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Abstract—This paper is the sixth in a series of papers devoted to two-dimensional homogeneous cubic
systems. It considers a case where a homogeneous vectorial polynomial in the right-hand part of the
system does not have a common multiplier. A set of such systems is divided into classes of linear equiv-
alence; in each of them, the simplest system is a third-order normal form which is separated on the
basis of properly introduced principles. Such a form is defined by the matrix of its right-hand part
coefficients, which is called the canonical form (CF). Each CF has its own arrangement of non-zero
elements, their specific normalization and a canonical set of permissible values for the unnormalized
elements, which relates the CF to the selected equivalence class. In addition to the classification, each
CF is provided with: a) the conditions on the coefficients of the initial system, b) non-singular linear
substitutions that reduce the right-hand side of the system under these conditions to the selected CF,
¢) obtained values of CF’s unnormalized elements. The proposed classification was primarily created
to obtain all possible structures of generalized normal forms for the systems with a CF in the unper-
turbed part. This paper presents another application of the resulting classification related to finding
phase portraits in the Poincare circle for the CF.

Keywords: homogeneous cubic system, normal form, canonical form.
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1. INTRODUCTION

This study continues a series of papers [ 1—5] and all the designations introduced previously are used here.
There are references to the proofs performed using the Maple software package and these are accessible in
any of the following archives: https://github.com/Vladimir-Basov/DE, https://github.com/A-Cherm/DE.

This work completes the classification of the real systems (2.1) from [1, Sec. 2]

. . 3 2 2 3
X = B(x, %), X =PBx,x%) (B =ax +bxix,+cxx; +dx; #0),

A:(al hc‘%j. (11

a b ¢, d,

which are identified with the matrices

‘We consider a case which was not investigated in previous studies, namely, /= 0, which means that the
polynomials P; and P, does not have a common multiplier of nonzero degree.

Earlier, in [2] for the systems with / = 3, in [3, 4] for the systems with / = 2, and in [5] for the systems
with /=1, where /is the degree of the common multiplier of P, and P,, the following results were obtained.

The set of systems (1.1) has been divided into the equivalence classes with respect to the linear nonsin-
gular substitutions (2.2) from [1, Sec. 2] x; = ry, + 515, X, = 1Yy, T s,¥,, which are identified with the
matrix

L:(ﬁsj, §=detL #0. (12)
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TWO-DIMENSIONAL HOMOGENEOUS CUBIC SYSTEMS 249

In each class, we have succeeded in separating the generator being the “simplest” system called a nor-

mal cubic form, with the matrix A called a canonical form; this form is designated CFim’[ (see [2,
Def. 1.10]), where m is the number of nonzero elements of A and / is the maximal degree of the real com-
mon multiplier.

The separation of canonical forms is based on the structural and normalization principles developed
in [1, Secs. 1.1 and 1.2] to maximally simplify the reduction of perturbed systems with different CFin the
unperturbed part to the generalized normal forms. The definition of the generalized normal forms and the
constructive method for obtaining their various structures are presented in [1, Sec. 1.3].

In addition to the selection of arrangement of non-zero elements and the selection of normalized ele-
ments for each CF,-'"", the notion of canonical form presupposes the presence of the canonical set cs;" ’[,
introduced in ([2], Def. 1.9), that describes the set of values of the unnormalized elements of the canonical
form at which it cannot be reduced to no one of the previous structural forms SF (see [2, Def. 1.3]) by
using substitution (1.2). In [2—5] we have succeeded in writing out all cs;" ! with /= 1,2, 3.

In addition, for each canonical form obtained with /> 1, we have written out explicitly the conditions
on the coefficients of the initial system and the substitution (1.2) that reduces this system to the selected
form CE'”’[ , as well as the concrete values of the parameters from cs,-”"/.

In this study, analogous investigations have been carried out for the systems with / = 0.

The list of canonical forms with / = 0 and m < 4 is presented in Section 2; the canonical sets of param-
eters’ values corresponding to them are separated. Unfortunately, it seems to be impossible to obtain CE'”’O

and cs;" * with m > 5 because of insurmountable technical difficulties. This does not allow us to perform a
complete classification of homogeneous cubic systems, however, the absent part represents a minimal
practical interest, since the main purpose of this classification related to normalization of the per-
turbed systems having a canonical form in the unperturbed part, in fact, cannot be fulfilled at m > 5,
also because of insurmountable technical difficulties. Even at m = 4, we were able to obtain all struc-
tures of generalized normal forms only with one canonical form defined by the quadratic polynomial

2 2
(—x1 - x1x2)/(x1 + xlxz).

In Section 3, it is completely investigated under what conditions the initial system (1.1) can be reduced
to any of the separated forms CE””O withm=1, 2, 3.

Another application of the classification obtained is presented in Section 4, namely: for one of the
canonical forms, the topological classification in the Poincare circle is performed. For this purpose, the
classification obtained is compared with another classification proposed by A. Cima and J. Llibre in [6],
in which the set of systems (1.1) is divided into ten linearly nonequivalent classes with explicitly written

generators, after that, for all representatives of each class at / = 0, all possible phase portraits in the Poin-
care circle are found.

2. SEPARATION OF CANONICAL FORMS AND CANONICAL SETS AT /=0

Let us separate from the list 1.1 of [2] the structural forms SE.'"’O with m =2, 3, 4 of system (1.1) (there
are 32 such forms), normalize them according to the normalization principles, and find out which of the
obtained normalized structural forms designated as NSF (see (|2, Def. 1.6]) are the canonical forms.

uv 01 d NSE GuOvl
an =
0001 ? 0001

u, v are reduced by means of substitutions (1.2) to some previous structural forms, according to structural prin-
ciples.

Statement 2.1. Only NS F44’0 = (5[ j at all nonzero values of parameters

Proof. NSF,"* and NSF,"* are reduced by the substitution with , = 0, s, = 6,.s,, in which 6, : 6 — 62 +

vO + u, to SF"°. Examination shows that 30 remaining forms NSF™° (m =2, 3, 4) are CF™".

m,0 s

Notation 2.1. Here and in what follows: (1) the phrase “is reduced to some SF means that the indi-
cated form or one of the forms previous to it is obtained; (2) the phrase “6,,: polynomial of 6” means that
0,. is any real zero of the polynomial.
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250 BASOV, CHERMNYKH

Let us write down all canonical forms, their canonical sets, and resultants R (see ([7; 1, Def. 2.1]), the

form of cs™" will be justified below in Statement 2.2.

