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Abstract: Roughly speaking, the Poincaré disc D? is the closed disc centered at the origin of the
coordinates of R2, where the whole of R? is identified with the interior of D? and the circle of the
boundary of D? is identified with the infinity of R2, because in the plane R2, we can go to infinity in as
many directions as points have the circle. The phase portraits of the quadratic Hamiltonian systems
in the Poincaré disc were classified in 1994. Since then, no new interesting classes of Hamiltonian
systems have been classified on the Poincaré disc. In this paper, we determine the phase portraits
in the Poincaré disc of five classes of homogeneous Hamiltonian polynomial differential systems
of degrees 1, 2, 3, 4, and 5 with finitely many equilibria. Moreover, all these phase portraits are
symmetric with respect to the origin of coordinates. We showed that these polynomial differential
systems exhibit precisely 2, 2, 3, 3, and 4 topologically distinct phase portraits in the Poincaré disc.
Of course, the new results are for the homogeneous Hamiltonian polynomial differential systems of
degrees 3, 4, and 5. The tools used here for obtaining these phase portraits also work for obtaining
any phase portrait of a homogeneous Hamiltonian polynomial differential system of arbitrary degree.

Keywords: homogeneous Hamiltonian system; phase portrait; Poincaré disc

1. Introduction and Statement of the Main Results

The centers of the polynomial differential systems of the form

X=-y+Pu(xy), y=x+Qu(xy), 1

with P, and Q, homogeneous polynomials of degree n have been studied for
n = 2,3,4, and 5. Furthermore, for n = 2, see refs.[1-6], for n = 3, see refs.[7,8], for
n = 4, see refs.[9], and for n = 5, see ref.[10]. While the centers of systems (1) of degrees 2
and 3 have been completely classified, this is not the case for the centers of degrees 4 and 5.
Moreover, for systems (1) having a center of degrees 2 and 3, their phase portraits in the
Poincaré disc have been classified in refs. [5,6] and in [11], respectively.

In a similar way to the study completed for the centers of systems (1), in this paper we
classify the phase portraits in the Poincaré disc of the homogeneous Hamiltonian systems
of degrees 1,2, 3, 4, and 5, i.e., of the systems

_OHn(vy) - _ OHa(xy)
ay Y ax

where Hy(x,y) is a homogeneous polyonomial of degree n for n € {2,3,4,5,and6}. We
recall that the phase portraits of the quadratic Hamiltonian systems in the Poincaré disc
were classified in [12].
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Roughly speaking, the Poincaré disc is the closed disc centered at the origin of coordi-
nates of R? of radius one. where the interior of this disc has been identified with R? and its
boundary, the circle S!, with the infinity of R%. Note that in the plane, we can go to infinity
in as many directions as points have the circle S'. Any polynomial differential system can
be extended analytically to the Poincaré disc, and in this way we can study its dynamics in
a neighborhood of infinity. For more details on the Poincaré disc, see Chapter 5 of [13] or
Section 2.2.

In the following theorem, we provide the phase portraits in the Poincaré disc of all the
homogeneous Hamiltonian differential systems of degree 1, 2, 3, 4 and 5.

Theorem 1. The phase portraits in the Poincaré disc of the homogeneous Hamiltonian systems
with finitely many equilibria of degree n are given in Figure n, forn =1,2,3,4,5.

Theorem 1 is proved in Sections 3-7.
We note that the phase portraits in the Poincaré disc of other classes of Hamiltonian
systems have also been studied by other authors; see, for instance, refs. [14,15].

2. Preliminaries and Basic Results

In this section, we present some basic results and notations that are necessary for
proving our results.

2.1. Poincaré Compactification

In this subsection, we recall notations and results that we shall use for studying the
orbits near infinity of a planar polynomial differential system.

Let X(x,y) = (P(x,y),Q(x,y)) be a polynomial vector field of degree n, and we
consider its analytic extension p(X') to S?.

For studying the extended vector field p(X) on the sphere
S? = {y = (yiy2,y3) € R® : y? +y5 +y3 = 1} we consider six local charts, namely
U ={yeS?: yp >0}, Vu = {y € S? : y; <0} for k = 1,2,3, with the local diffeo-
morphisms ¢ : Uy — R? and ¢y : Vi — R? given by ¢ (y) = i (y) = (Ym/ Yk, yn/yx) for
m < nand m,n # k. We use the notation (u, v) for the value of ¢ (y) or ¢ (y) for all k, thus
(u,v) means different things according with the local chart that we are considering.

