y(x—1+b%), b>0,(b—1)(3b—1) #0, (4.10)
which possess the following invariant affine lines:

Li : x =0 (simple); Ly : x =1—b (double);

) (4.11)
L3 : x =1+ b (double); Ly : y = 0 (simple).

In addition the line at infinity Z = 0 is a double one. All these invariant lines are distinct due
to the condition 0 < b # 1.

On the other hand systems (4.10) possess three finite singularities, located at the intersec-
tions these invariant lines: M;(0,0) and M 3(1 F b,0). For these singularities we obtain

AV =12, MY = 201 - p?);
A —opb—1) =AY, AP =2 +1) =AY

It is clear that due to the condition 0 < b # 1 the types of these singularities are well deter-
mined, and namely: the singularity M;(0,0) is a saddle whereas M(1 —b,0) and M3(1+b,0)
are both star nodes.

On the other hand the position of the invariant lines (and consequently of these singulari-
ties) depends on the value of the parameter b. More exactly we have L1 < L, < L3if0 <b <1
and L, < L < Lz if b > 1. As a result, considering that the infinite singularity N;(1,0,0) is a
node (see Lemma 4.5) we arrive at the phase portrait given by P.8.28 if b > 1 and by P.8.29 if
0<b<1

2) The case 1 —r < 0. Then we can set 1 —r = —b? < 0 and we get: r = 1+ b* > 1. We may
consider again b > 0 due to the change b — —b and we arrive at the family of systems

x=x[(x—1)*+0), y=-2y(1+b*—x), b#0. (4.12)

These systems possess the unique real finite singular point M;(0,0) which is located at the
intersection of the (unique real) invariant lines x = 0 and y = 0. For this real finite singularity
we determine Ay = 1+ b? and Ay = —2(1+ bz), i.e. systems (4.12) possess a saddle at the
origin of coordinate.

As by Lemma 4.5 the infinite singular point Nj(1,0,0) is a star node, clearly we obtain the
unique possible phase portrait in this case and it corresponds to P.8.30 (see Figure 4.1).

7v3) Config. 8.34, 8.35, 8.37. Taking into account Lemma 4.5 we have to consider systems
(4.6), which possess Config. 8.34 (respectively, 8.35; 8.37) if r < 0 (respectively, 0 < r < 1/4;
r>1/4).



N

6

P.8.1

&
&

P.8.5

DR

AN
N

P.8.12

C. Bujac and N. Vulpe

&
5

&

P.8.2

P.8.6@

®

o)
oo
NeJ

P.8.13

@

P. 8.16

D

P. 8.17

P.8.3

&
&

P.8.6b

&

P.8.10

© T

P.8.18

Figure 4.1: Phase portraits of systems in CSILg

P.8.4

P.8.11

P. 8.15

P.8.19

Since the types (real or complex) of the invariant straight lines of systems (4.6) are deter-
mined by the sign of Discrim[r + x + x2, x] = 1 — 4r, we examine two cases: 1 — 4r > 0 and

1—-4r <O.
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1) The case 1 —4r > 0. We set 1 —4r = b?> > 0 where b is a new parameter and we get:
r = (1-"0%/4 < 1/4. We may consider b > 0 due to the change b — —b and after an
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Figure 4.1 (continuation): Phase portraits of systems in CSILg

additional time rescaling we arrive at the family of systems
x=x[2x+1)* -1, y=4+(1-b")y, 0<b#1,1/3. (4.13)
These systems possess the following invariant affine lines:

Li: x =0 (double); Ly: x=—(b+1)/2 (simple);

4.14
Ly: x=(b—1)/2 (simple); Ly: y=4/(b*—1) (simple). #.14)

In addition the line at infinity Z = 0 is a triple one. All these invariant lines are distinct due
to the condition 0 < b # 1.