K000
List 2.1. Thirty CE™, ¢s™°, their R (m =2, 3,4; 6,k =*1; R, u, v # 0): CFY =c(0 00 1) . CRiy=
2

000K, o (1 00) pso _ (ROwO) sy (wOOL) sy (1004
1000) 0001)° > 0001) " 0001) "’ 0010);

u001 100 u 0u0x 001 u
CF:’ = o j,CB%(’:c( j,caé?ﬁo[ j,cai°=o[ j,CFf‘"’=
9 11

0100) 1000 1000), 1000
GquO 'CF4’0—(5”1V0 CF4’0—GuOV0 CF4,0_GL100V CF4’0_0L40V0
0011)° ? 0001)° " 0011)°° 001 1) * “lo10xk)’

luoOv u001 ully uvO0l
CFy’ = , CFY’ = , CF’ = , CFy’ = , CRY’ =
b 6(00101 5% 010v) " TC%0010), " T %0100),
u00v 40 u00v 40 ulOvl 40 luOv 40

., CRy’ = ., CRs' = . Ch' = , Chy' =
0100110 2 0(011010 » ~ %o100)> " T %1o000) T
OuOv 40 ul0lyv 40 00uv 40 OuOv 40
c , CF5y7 = © , CF;" = © , CF,. = © , CFs =
100 J” ! [1 00 0]12 ? 1001), % 10x0),> %
GOulV CF4’0—GOOIM CF4’O_GOOMV )
1000), % 1ovo), 7 1100),

20 o 20 o 30 3. 30 _ _ 4 30 p 3,30 o
tes;, R=x;tesy., R=—x;tes, R=u’; csy, ={u#3/2atx=—1}, R=1;tcs; , R=u?tesy, R=
LK 10,x 1 2,x 4 9

—u; tesiy, R=u; tesyys R=—u3; tesyss R= = 153, R=—u; esi” = (v = u; (u, v) = (1/9, 1), (1/3, 1),
(—1/9, =1}, R=u2(u — v);

esy’ ={v = Bu)~, 1 +209u)", (12u + 1 = (1 — 8u)'?)(8u)~"}, R = u?;

sy’ = {v # —u,3/2 £ (=2u)""%}, R=u’(u +v);

ese? ={v = u, Qu+2u2/27}, R=u*(u—v);

esge = (v = u; (5, u, v) #= (1, —1/3, =3); v # k(3u — 2)Qu — 1)~ at k(1 — 2u) > 0}, R = uk(ux — v)%

esd ={u# 1;v = Qu— 122 — u)/27, u*(3 — 2u)/27; (u, v) = (2/3, 4/729)}, R= —

est ={v #= —u=3; u = 2/3 at 3((0% — 4v)/20,)> +12v <0, 0, : 03+ 3v0 — 3}, R=u(’v’ + 1);

esid = {(u, v) = (173, =2/3); v = (1 — 9u £ (1 — 3u)(1 — 12u)2)u2/27}, R= —uy;

esiy = {(u, v) = (1/3, —6'7); v # 2172 — 3uyu~'/3/2}, R=u;

esy) ={v=u;v=utatu>0}, R=(u—v)

esyy = {(u, v) = (1/3, 1/6); v = u, Qu — 1)(3u — 2)73, —16u2(u — 1)"'Bu + 1)73}, R= uv(v — u);

sy ={(u, v) = (1/3, 3%3), (5/9, 3173, ((6;, + 1)8; /2, (6;, — 3)(20,)7"), 0, : 0 — 06 + 150° + 9}, R=u;

sl = {(u, v) # (9/8, —27/32), (—18, 216)}, R=—v";

eswd ={v = —u; (u, v) = 3R £v2)¥3/2, 12722 £v2)'%), (3 x 27135 — 1)13, (28 £ 12V/5)%/2),
(32/3’ _31/3)} R=—u?— V3;

essl = {(u, v) #= (=213/6, —213/3), (23/3, 213/3)}, R=—" ;

cs3§ ={(u,v) =3, -1}, R=u*— v ;

eyt = v = u; (u, v) # (—x, 1/3), (V5 + 36)/2, =(3 + V5)/18), (2K + /3, —=(2 + V/3x)/3); (v, ¥) =
/9, 1); (u, v, k) = (1, —1/9, —1); v # —Qu — K)(u — 2K)/9 at u > k/2; u = K at v > 0; (u, K) # (—1, 1) at
v>—1/9; (u, k) # (1, —1) at v € (—oo, —1) U (0, +o0)}, R= —v(uk — v)%;
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esys = {(u, v) = (2 % (3/5)3,2 x 7571/3/3), 3V6(\3 £ 1)/2, 37/%(£3 —/3)/6); v # (3u)™'}, R=—v";

sy = v = —u% (u, v) = ((2/81)'3, —(3/2)'3), (=275, 2745), ((8/3 + 22)'/3, (3 £ 3V2)'3),
(223, =2'73), (=26}, (1 — 36;)6} "), 0, : 546° — 1866 + 1}, R= —u(u® + v);

esy) ={v = u; (u, v) = (1/9, —1/81); v = u?at u>0; v # —u?, u(4u F Bu — 1)(—u)/)Ou+ 1) atu <
0}, R=v>(u—v).

Here, the designation fcs (trivial cs) means that this set does not have limitations on parameters.

Statement 2.2. Only at the indicated values of parameters, the forms NSF,’"’0 presented below are reduced
to previous forms according fo the structural principles:

1) NSFZS,;? atu=3/2, K= —1 is reduced by the substitution withr, =0, s, = \/Esl fo SE3’0;

2) NSF,“’0 :a)atu=1/9,v = 1isreduced by the substitution with r, = —3r,, s, =0 fo SFI3’0; b)atu=1/3,
v = 1 is reduced by the substitution with r, =0, s, = —s, to S}793’0; c)atu=—1/9,v = —1 is reduced by the
substitution with r; = 3r,, s, = —3s, 1o SF;3’O;

3) NAS’I";"0 ca)atv = (12u+ 1+ (1 — 8u)/?)(8u)~" is reduced by the substitution withr,= 0, s, = (—1 £
(1 = 8u)'72)s,/2 to SE*°; b) at v =1 + 2(9u)~" is reduced by the substitution with r,= 0, s, = —3us, to SF,”";
c) atv = (3u)~'is reduced by the substitution with r,= 0, s, = —3us, fo SF43’0;

4) NSF" atv = 3/2 + (—2u)~'72 is reduced by the substitution with r, = £(—2u)~'"r,, s, =0 to SF"";

5) NSF64’O atv = (u + 2)u=?/27 is reduced by the substitution with r, = 0, s, = 3us, to SF" +0.