In the local chart (U, F;) the expression of the differential system associated to the
vector field p(X) is

imo[an(L9) (L)), o wn(LE)
(Y (Y (Y

While the expression of of the differential system associated with the vector field p(X)
in the local chart (U, ) is

c_oa|pf(® LY (1 b ot ® LY.
i=vp(55) (5 )] e=—ore(h)

Finally, the expression of the differential system associated to the vector field p(X) in
the local chart (Us, F3) is
it ="P(u,v), ©0=0Q(unv).

The singular or equilibrium points on the circle of infinity of the Poincaré disc are
called the infinite singular points. Of course, the singular points in the interior of the
Poincaré disc are called the finite singular points.

We recall that for studying the singular points at infinity, we only need to study the
infinite singular points in the chart U; and the origin of the chart L,; for more details, see
Chapter 5 of ref. [13].
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2.2. Phase Portraits on the Poincaré disc

In this subsection, we are going to see how to characterize the phase portraits in the
Poincaré disc of all the homogeneous Hamiltonian systems of degrees 1, 2, 3, 4, and 5.

The separatrix of p(X') are all the orbits of the circle at infinity, the singular or equilib-
rium points, the limit cycles, and the orbits that lie in the boundary of a hyperbolic sectors,
i.e., the two separatrices of a hyperbolic sector.

Neumann in [16] shows that the set of all separatrices S(p(X)) of the vector field
p(X), is closed.

The canonical regions of p(X') are the open connected components of D? \ S(p(X)).
The set formed by the union of S(p(X’)) plus one orbit chosen from each canonical region is
called a separatrix configuration of p(X'). When there is an orientation preserving or reversing
homeomorphism that maps the trajectories of S(p(X)) into the trajectories of S(p(})))
we say that the two separatrices configurations S(p(X')) and S(p())) are topologically
equivalent.

The next result is mainly due to Markus [17], Neumann [16], and Peixoto [18].

Theorem 2. The phase portraits in the Poincaré disc of two compactified polynomial differential
systems p(X') and p(Y) with finitely many separatrices are topologically equivalent if and only if
their separatrix configurations S(p(X')) and S(p()) are topologically equivalent.

2.3. Homogeneous Polynomial Hamiltonian Systems

It is well known that the flow of the Hamiltonian systems in the plane preserves the
area (see, for instance, ref. [19]). Furthermore, it is known that the local phase portrait of
any equilibrium point of an analytic planar differential system is either a focus, a center,
or a finite union of hyperbolic, parabolic, and elliptic sectors (see, for instance, ref. [13]).
Therefore, any equilibrium point of a planar polynomial Hamiltonian system is either a
center or a finite union of hyperbolic sectors.

In order to do the phase portrait in the Poincaré disc of a planar homogeneous polyno-
mial Hamiltonian system, first we must determine the real linear factors of the Hamiltonian
of the system. These linear factors provide invariant straight lines through the origin of
coordinates; the endpoints of these straight lines are the infinite singular points of the
homogeneous polynomial Hamiltonian systems. Moreover, these straight lines separate
the Poincaré disc into sectors, with a vertex at the origin of coordinates, and in each one
of these sectors we have a hyperbolic sector. If the homogeneous Hamiltonian has no real
linear factors, then the origin of coordinates is a center.

3. Proof of Theorem 1 forn =1

Without loss of generality, we assume that all the homogeneous Hamiltonian systems
that we consider have their infinite singularities in the local chart Uy; if this is not the case,
do a rotation.

We consider the linear homogeneous Hamiltonian system

X =—bx—2cy, y=2ax+by, (2)
where 4, b, ¢ and d are real parameters. This system has the Hamiltonian function

Hy(x,y) = ax? + bxy + cy>.
We know that the singular points at infinity for any polynomial differential system

XZP(JC/]/)/ y:Q(x/y)/

Occur at the points (x,,0) on the equator of the Poincaré sphere satisfying
xQu(x,v) —yPy(x,y) = 0, see Chapter 5 of [13]. In particular for the homogeneous Hamil-
tonian system (2) of degree 1 they occur at

x(2ax + by) — y(—bx — 2cy) = 2H(x, y).
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Furthermore, to study the infinite equilibrium points of such a differential system,
we have to compute the real linear factors of the homogeneous Hamiltonian polynomial
Hj(x,y), which has three different kinds of linear factors summarized in the following cases.