We detect that systems (4.13) possess three finite singularities: M;(0,4/(b*> — 1)) and
My 3 ((—1 Fb)/2,4/ (b — 1)), located at the intersections of the line Ly with invariant lines L;
(i =1,2,3), respectively. For these singularities we obtain

AV =1- =AY, AP =21+b), AP =1-1%
A =20(0-1), AP =1-12
We observe that

APAD —2b(14+0)2(1 1), APAY = —2(b—1)2(1 +b).
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Therefore considering the condition 0 < b # 1 we conclude that the singularity M; is a star
node and Mj is a saddle. On the other hand we observe that the singular point M, is a
(unstable) node if 0 < b < 1 and it is a saddle if b > 1.

Assume first 0 < b < 1. Then the singular point M; (located on the line L;) is a node.
Taking into account that in this case we have L, < L3 < L; and the fact that by Lemma 4.5 the
singular point N;(1,0,0) is a node, we obtain the phase portrait given by P.8.35.

Suppose now b > 1. In this case the singularity M, is a saddle and we have L, < L; < L3.
Since Ni(1,0,0) is a node we arrive in this case at the phase portrait given by P.8.34.

2) The case 1 — 4r < 0. Then we can set 1 —4r = —b?> < 0,i.e. r = (1 + b?)/4 and due to a
time rescaling systems (4.6) become

x=x[2x+1)*+b?), y=4+(1+b)y, b>0. (4.15)

These systems possess the unique real finite singular point M (0, —4/(b* + 1)) which is lo-
cated at the intersection of the (unique real) invariant lines x = 0 and y = —4/(b*> + 1). For
this real finite singularity we determine Ay = (1 +b?)/4 = A,. So systems (4.15) possess a star
node.

Since by Lemma 4.5 the infinite singular point Ni(1,0,0) is a star node and the existence
of exactly three real singularities (M, N1(1,0,0) and N>(0,1,0)) of the above systems clearly
this leads to the unique possible phase portrait which corresponds to P.8.37 (see Figure 4.1).

vs) Config. 8.39. According to Table 4.1 we consider the family of systems

x=x[b*—(2x+1)?, 0<b#1,1/3,

4.16
y = (b*—1—8x —12x%)y, (4.16)

which possess the following invariant affine lines:
Li: x =0(double); Lp: x=—(b+1)/2(double); 4.17)

Ly: x=(b—1)/2(double); Ls: y = 0(simple).

We also detect that systems (4.16) possess three finite singularities:

On the other hand systems (4.16) possess three finite singularities, located at the intersec-
tions of the invariant line Ly with Ly, L, and L3, respectively: M;(0,0) and My3((—1F0)/2,0).
For these singularities we obtain

Agl) — bZ —1= /\él),. /\§2) — _Zb(]_ + b) = )\gz); /\fﬁ = Zb(l — b) = )\f)

It is clear that due to the condition 0 < b # 1 the types of these singularities are well deter-
mined, and namely, all three are star nodes.

Next we examine the infinite singularities of (4.16) for which we have C3 = 8x%y. Hence
at infinity we have two singularities: Nj(1,0,0) and N>(0,1,0). Considering Theorem 3.1
(see Config. 8.39 from Figure 3.1) we conclude that Nj(1,0,0) is a simple singularity whereas
N>(0,1,0) has multiplicity 9 (six finite singularities coalesced with three infinite on the line
Z =0).

Constructing the corresponding systems at infinity, possessing the point N;(1,0,0) at the
origin of coordinates, we get the systems

i =8u+4uz, z=—4z—42> -2+ (4.18)
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Evidently the singular point (0,0) of these systems (which corresponds to the infinite singu-
larity N1(1,0,0) of systems (4.16)) is a saddle for any value of the parameter b.

Thus considering the types of the finite singularities and of the simple infinite singular
point N;i(1,0,0) as well as the existence of three four invariant lines (4.17) we arrive at the
unique phase portrait which corresponds to P.8.39 (see Figure 4.1).

7vs) Config. 8.40. Considering Table 4.1 we have to examine the family of systems

X = x[b2—|—(2x+1)2], b >0,

4.19
y = (b* 4+ 1+ 8x+ 12x%)y, (*.19)

which possess the unique real finite singular point M;(0,0) for which A; = 1+ b2 = A,
Hence this singularity is a star node located at the intersection of unique real invariant affine
liney =0and x = 0.