6) NSFST,‘CO: a)atx=1,u=—1/3, v =—=3 is reduced by the substitution with r, = —I3r,, s, = x/gsz to SF;
b) atv = x(Bu — 2)Qu — 1), k(1 — 2u) > 0 is reduced by the substitution with ry = (x(1 — 2u))"r,, s, =
—(x(1 — 2u))"s, to SE™;

7) NSFlo a) atv = Qu — 1)>(2 — u)/27 is reduced by the substitution with r, = (1 — 2u)r2/3 s, =010
SE4’O; b) at v = u*(3 — 2u)/27 is reduced by the substitution with ry =0, s, = —3u"'s, fo SF3 0, c)atu=12/3,
v =4/729 is reduced by the substitution with r, = —9r, s, =9s,/2 10 SF34’0; d) atu =1 is reduced by the sub-
stitution with r, = 0, s, = —3s, fo SF6 ;

8) NSF" atu=12/3,3((82 — 4v)/20,)* + 12v <0, 0,: 0% + 3v0 — 3 is reduced by the substitution with
1 =—(0; —4v)/40, + (=3((0; — 4v)/20,)* — 12v)'2/2, 5, = O,s, to SF**;

9) NSE‘é’O: a) atu = 1/3, v = —2/3 is reduced by the substitution with r, = 2r,, §; = —S, 10 SF,SS’O; b) at
u<l/12, v =1 —9u £ (1 — 3u)(1 — 12u)"">)u~?/27 is reduced by the substitution with r, = (1 + (1 —
12u)'2)(6u)"'r,, 5, = 0 t0 SF**;

10) NSE3’: a) at u = 1/3, v = —6'7 is reduced by the substitution with r, = —(60 + 3673)13r,/2, 5, =
((9V3 = 15)/2)3s, to SE"; b) at v = 232 — 3u)u~"3/2 is reduced by the substitution with r, = (u/2)r,,
s, =—(4u)"s, to SE‘é’O;

11) NSE’ atu >0, v = u~2 is reduced by the substitution with ry = —u'?r,, s, = u"s, to SF;"°;

12) NSF;;O a)atu=1/3,v =1/6 is reduced by the substitution with ry =0, s, = —2s, to S1784’0' b)atv =

QQu — 1)(Bu — 2)73 is reduced by the substitution with ry = (3u — 2)ry, s, = u(Bu — 2)(1 — 2u)~'s, to SE‘;O,
¢) atv =—16u*(u — 1)"'(3u + 1)73 is reduced by the substitution with ry = (u — 1)Bu + 1)(4u)~'r, s, =

—QBu + 1)s,/2 10 SE3°;

VESTNIK ST. PETERSBURG UNIVERSITY, MATHEMATICS Vol.53 No.3 2020
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13) NSE: a) atu=1/3, v = 3% is reduced by the substitution with r, = —3'r,, s, =010 SF,"°; b) atu =
5/9, v = 3\ is reduced by the substitution with r, = 3*3r,, s, = —3%3s,/2 to SE,"°; ¢) at u = (0, + 1)6;"/2,
v = (0, —3)(20,)7", 0,: 0° — 06 + 150° + 9 is reduced by the substitution with r, = 0,r,, s, = —(0;, + 1)(20,)"s,
to SFy";

14) NSE: a) atu=9/8, v = —27/32 is reduced by the substitution with r, = 3r,/2, s, = —3s,/4 to SF";
b) at u = —18, v = 216 is reduced by the substitution with r, = 3r,, s, = —6s, to S}7245’0;

15) NSF": a) atu =32 * V2)23/2, v = 32722 £ V2)' is reduced by the substitution with r, = (2 +
V2)1B3ry, 5= —(2 £N2)3s, 10 SFH;b) aru =3 x 2735 — 1)13, v = (28 + 124/5)1/3/2 is reduced by the
substitution with r, = —(28 £ 12/5)13r,/2, 5, = 27133 T /5) /s, fo SFYY;c)atu= 33 v =313 s reduced
by the substitution with r, = —3'r,, s, = 0 to SFy";

16) NSFY: a) at u = —213/6, v = —213/3 is reduced by the substitution with r, = 2, s, = —213s, 10
SF’;b) atu, v = 2'3/3 is reduced by the substitution with r, = 2'/r,, s, = =225, to SF;3";

17) NSF;;’O atu =3, v = —1is reduced by the substitution with r, =r,, s, = —s, 10 SFé4‘0;

18) NS]@‘:&: a) atu=—x, v = 1/3 is reduced by the substitution with r, = (6x/3 — 9K)/%r,/3, s, = —(6x/3 —
9K) /22 + V3K)sy/3 10 S b) atu > x/2, v = —Qu — €)(u — 2K)/9 is reduced by the substitution with r, =
(6u — 3K)12ry/3, 5, = —(6u — 3K)2s5,/3 t0 SF**; ¢) atu = (V5 + 3K)/2, v = —(3 + V/5x)/18 is reduced by
the substitution with r, = (65 — 61)2(3 + \5K)r,/ 12, s, = —(6:/5 — 6K)1/25,/6 10 SEY;dyatu=x,v>0
is reduced by the substitution with r; = v1/4r2, s = —vlms2 to SF84’0; e)atu=1,v=-1/9, K= —1 is reduced
by the substitution with s, = x/§(1 + \/E)sz/3, ry=—J31+ «/E)rl to SF;‘O; atu=2x+ \/3, v=—02+ \/51()/3
is reduced by the substitution with r, = (653 + 9K)1/2r,/3, 5, = —(2\/3 + 3K) 25, 10 SE e atv=u/9,x=1
is reduced by the substitution with r, = x/gri, s, = —J3s, fo SF241’0; hyatu=-1,v=2-1/9, x =1 is reduced

by the substitution with r, = (6v + 2 + 2€)12r,/2, 5, = —(6v + 2 + 26)*@Bv — 1 + O)(8v) s, to SE", € =
((v+DOv+ 1)) atu=1,v e (=0, —1) U (0, +o0), kK = —1 is reduced by the substitution with r, =