In the proof of Theorem 1 for all the degrees, we shall assume that the values r; # 0,
Br #0,r; #rj,withi=1...,6,i #j,andk=1,2,3.

I. If Hy(x,y) has two real linear factors (x — riy)(x — ryy) with
r1 < rp, 80 Hy(x,y) = a(x — r1y)(x — ray) and system (2) becomes

X = x(ary +ary) —2arirpy, Y = —ay(r1 +r2) + 2ax, 3)

itis clear that this system has a hyperbolic saddle at (0, 0) with eigenvalues +a(r; —r7).
In the chart U; system (3) becomes

i =2a(riu—1)(rou—1),0=—a(ry +ry — 2riru)v.

This system has a stable and an unstable hyperbolic node at (1/r1,0) and (1/1,,0),
with eigenvalues 2a(r1 — r2), a(r; — r2) and 2a(ry — r1), a(ro — r1), respectively. Then
its phase portrait is given in Figure 1a.

II. If Hy(x,y) has two linear complex factors x> — 2axy + (a® + B2)y?, so
H(x,y) = a(x? — 2axy + (a® + B?)y?), and system (2) written as

X = 2aax — ay (20&2 + 2/32), Y = 2ax — 2aay. 4)

This system has a center at (0,0) with eigenvalues +24pi. In the chart U; system (4) be-
comes

= Za((ocz + BH)u? — 2au + 1),1‘7 = 2av<—1x + (o + ,Bz)u).
This system has no singularities, and its phase portrait is given in Figure 1b.

M. If Hy(x,y) has a double real linear factor x — r1y, so H(x,y) = a(x — r1y)?. In this case
system (2) becomes

x=2r(x—ny), y=2(x-—ry).
This system has the straight line x — r;y = 0 filled of singularities, so it is not the
subject of study of our paper.
This completes the proof of Theorem 1 for n = 1.

(@) (b)
Figure 1. Symmetric phase portraits with respect to the origin of coordinates of the homogeneous
Hamiltonian systems of degree 1.

4. Proof of Theorem 1 forn = 2

In this section, we are interested in studying the quadratic homogeneous Hamiltonian
systems with finitely many equilibria that can be written as

X = —bx* —2cxy —3dy*,  y=3ax®+2bxy+cy?, ©)

with a, b, ¢ and d real parameters. Its corresponding Hamiltonian function is
Hj(x,y) = ax3 + bx%y + cxy? + dy>.
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xy —

The infinite singularities of this system are determined by the real linear factors of
yx = —3H3(x, y), which can have four different kinds of linear factors. Where we

shall see that in the next cases I and II the system has a finitely many equilibria, while in
the last cases III and IV it has infinitely many equilibria and we do not study them.

L

I

II1.

Iv.

If H3(x,y) has three simple real linear factors (x — r1y)(x — ry)(x — r3y) with
r1 < rp < r3 s0 Hy(x,y) = a(x — riy)(x — ray) (x — r3y). In this case system (5) be-
comes
¥ = (ry 4712+ 13)x% +2(—r1ra — 1113 — rar3)xy + 3rirarsy?,
Y =3x2—2(ry + 12+ 13)xy — (=112 — 1173 — 1213) V%,

(6)

which has one finite singularity at the origin of coordinates. In the chart U; system (6)
writes

= —=3(=14+ru)(=1+rwu)(—1+rsu),

0= —0(r1 + 12+ r3 — 2(r1r2 + 2173 + 2ror3)u + 3ryrar3u?).

This system has three hyperbolic nodes at (1/r1,0), (1/r2,0) and (1/r3,0) with alterna-
tive kind of stability because their corresponding eigenvalues are
3(1’2 — 1’1)(1’1 — 1’3)/1’1 and (1’2 — 1’1)(1’1 — 1’3)/1’1, 3(1’1 — 1’2)(1’2 — 1’3)/1’2 and
(ro—r1)(rp —r3)/r1,and 3(r1 —r3)(r3 — r2) /r3 and (r3 — r1)(r3 — r2) /11 respectively.
Then the phase portrait is given in Figure 2a.

If H3(x,y) has one simple real linear factor x — r1y and two complex linear factors
x2 = 2axy + y* (o + B?), so Ha(x,y) = a(x — ry) (x*> — 2axy + y? (2 + B?)), and sys-
tem (5) becomes

¥ = 22+ 1) = 20y(a® B+ 2m) 37 (02 + ),

¥ = —2xy(2a +r1) + y*(a® 4+ B>+ 2ary) + 322, @

which has one singular point at the origin of coordinates that we can determine its
local phase portrait by determining the local phase portrait of the infinite singularities.
In the chart U system (7) written as

= —3(=14ru)(1 —2ua+ (a® + p*)u?),
0= —v (20 +3ry (a® + B2)u? — 2(a% + B2 + 2ary )u 4 11).