For systems (4.19) we have C; = —8x%y and considering Config. 8.40 from Figure 3.1 (see
Theorem 3.1) we get the same two infinite singularities: Nj(1,0,0) (simple) and N>(0,1,0)
(of multiplicity 9). We detect that N;(1,0,0) corresponds to the singular point (0,0) of the
systems

= —8u—4uz, z=4z+42>+72°+ b7 (4.20)

and hence this singular point is a saddle for any value of the parameter b.

Thus considering the existence of exactly three real singularities (M;, N;(1,0,0) and
N>(0,1,0)) of the above systems as well as of two real invariant lines x = 0 and y = 0 we
get the unique possible phase portrait which corresponds to P.8.40 (see Figure 4.1).

v6) Config. 8.44, 8.45, 8.46. Considering Table 4.1 we observe that each one of these three
configuration corresponds to the same one-parameter family of systems

x=x(1+x)2+r+x+rx),

. ) (4.21)
y=Q2+r+3x+2rx+rx)y, r(r+3)(r+2)(3+2r)#0

for different value of the parameter r. More exactly we have Config. 8.44 (respectively, 8.45;
8.46) if —2 < r < —1 (respectively, r < =2, r > —1).
The above systems possess the following invariant affine lines:

Ly : x =0 (triple); Ly : x = —1 (double);
(4.22)

r+2 . ' A (e
Ly: x= i (simple); Ly : y = 0 (simple).

All these invariant lines are distinct due to the condition (r 4 2) # 0.

We detect that systems (4.21) possess three finite singularities: M;(0,0), M>(—1,0) and

M3( — :%,O), located at the intersections of the line Ly with invariant lines L; (i = 1,2,3),

respectively. For these singularities we obtain

AV —o4r=a); AP = 1220,
NOEREY: N (r+2)
1 r+1’ 2 (r+1)%

Therefore we conclude that the singularities M; and M; are star nodes, whereas the type of
M, depends on the the sign of the expression (r +2)(r + 1). More precisely we have a node if
—2 <3 < —1 and we have a saddle if either r < —2 or r > —1.
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On the other hand for systems (4.21) we have C3 = x3y, i.e. at infinity we have two sin-
gularities: N1(1,0,0) and N(0,1,0). Considering Theorem 3.1 (see Config.8.44 — 8.46 from
Figure 3.1) we conclude that N;(1,0,0) is a simple singularity whereas N»(0,1,0) has multi-
plicity 9 (six finite singularities coalesced with three infinite on the line Z = 0).

Constructing the corresponding systems at infinity, possessing the point Nj(1,0,0) at the
origin of coordinates, we get the systems

i=u, z=(1+r)z+ 3+2r)2*+22° +12° (4.23)

Evidently the type of the singular point (0,0) of these systems (which corresponds to the
infinite singularity Nj(1,0,0) of systems (4.21)) is a node if r > —1 and it is a saddle if r < —1.

Since the singular points M; and M, are both star nodes, it remains to examine the cor-
responding intervals of the variation of the parameter  and to determine the types of the
singularities M3 and Np(1,0,0). Moreover it is necessary to detect the position of the invari-
ant line L3 with respect to L1 and L. This information is sufficient to get in unique mode the
corresponding phase portrait.

If r < —2 then M3 and N;(1,0,0) are both saddles and we get L, < Lz < L;. As a result
we arrive at the phase portrait given by P. 8.45 (see Figure 4.1).

Assume now —2 < r < —1. In this case M3 is a node and N;j(1,0,0) is a saddle. On the
other hand we have L, < L1 < L3 and this leads to the phase portrait which corresponds to
P.8.44.

Admit finally, » > —1. Then M3 is a saddle, N;(1,0,0) is a node and L3 < L, < L;. In this
case we get the phase portrait given by P.8.46 in Figure 4.1 and this completes the proof of the
statement (B) of Main Theorem.

(C) To prove that only 30 among 52 obtained phase portrait are topologically distinct it is
sufficient to evaluate for each one of them the geometrical invariants presented in Remark 4.2.
In such a way we get Diagram 4.1 which proves this statement of the theorem and therefore
completes the proof of Main Theorem. O
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