(—6v — 2+ 20)12r)/2, 5, = —(—6v — 2+ 20)"*(=3v + 1 + £)8v) s, 10 SF3°, £ = (v + 1)(9v + 1))/

19) NSEL’: a) atu =2 x (3/5)'3, v = 2 x 757153/3 is reduced by the substitution with r, = —15-1/3(5 +
25 ry, 5= 151325 — 5)3s, 10 SF*°; b) aru =363 + 1)/2, v = 3-V8(£3 — \[3) /6 is reduced by the
substitution with r, = 3%, s, = =333 £ \/3)s5,/6 10 SE"; ¢) at v = (3u)~" is reduced by the substitution
withs, =0, r,= —ur, to SF;’O;

20) NSF": a) atu=—205, v = (1 — 30,)0; is reduced by the substitution with r, = 0,r,, s, = 20,(30; —
1)s,, 0, : 540° — 186° + 1 10 SF,"°; b) at u = (2/81)'3, v = —(3/2)'3 is reduced by the substitution with r, =
37134 £ 2V5) P, 5, = 37134 7 2V5) s, 10 SEM; ¢) atu = —2-53, v = 2743 s reduced by the substitution
with s, =—213s,, r,=223r 10 SE"; d) atu= (8/3 + 24/2)13/3, v = (3 + 3v2)'* is reduced by the substitution
with r, = (36 £18V2)" 1, /3, 5, = (=1 F 2v2/3)"s, 10 SF¥°; €) at u= 223, v = —2'3 s reduced by the sub-
stitution with ry = 2%°r,, s, = —2-13s, 10 SF;2";

21) NSF;;’O: a)atu=1/9, v = —1/81 is reduced by the substitution with r, = (—1 + \/g)r2/6, s =(—1-—

J5)s,/6 10 SE*; b) at v = u?, u > 0 is reduced by the substitution r, = —u"r,, s, = u"s, to SF’; ¢) at v =
u(du F Bu — 1)(—u)"?)u + 1)~ u < 0 is reduced by the substitution r, = +(—u)"*r,, s, = 2u(+(—u)"/? —

3u)~lsy 10 SE'; d) at v = —u?, u < 0 is reduced by the substitution with r, = (—u)"*r,, s, = —(—u)"s, to SF.".
The proof'is presented in the file statement.mw of the archive (see Introduction).
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Now let us find the linear substitutions (1.2) that, preserving the investigated form CE'”’O (m=2,3,4),
change in it the values of parameters in order to maximally limit their possible values.

Statement 2.3. There are only the following cases in which it is possible to change in CE’"‘0 the value of 6
from —1 to +1 by means of substitution (1.2) with preserving the values of other parameters:

CE?;O with K = —1, the substitution with r, s, =0, s, r, = 1;

CFlf)’,?(, the substitution with —r,, s, = —1, 5,1, = 0;

CF3° with u = —1/3, the substitution with r,, —s, = 371/, s, = 21/33-1/6 p, = 22/33-5/6,

CFZ33’0K, the substitution with r|, —s, = 1,5, r, = 0;

CE™ withu=—2/9, v = 3, the substitution with —r,, s, = 572, 5, = —6 x 5712, = -2 x 5-1/2/3;
CF§4 « With u = —x, v = —1, the substitution withr, s, =0, s, r, = 1;

CEY with u=—(3/2)'3, v = 213343 the substitution with r,, s, = =—(2/3)'3, r,= 12173,

Statement 2.4. In four forms CE”” , it is possible to change the values of parameters u, v by using substitu-
tion (1.2):

1) CE* with 6 = G,, u = u,, v = v,, by the substitution with r,, s, =0, s; = u[2u;", s = |u,|"/>v5", is
reduced to itself with G = G SigN iy, U = vy, v = vy ; in particular, at|v,| > 1, it is possible fo obtain |v| < 1;

2) CF with K = Ky, O = Gy, U = Uy, v = vy, by the substitution with ry, s, =0, s; = [u[~"/2, r, = |v,[7'/2,
is reduced to itself with K = sign(u,v,), G = Oy SIgN Vy, U = KuVi » vV = Kylly ; in particular, at |uy|, |v,| > 1, it
is possible to obtain |ul, |v| < 1;

~7/6,  -1/3

3) CFY° with 6 = Gy, U= uy,, v = v, by the substitution with ry, s, = 0, 5, = |u,|"1/2, ry = u,|u,]

is reduced to itself with 6 = O, signuy, u = uy vy, v = v,*u;*"’; in particular, at lu,| > 1, 1 < |v,| < ug, it

is possible to obtain |ul, |v| < 1;

I*I

4) CFy with u= u,, v = vy, X = K, by the substitution with r\, s, =0, s, = v |uv|_3/4, = |uv|_1/4 is reduced

to itself with K = sign(u,vy.), U = Uy, IKK*, v = V*u;2 and the same G; in particular, at |u,| > 1 it is possible to
obtain |u| < 1.

3. REDUCTION OF THE INITIAL SYSTEM TO EACH OF CF"° AT m =2, 3

Collection 3.1. Constants and linear nonsingular substitutions used below are as follows:
V1= 38+ 4k, vy =275 — 4B, v =33+ (368) wa=d + 2708, ws = (=364 )"

Li={r=0,5=3"d,r=>3"7 =23} L ={r=23V2 5 ==3"p, r,=0,s,=3"a,}, L,=
{r1 =0, 5= (=00 + (by — 2¢))C + 2¢; — 3d))(/3, r, = 1,5, = ((2b, — 3a,)C* + (¢; — 2b1)C — ¢1)/3}, where
{ is any real nonzero number that is not a zero of polynomial Q = (a, — b,)(? + (b, — ¢,){ + ¢, — d,, since

detL; = —CO(0);

L = 1{rn = (G3a — Gy)"n/6, s, = 3a + Gy *)s,/6, r, = 3297?36 — Gu)? T s, =
W2y 7 3a + Guy) 2,

g o=t = a5 =0, 5 = i), By = {r = Ody, + Gy)68) 'y, 5 = (9, —
Gua)"2)(66) s, 5 = W, (9, + (B3wy) Db /18, 1y = 22194, + (Bwy) 21736,