The only singularity of this system is (1/r1,0) which is a node with eigenvalues
—3(a® + p*+r; —2ary)/ry, and —(a® 4+ B2 +r} — 2ary) /rq. So its phase portrait is
given in Figure 2b.
If H3(x,y) has one double real linear factor x — r1y and one simple real linear factor
x — 1oy with r; < 1o, then Hz(x,y) = a(x — r1y)?(x — r2y), and system (5) can be
written as

X = (x = ry)((2r +12)x = 3r1r2y),

Y= (x =ry)(Bx — (r1 +2r2)y).

In this case the system has infinitely many singularities on the straight line x — 1y = 0.

If H3(x,y) has one triple real linear factor (x — r1y)3, so Hz(x,y) = a(x — r1y)3. In this
case system (5) can be written as
X =3r(x —ry)?, y=23(x—ry)>

As in the previous case this system has the straight line x — riy = 0 filled with
equilibrium points, so we ignore it.

This completes the proof of Theorem 1 for n = 2.
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(@) (b)
Figure 2. Symmetric phase portraits with respect to the origin of coordinates of the homogeneous
Hamiltonian systems of degree 2.

5. Proof of Theorem 1 forn = 3

In this section we are interested in studying the cubic homogeneous Hamiltonian
systems with finitely many equilibria given by

¥ = —2bx%y — 3exy? — dx® — dey?, y = 4ax® + 2cxy? + by® + 3dx?y, 8)

where 4, b, ¢, d and e are real parameters. Its corresponding Hamiltonian function is
Hy(x,y) = ax* + bxy® + cx®y? + dx3y + ey,
The infinite singularities of this system are the real linear factors of
xy — yx = —4Hy(x,y), which can have nine different kinds of linear factors.
L. If Hy(x,y) has four simple real linear factors (x — r1y) (x — roy) (x — r3y) (x — ray) with
r1 < 1y <r3 < rg s0Hz(x,y) =a(x—riy)(x —ry)(x — r3y)(x — rgy). In this case
system (8) becomes

X = x3(ry +ro+r3+ry) +2x2y(—r1ry — 1113 — 114 — ror3 — 12 — I37y4)
+3xy%(r17or3 + 1112y + 111374 + 1or3ry) — Arirararey’, ©)
Y= —3x%y(ry +ro+r3+rs) —2xy>(—r1ry — 1113 — 1114 — Tor3 — 1oty

—T3ry) — y3(717’2V3 + rirory 4 rirary + rorsry) + 4x3,

this system has one finite singularity at the origin of coordinates. In the chart U
system (9) written as

= 4(=14ru)(=1+ru)(—1+r3u)(—1+rqu),
0= —v(—ry—rp—r3—r4+ (2170 + 21173 + 2ror3 + 21174 + 2rory + 2r3ry)u
+(=3r1rars — 3r1rory — 3111374 — 3ror3ry)u’ + drirorrau’).

This system has four hyperbolic nodes (1/r1,0), (1/12,0), (1/73,0) and (1/r4,0) with
eigenvalues (4(rp —r1)(r1 — r3)(r1 —r4))/r? and (rp — 1)1y — rary — ra) /73, (4(ry —
ra)(ra —13)(r2 —r4)) /75 and (ry — r2)(r2 — r3)(ra — 14) /73, (4(r1 — 13)(r3 — 12) (13 —
ra))/r3and ((r1 —r3)(r3 —12)(rs —r4)) /13, and (4(r1 — r4)(r4 — r2)(ra —13))/rj and
(1 —rq)rg —rorg —13)/ rﬁ, respectively, and these singularities have alternate kind of
stability. The phase portrait is given of Figure 3a.

I. If Hy(x,y) has two simple real linear factors (x — rqy)(x — roy) with r; < r, and
two complex linear factors x? — 2axy + y? (a® + B?), so Hy(x,y) = a(x — ry)(x —
r2y) (x? — 2axy +y2(a? + B?)), and system (8) takes the form

x= x(2a+r1+1)+2x%y(—a® — B2 —2ar; — rirp — 2ary)
+3xy? (oczrl + B2ry + 2aryry + a%ry + /Bzrz) + 43 (az(—rl)rz
—B*ri12), (10)
y= =3x2y(2a+r+1) —2xy*(—a® — 7 — 2ary — 1o — 2ar)
— 2 (a%ry + BPry + 2aryr + a’ry + BPry) + 45,
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II1.