L?IO ={r =N, 51 = 0,8, 1= (G — M) My — 9*)_ My + 6, — dl)_ |d1 — N« |_1/2/37 $5= My — 9*)‘1|t71 -
n*|71/2}’

L320 {rl n*r2, $ = e*sza = \/E(n* - 9*)_1 |él - 31]* - e* |_1/2: § = (T]* - 9*)_1 |dl - ﬂ* |_1/2}a
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3,0 -2 ~_1 172, 130 I B _ _ Rls /2y 430 _
Ly ={r,s=0,5= |a1| » =g, 1| }L42_{’”1 —3d,n,¢, ’51_0"'2__32:52_\/3|‘31| b, Lz =

{rl = T]*"z: 1= 6*52: = (T]* + e* - al)(al - ﬂ*) S2, S = ( * - 9*)_1|51 - T]*|_1/2},

~ 1/2 ~ 0 _ _ _ _ ~ _
Ly =1{r,5,=0,5,=d, |d)| b LS5 = {1 =My 51 = 045, 1, =3, — )l + 2n, 72,

bl m=la"

o ~ -1 _ _ _ _ 1/3~ 1/3 172 _
s, = —(a + 2@ — My rn/3}, L9;3 ={r = -0,/2,5 = 0,8, =06 |\|/3| s $5 = 2ys(y; —
~ -1
9(1]) /3}5
3,0 ~1/3 1/2 = -1/2y 430 . e —1e[? g = —335 (382 +
L5, =1{r,s=0,5= | | _|C| |2 L152 ={rn=0,s,=-¢¢6 52”"2_|‘31| s 8§ = — (3¢ +
~3\-1/3 1/2 _ /2 1 33|52 5 _ _
é) |Cl| }s L|5;3 ={r= |Cl| =0,rn=2060¢ "lasz |C1| b L154 ={r =Muh, 5= 0,85, 1, =

la, — MMy — 8,7, 5, = <3a1 — 311*)‘/3(11* +30, — d) ”%}, L9s = {r, = 2=6,/3)"ry, 5, = £3"2(h +
&)=6)"25,/6, 1y = 2=36)"4 b + 36,7, 5, = 2Y3(=36,)"(by — &) by + 36}, Ligg = {ry =
~4dy) 1y, 51 = (dy/2) 5y, 1, =27 dy Pl + (4dy) P2 /3, 5,= 67(a, + (4d5) ) P ((4dy) P —2a) 7 ny),

-1/2
|, s, =0,5

Ly = {r =My, 51 = 0,5, 1 = |a1| My =007 5= M —a)d 'n}, Lo, ={n =14
= @@y, Loy = An s = 0,5, = dld| &, ro=|d[ ) Ly = 0 = (4d)n/2, =
2P \a[ 2 dy 3,5, = ~(4dy)" sz,sz—u—z‘“~ ‘”3>a | 2 /3, Do = {r = —0413/2, 5, = 0,55, 1, =
36/(505 — 4d)8,|V2, 5, = 9725,(58; — 4d,)8an}, Lys = i1y = 0,5, =~d\"a ">, ry=d; " |a[ ", 5,= —ry},

3,0 —|573/8 30 _ —_|5I7/8 _ _ |5 30 _ _
Ly ={r,5=0,5 = d||d1 a"2_|d1| I8 lQ3;2—{r1—|d1| 8,1 =0, 52_|d1 b Ly = {n =

2] a2 3051 = (/D) sy, ry = sy 25) 7 5= =2 A wads P a7 3, D = in =0
si=drs, 1, =2""12d; —dy |"°, 5, = dyd; '5,}, Lyys = {1 =Murs, 51 = 045y, 1= 2", — 0,) 7|, + 20, |&, —
M™%, 5= My — @) — 0,15}, Lyng = iy = =2(6./18) "y, 1y = Vo1& 419G, + 18y 18 e’ —
26)[7%, 5= ~(6/18) sy, 5,= =129 x 187 a + &)y /93, sy = {r = F(=d)"*ry, 5, = H(=d))*s,, 5,
Atd, + (-d)*d)(~d) s, = (<2d)"°|2d, + (-d)"d,[Vd, £ (=) d, [0 )2, DY = {r =
~4dy)"ry, 51 =(dr/2) sy, 1y = 2“/2“d2‘/3| &+ 4dy)'"°1'? /3, 5,= -9 x 272 d; (@ + (4dy) s}, L =
I =4-6/3)"n, 5 =F0(=36)"s,, , =3 o, * 1o+ &G - &) 50 = Fb — 6)1(=38) 5 /31,
L3z’£;10 =1{n = +(—3d~1c2)1/252 1"2: s =0, n, = 31/4|52|1/2|‘?1|71/4|2522 - 9‘71 |_3/8, S = ¢d~1(2522 -

9d,)(=3d,&,)”"*& '},

| 9/8 |—3/8

-

lf32’40;1 ={n=0s= ‘?1‘72_152’ rn= —37 |J2|_I/2s Sy = |3¢?2|_l/2}, lf32’40;2 ={n= 511/3 |Cl|71/2 S, =0,5=
|61|*“2} Ly ={r=an, s, =3a| "%, rn=3"a"a["*@d —2a)"", s,= 0}, i, = (= 24d,) "n,
_ (2/3)7/6d1/3 |d2|1/6 (21/3a,1 + 3d4/3)1/3|21/3d + 3a,4/3| 1/2((7;/3 . 21/3d~ )—1/3 _ —(4d2)1/3s2 LS, =
(2/3)3/2|d2|”6|2”3d1 + 3d,°[V), Lis = {n = Mans 51 = 04, |3a1| P — 007 =
3776 [ (e — 0,07 M — @)Y, Bie = (n = F-aGa) )55 = H-6Ga) ) s, s, = e[ /2,

rn=33"a" |c1| Vs £ 3a) /21,
Let us divide the set of systems (1.1) with R # 0 into three non-overlapping classes:
11d,#0;2]d,=0,a,#0;3]d,=a,=0.
Lemma 3.1. Any system (1.1) from the class k| is reduced by the substitution L, to the system

A4 b & ”zl , (3.1)
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in which

in11: b, = —9¢,d, + 9¢,d,, & = 9be,d, + 27b,d} —3¢; + 9¢’d, —18¢,c,d,,

d, = ,27a,d} — 9be,d, — 27b,d’ + 2¢; —3c’d, + 9¢,0,d,) + 8layd;

G =c +3dy, & =9bd, — 3¢, d, = 27ad’ —Ibcd, + 2¢; atd, # 0;

in2]: b = —9ab, + ba,, & = 9a,b; —18ba,b, + 27¢,ds + Ya,b,c, — 3b;,

a =3a, + by, d, = b,27d3d, — 3a,b; +Ibab, — 27c,a; — Ya,byc, + 2b5),

&, =9ayc, — 3by, d, = 27ayd, — Ya,byc, +2b; atd, =0, a, = 0;

in3l:a, b, ¢é,d,¢,d,atd, = a,= 0 are presented in the file named lemma.mw of the archive.
The proof of Lemma 3.1 is also presented in the file lemma.mw of the archive.

Theorem 3.1. For any CE'”’O (m = 2, 3) from list 2.1, the following is indicated: a) the conditions on the
coefficients of system (3.1), b) the substitution L;”’O that transforms (3.1) under the indicated conditions to

CE™, ¢) the values obtained of parameters from cs,"":

CEY:a)é =0,d, =5/9,¢ = b, d, = —ah/3,y,>0,b) I}, ¢) k= —sign b, 6 = sign(3G, + Gy,)"*);

CFgy:1)a)d =0,b=0,6=0,5=0,d, =0,b) L}y, c) K=signd,, 6 = 1;

2)a) G =0,¢ =-3d,,d, = 27d; — b)), & = b, y, > 0,b) Liy,,c) 6= 1, k= sign b;

CF™: a) Wy 2 0, 30,(@ — )" — 46, 2 0, d = 8,1,(20,1, + Mud, + 26; — M, — 26,d), & = 3(@ —
MO —N,) — 365, dy =26, + (@ — M) (N + M0, — 26;), where 8, 31,0” — 3n,(& — )0+ & = 0,1, =
(3 + (3y,)"*)/6,b) L3}, ©) 6 =sign(@ — M), u = (3N, + 26, — 28)(@ — ) (s + 0, — @) /9;

CEY:a) yy 20, (61, — 3G)2 — 123aM, — 30% + 26,) 20, @ # My + 0, & = 3N + 0,)(@ — M —
6,)/2, dy = 0,0, (M; + 4,0, + 6 — G (N + 6,))/2, dy = (M + 0,) (M, — 6, + (N, + 0,) (65 + 31,0, —
M32))/2, where 0,: 302 + (61, — 3@)0 + 3aM, — 3N + 25, N, = 3a, = (3y))"?)/6, b) L3, ¢) x =
—osign(@ — 3n, — 6,), 6 = sign(d — M), 4 =3(G — N — 0,)(@ — M) /2;

CF’: 1) a) b=0,¢=0,d=0,&=0,b) L}, c) 6 =signg, u = dd ; 2) a) & = (& —
81d))(27d¢)", b = &'d;* /3, &, d, = 0,b) I}, ¢) 6 = sign ¢, u = -81d,¢*;

3)a) @ # My + 04, by = 305 — 3aM,, d = Ny + (O, — @My — O, dr =N,0, (M + 6,.), wherem,: 3n° —
3am’ —em + &, 0, =—Em,' /3, b) L33, ©) 6 =sign(@ — M), 4 = Ny + 8, — @)’(@ — M) s

CF':1)a)d =0,¢ =0,d, =0,é =0,b) L}, c) 6 =signd,, u = d;b"; 2) a) & =M,0,(G — 4n,) +
M@ — M), d = M@ + 20,085 — M3 — N8, — 2@ — M))/3, dy = (@ + M85 + M@ +
M08, — 204(@ — M4))/3, where e 30 — (3 + 25 + &N — @b — &), 6, = —(s — @, + &)@ +
)7, b) L35, ¢) 6 =sign(@ + 2y), u = (& + M)A2G — 2, — 30,)(a — )" /27;

3)a) b =0, d, = 4¢/3, & = 30,0, — 24,)/4, d, = ¢/3, where 8, = —(4¢,/3)", b) L33, ¢) 6 = signys;,
u=16y3(94, — ;)" /27;

CEY:1)a)a =0,b,=0,d,=0,& =0,b) L5}, ) 6 =signé,, u = d¢; ;

2)a)a =66 ', b =2¢,d,=0,d, =2¢/3,b) [}3,,c) 6 =sign &, u=2/3;

3a)a =@ +&)EE) ", b =6, d =-¢6"/3,d, = -¢/3,b) i, ¢) 6 = signé,, u = (3¢ +
26)¢," /3;
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4)a) 3a; + 25 +28)" +123] (B — 28) 2 0,& = (@ — MO, + (@ — MM, + (@ — NI, ) =—~((@ —
AN ) (M + 89N, + (@ — MIN/3, dy = (2 + M0 — (@ — 4NN, — (@ — MINL)/3, where
3G’ — (3a; + 2B + 25,M — (b — 26,), 0, = —(b + &)(3@) ', b) Ligy, ©) 0 =sign(@ — M), u = (24 +
M@ — M) /3;

5) a) @ = T2(-6,/3)"%, & = 137 — &) (=&,) * /12, d, = (b +&)/18, d, = F3X(B] + 6bé, +
&)(=6,)""2/36,b) L%, c) 6= F1,u=1/3;

6)a) b =0,¢ =3d,° 27 a - d,), d, = ad>, & = -3x2""ad,”, b) L5, ) 6 =sign(d, + (4d,)"),
u= (24— (4dy) )@ + <4d2>‘“>‘1/3;

CFy:1)a) b # 0,8 = 3(@ —M,)05 — 38y, d, = (M, — @)6; + M0 + 1,0,., &, =N,0, (N, + 6,,), where
Ne=ad(b +&) ", 0, =6 + &) ' /3,b) Ly, ©) 6 =signd, u=ba (b + &) /3;

2)a)h=0,¢=0,6=0,d,=0,d, #0,b) L3),,¢)c=signd, u=da ";

3)a)d =0,5=0,6=0,6=0,d, #0,b) L});,c) 6 =signd,,u=d;d,";

4)ya)d, #2a;, b = 3(d,/2)"(2a, — (4d,)'"), & = 3@ (4d,)”” — 3d,), d, = d,(8a, — 3(4d,)'*)/2, &, =
3(4d,)”°/2,b) Dy, ©) u=(2"a — dy*y(d,/2)a*, o = sign a;;