Iv.

VL

VIIL

VIIL

IX.

This system has one finite singularity at the origin of coordinates. In the chart U;
system (10) writes

= 4(ru—1)(rou—1)(a?u® + p2u? — 201 + 1),
0= ov(=2a+u(4a’riry + 4B%r112) — u? (Ba®ry + 3B%ry + 6aryry + 3a’ry + 36°1;)
+u (202 + 287 + dary + 21112 + dary) — 11 — 12).

It is easy to show that this system has two nodes with alternate kind of stabil-
ity at (1/r1,0) and (1/r,,0) with eigenvalues (4(r, — r1)(a® + >+ 17 — 2arq)) /13
and ((r, —r1) (a® + B? + 12 —2ary)) /13, and (4(r1 — r2) (6> 4+ P> + 15 — 2ar;) ) /73 and
((r1 — r2) (a2 4 B2+ 13 — 2ar,) ) /3, respectively. See its phase portrait in Figure 3b.
If Hy(x,y) has four complex linear factors (x? — 2a1xy + y? (a3 + B3)) (x> — 2a0x y

+y2 (03 + B3)), s0

Ha(x,y) = a(x —2mxy + (0 + 1)) (2~ 2maxy + 203 + B3)).
In this case system (8) becomes

P= —al2y(ed+ 1)~ 2 (5o + B3) — (5 -+ B2)
(2y (a3 + B3) — 2a2x), (11)
= 2a((x—ay)((x —a1y)> + B3y?) + (x — yy) ((x — a2y)? + B3y?)).

This system has one finite singularity at the origin of coordinates. In the chart U;
system (11) has no singularities. Thus the phase portrait is given in Figure 3c.

If Hy(x,y) has two double complex linear factors (x? — 2axy +y*(a® + /32))2, Cle)
Hz(x,y) = a(x? — 2axy + y*(a® + ,82))2, and its corresponding Hamiltonian system
also has the phase portrait given in Figure 3c.

In the following cases V, VI, VII, VIII, and IX we will see that system (8) has infinitely
many singularities, which are not the subject of our work.

If Hy(x,y) has two double real linear factors (x — r1y)?(x — rpy)?, so the Hamiltonian
has two straight lines x — r1y = 0 and x — roy = 0 filled of singularities.

If Hy(x,y) has one double real linear factor (x — r1y)? and two simple linear fac-
tors (x — ray) (x — r3y), then the Hamiltonian system has the line x — r1y = 0 filled
of singularities.

If Hy(x,y) has one triple real linear factor (x — r1y)> and one simple real factor (x —
r2y), then the Hamiltonian system has infinitely many singularities at x — r1y = 0.

If Hy(x, y) has one real linear factor of multiplicity four (x — r1y)*, then the Hamilto-
nian system has the straight line x — rqy = 0 filled up with singularities.

If Hy(x,y) has one double linear factor (x — r1y)? and two complex linear factors
x? — 2axy + y*(a® + B?), then the Hamiltonian system has a straight line of singulari-
ties x —rqy = 0.

This completes the proof of Theorem 1 for n = 3.
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4A¥

Figure 3. Symmetric phase portraits with respect to the origin of coordinates of the homogeneous

Hamiltonian systems of degree 3.

6. Proof of Theorem 1 forn = 4

In this section, we are interested in studying the quartic homogeneous Hamiltonian
systems with finitely many equilibria given by

X = —bx* — 2cx3y — 3dxy? — dexy® — 5fy*,

y = 5ax* + 4bx3y + 3cx?y? + 2dxy® + ey?, (12)

where 4, b, ¢, d, e and f are real parameters. Its corresponding Hamiltonian function is
Hs(x,y) = ax® + bxty + cx®y? + dx2y> + exy* + fy°.

The infinite singularities of this system (12) are determined by the real linear factors
of xyy — yx = —5H5(x,y) that can have twelve different kinds of linear factors. We shall
see that only the three cases I, II, III, and IV of system (12) have finitely many equilibria,
and the remaining cases have infinitely many singular points.