5)a) @ = —(30; + 2b,)(60,) ", & = (b0; — 6d,)0;', &, = —4(b0; — 3d)0’, d, = 2(b0; — 3d,)(36,) ",
hO; # 3d,, 4d,; 47 + 184, > 0, where 0,: 36* + 850" — 24d,, b) L5, ¢) © = sign(h0; — 4d,)0,, u
~2"'3(B6, — 3d,)045 (5,65 — 4dy)";

6)a) b =3a"°d)", & =3a"d}”’,& =0,d, =0,b) Ly, c) 6 =signa, u=d,"’a "

CRYA:)a)a =0,4=0,6=0,6%0,d=0,b) [}j,c) 6= 1,k =signd,, u = dé|d| "

b

2)a)d =0,6#0,6=0,8=0,d,=0,b) L3, c) 6= 1,k =signd,, u= b |d| ;

a)a =-2"°02"d +3d,°)dy' 6, %0, b = 3><22/3(d1 +2d,"*)dy??, & = 32" d, + 5d,*)dy ", & =
—3(3 x2°d, +7d;°)(2d,) ", b) Lyss,c) 6= 1, x=—1,u=3 % 2*5/6(2”3411l +3d, W

4)a)a, = —dyd >, b =3d;d; ', ¢ = -3d,, ¢, = —3&5&;'/2, d, #0,b) L)y, ¢) 6= 1,x=sign(2d; —d),
u=23d|ad; — 243",

5)a) dy = My — @)0; + (N — @M, + (2N, + GMB,/2 + aM3/2, & = 36,0, — M,)/2 — 3,8, d, =
(M — @05 + (M + @)M,05/2 + aNs/2, wheren, = (3a0y + b)(30,) ', 0, : (9a; +65)0° + (9, +9ab, +
66)0” + (64 5, + 257), b) L5, ) 6 = 1, K = sign(N, — @)(@ + 20,), u = 3G(& — M,)|a — n, |24, +
40, [;

6)a)a =0, b =187°18"ae” + 281°)/6, d, = &1 x 18 — 27a)/162, &, =18"°¢*(9a, — 2 x
187367108, d, = (18 @& — 36)/9,b) L%, ¢) 6 = 1, k= —sign(9a, + 18”°&) (18" &> — 26), u =
3 x18%a¢6"9a, + 18776 |e | |0a +18°°6°y 18 a e’ —26) 2 /2;

7)a) & = —dy-d)"”, b = 3(d £ (=d) " d))(~d))"*, 6 =0,8 =—b,d <0,b) [};,c) 6 =1, k=
—sign(d, * (-d)"'d)Qd, + (=d)"*d)), u = 3(-d)""(*d, + (-d)"*d)d,|d, + (-d)"*d,[|4d, *
2(—51)]/4d~2 |—l/2;
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8)a) a =0, b =-3x2""d" @ + 4d)"), & = -3d,°2"a + d,°), &, =3 x 2°d,"Ga, +
2Pd) /4, d = —dy(@, + 3(4dy))/2,b) Ly, c) o =1,k =—1,u=3x 275G + (4d,)*)";

9) a) & = +2-5,/3)"7, & =B - &) =38 d =~ + b'E — 26 — &)98) ', & <0, dy =
T — 2b&, — &)(=36) "2 /3.b) Ly, ©) 6= 1, x = —sign& (b, + &), u=-3[&[* &' |5 + & [

10) a) &, = 726 (-3d,&,) % /3, & = -3d,, dy = +d&(=3d,&,) "2, dé < 0,b) LY, ) 6 =1, kK =
—sign(2é; — 9d,), u = —-3d,é,(2¢; — 9d,)|2¢; — 9d, | 2|a71|‘1;

CF;y: 1) a)d, #0, 4 =—dyd,’, b =3d>d;", & =-3d,, & = -3d5d, ", b) Ly, ¢) 6 = —signd,, u
971} — 2dy)dy "

2)a)d =0,b=0,d,#20,& =0,d, =0,b) L};,,c) o =signé, u=dé *’;

3)a)h =0,¢& =-3G,, ¢ =33, d, = 24, b) L343, ¢) 6 =signa, u=(d, — 2a)"(3a)™*";

4)a)d = (2d, +3x4"°dy°)8dy) ", b =3 x 2772 d — dy)dy ", & = 242" d, - 5d5)dy ', & =
—3 x 2773 x 24, + d;Hd, dy = 27d, b) Ly, ) 6 = 51gnd2(21/3d1 - 3d4/3) u=-2x
3—4/3(21/3a,~1 . 67;/3)4/3(21/3471 + 3d;/3) 4/3;

5)a) & = 3(d — M) (s + 0,00, = 3M;, d) = (M, — @) (M5 + MOy + 02)0,, + 2aM5., dy = (M, — @)(N, +
0,0, + 2am;, wheren, =—(b + &)(3a) ", 0, =—ah(3a + b + &), b) Ljs, c) o =signa, u=3""(, -
a)"@a + 0, a?;

6) a) b = &a, F Vs, d = &*3ysa; —6)a; /9, & = *¥2ysd — éa; ', d, = -28,/3, @ < 0, b) Ly,
¢) 6 =—signé, u=-3""Qya — &)y +3a)"a " y;'.

The proofis presented in the file theorem.mw of the archive (see Introduction).
As aresult, for any system (1.1) with R+ 0, using Lemma 3.1 and Theorem 3.1, it is possible to establish

ifit is equivalent to some form CE’"’O (m=2,3) from list 2.1 and, in the case of a positive response, indicate
the compositions of substitutions that reduce it to the linearly equivalent form CE-'”’O, as well as the con-

m,0
crete values of parameters from cs; .

4. APPLICATION OF THE RESULTS

In [6], A. Cima and J. Llibre have divided the set of systems (1.1) into ten linearly nonequivalent
canonical classes (CC) to obtain a complete topological classification of the phase portraits in the Poin-
care circle.

The work allows one to draw the phase portrait of the selected system with / = 0, if the CC to which it
belongs is established and if the linear nonsingular substitution (1.2) reducing (1.1) to some representative
of the established CC is found. For the systems with / > 0, only the set of possible phase portraits in the
Poincare circle is indicated.

More precisely, in [6], to arbitrary system (1.1) x = P(x,, x,), the binary form /= x, P,(x;, x,) — x,P(x,,
X,) = a0x14 + 4a1xl3 x, + 6c12)c12 xf + 4a3x,x§ + a4x; was put into correspondence.

Further, based on G. Gurevich’s study [8], the binary forms f{x,, x,) were classified with respect to sub-
stitutions (1.2) by using algebraic invariants: the Hessian H,= (f,,, /i, — ffm )/144, discriminant D, =
zi — 27jj%, as well as 12H? — iff2 and 2i,H, —3j,f , where i;= aya, — 4aia; + 3a§, Jr = aymay t 20,0, —
al2 a, — aoa32 — ag’. Ten linearly nonequivalent classes were obtained; in each of them the generator—the

canonical binary form (CBF) F; (i = 1,10) was separated (see the list of CBFs in ([6], p.437)).

In addition, for each CBF, the canonical class of the systems, to which it can be put into correspon-
dence, was indicated; this class depends on parameters p,, p,, p; and, possibly, on o, . The list of CC;
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(i= I,TO) is presented in ([6], p. 436). It was proved that for any system (1.1), there is the substitution (1.2)
that reduces (1.1) to the representative of one of the separated CCs.

It should be noted that the CBFs were selected such that it would be convenient to use them when find-
ing the phase portraits in the Poincare circle. Based on the results of [9, 10], the conditions were obtained

on the values of the polynomial P,(1, x5) from any canonical class, where x; is an arbitrary zero of the
corresponding CBF (see [6], p.446), which makes it possible to separate the phase portrait from the list
presented in ([6], p. 444).

So, the main technical problem for the practical application of the classification made in [6] is to find
the above-mentioned linear substitution in the explicit form.

Let us demonstrate how the results obtained in this study can be used for constructing the phase por-
traits of system (1.1). For this purpose, les us reduce the initial system with / = 0, whose coefficients after
the substitution L, with the appropriate & (see formulas (3.1)) satisfy one of the conditions of Theorem 3.1,
to the corresponding canonical form from list 2.1.

Let us assume that system (3.1) obtained after substituting L, by the substitution indicated in Theorem 3.1
K0uO

is reduced to CE’ = &
X 0001

jwithu?ﬁ 3/2atk=—1.

Let us calculate the binary form of CF;}? and its invariants:

f =% +(-wxxy; Dy =-x—-17°/64, H,=-(cx —@u-1)x;)"/16,
12H; — i, f? = 3x; /64 + K — )x;x3 /16 + 25(u = 1)’ X' x3 /32 + K — 1’7 x5 /16 + 3(u — 1) x; /64
(i, = k(1 —u)/4,j, = 0).

l.Letu>1,x=1oru<1, k= -1 Then, D <0, therefore CF;;O must be reduced in CC; with the
D 3 U

matrix 4 = (
W b b D3

j (1 # 0) and the CBF F; = p(x; — x3).

Indeed, using the substitution (1.2) with {r, = 27/ *x(x@ — 1))'8, 5, = —r), r, = 27 (x(u — 1))~3,
s, = r,} and the time substitution # = 8, (5,, = r,s, —s,r,), we obtain A with p,, p; = u(u —1)~', p, = —(u —
3w —1)",andpu=—1.

The polynomial Fy(1, x,) has zeros +1, then, P,(1, 1) = —4(u — 1)~", P,(1, —1) = —4. Verifying the con-
ditions from ([6], p. 444), we find that at u > 1, k¥ = 1, this representative of CC; has the phase portrait N11
from ([6], p. 444); at u < 1, K = —1, the phase portrait is N10.

Let us investigate two remaining cases in a similar way.

2.Letu=1,xk=1ork=—1 Then, D,=0, H, <0 atx, # 0, therefore, by the substitution (1.2) with
{r,=0,s, =1, r,=4x, s, = —4x} and the time substitution, CFS;O is reduced in CCs with the matrix 4 =
(1’1 P, ptl2 -4

0p p p—
0) = —64x, P,(1, 1) = —4, we find that at ¥ = 1, this representative of CC; has the phase portrait N11; at
K= —1,itis N10.

, in which p, = —64, p, = 128, p; = —66, and the CBF F; = 4(x, — x,)x; . Since P,(1,

3.Letu<l,x=1loru>1,x=~—1"Then, D;>0, H,<0at xl2 + xz2 # () and it is easy to see that 12H12c —
irf 2> 0, therefore, CF;;O is reduced by means of substitution (1.2) with {r, = —3" 4(1 + x/§)2(3 + 2\/5)_1(1((1 —
W)V, s, =343 + 202)2(k(1 — u) 8, r, = =k (317 + 12V2)) (1 — u)) "%, 5, = = x 3V (1 — u)) %}
pop M) p —6u2J w> 1. in

6u’ 2 p=31+pY)  p ’
whichp, =6(1 +v2)(u + 3 +3V2)(A —u)~, p, = 12(4 + 3V2)u(l —u)~", p;=6(7 + 5v2)(u +3=3V2)(u — 1),

and the time substitution in CC, with the matrix A4 = (
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N11 N10 N4 N2
Fig. 1. Phase portraits in the Poincare circle.

w=1++2,and CBF F, = 6(u’x; — (1 + p")x/x; + u’x3). Since P,(1, —) = 480 + 33672, P,(1, —1/u) =

242 +2)(u — 1)L, Py(1, 1/0) = —48(2 + 2)(u — 1)L, Py(1, L) = 24(10 + 73/2)(u — 1)~", we find that
atu < 1, ¥ = 1, this representative of CC, has the phase portrait N4; at u > 1, K = —1, the phase portrait
is N2 (Fig. 1).

Hence, any system that is linearly equivalent to any representative of CF;,? withu > 1and K= 1, hasthe

phase portrait N11 in the Poincare circle, despite the fact thatatu = 1and u > 1, CF;S belongs to different
canonical classes, namely, to CC; and to CC;, respectively. The same is true for the values of parameters

u <1 and k¥ = —1 that attribute CF;? to the phase portrait N10.

Returning to the cases investigated in [2—5], when in system (1.1), there is a common multiplier of
degree [ > 1, we note that to find the phase portraits in the Poincare circle, it is necessary to use the time
substitution to reduce the CF” ! obtained to the two-dimensional homogeneous quadratic systems whose
canonical forms are found in [11] and the phase portraits are found in [12, 13].

In addition, let us note that in [14], the classification of two-dimensional quadratic-cubic homoge-
neous systems with no common multiplier is performed; their phase portraits in the Poincare circle are
found.
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