I.  If Hs5(x,y) has five simple real linear factors (x — r1y)(x — roy) (x — r3y) (x — ray) (x —
rsy), with ry < rp < r3 < rqy < r5, 50 Hs(x,y) = a(x —riy)(x —ray) (x — ray)(x —
r4y)(x —rs5y), and system (12) becomes

X = r1+ro+r3+rg+rs)xt +2x3y(—riry — rirs — riry — 1115 — 113
—Toly — oI5 — ¥3Fy — V375 — 7‘475) + 3X2y2 (7‘17’27’3 + r1¥Ty4 + r17rars
+r113¥y + 1173¥s + r11rals + ror3ry + 1ar3r5 + rorats + r3r4r5)
+4xy3(—r1r2r3r4 — I1Q131'5 — F{12F4Ts5 — 11137415 — 12137475
+57q 72r3r4r5y4, (13)
Y= —4x3y(ry +ry+r3+ry+7rs)+3x%y>(riry + 1113 + riry +r1rs
+ror3 + 1ory + rors — r3ry + 1375 + 14r5) — 2xY3 (111213 + 117214
+ri1rors 4 r11r3rg + 111375 + r1¥als5 + rorary 4 1orars 4 roryts + r3r4r5)
—y4(—71727374 — ITQI3I5 — F{T2F4ls — 11137415 — 12F37415) + 5x4,

This system has one finite singularity at the origin of coordinates. In the chart U
system (13) writes
= —5(ru—1)(rpu—1)(rsu—1)(rqu —1)(rsu — 1),
0= —(r1+rp+r3+ra+r5)v+ (2riry + 21173 + 2ror3 + 217y + 2ror4 + 213 14
+2r175 + 2rpr5 + 2r3rs + 21475 )uv + (—3r1rars — 3rrary — 3173 14
—3ror3ry — 3rqrors — 3rr3r5 — 3rorsrs — 3rqrars — 3rpryrs — 3r3r4r5)u2 v
+(4ryrorary + drirorsrs + 4rirorars + 4riraryrs + 4r273r4r5)u3v — 5rirorsrarsuto.

It is easy to check that this system has five hyperbolic nodes at (1/r1,0), (1/1,,0),
(1/13,0), (1/74,0) and (1/r5,0) with alternative kind of stability. See its phase portrait
in Figure 4a.

I. If Hs(x,y) has three simple linear factors (x — riy)(x — rpy)(x — r3y), with
11 < ry < r3 and two complex linear factors (x? — 2aBxy + (a? + p%)y?), so

Hs(x,y) = a(x — r1y) (x — ray) (x — r3y) (x* — 2apxy + (a* + 2)y?).
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System (12) becomes
x= x{2u+r+r+r3)+ 233 (—a® — B2 —2ar) —rirp — 1113
—2ary — rory — 2ars) + 3x%y? (a’ry + BPry + 2ariry + 1112713
+2ar1r3 + a1y + B2ry + 2arars + a’rs + Br3) — dxy? (aPriry
+B2r112 + 2ar11213 + 021115 + BPrirs + alrors + BArors) + Syt
(a2rqrars + B2rirars), (14)

II1.

Iv.

VL
VII. H:
VIII. H:
IX.
X.
XI.

XIL

y= —4x%y(2a +r| + 1y +13) + 3x%y? (ucz + B? +2ary + r1ry + 1113 + 2ars
+1or3 + 2ar3) — 2xy° (a®ry + BPry + 2aryry + rrars + 201173 + 2°1)
+B%ry + 2arors + a2r3 + Br3) — y* (a2 (—r1)ro — BPriry — 2arirors
—0621’17’3 — ,3271;'3 — a2r2r3
—B?rors) + 5xt.

System (14) has one finite singularity at the origin of coordinates. In the chart U
system (14) written as

= —5(ru—1)(rou—1)(rsu — 1) (a®u® + B2u> — 2au + 1),

0= 2a+5rrrsut(a® + B?) — 4ud (a®riry + BPriry + 2arirars + atry 13
+B2r1r3 + a2rors + BArors) + 3u? (aPry + BPry + 2ariry + rirars + 2arq 3
+a2ry + Bry 4 2arars + a?rs 4 Brrs) — 2u(a® + B2+ 2ary +riry + 11 13
+2ary + ror3 4 2ar3) + 11 + 12 + 13.

We can easily verify that this system has three hyperbolic nodes at
(1/r1,0), (1/72,0) and (1/r3,0) with alternative kind of stability. Consequently its
phase portrait is given in Figure 4b.

If Hs(x, y) has one simple real linear factor (x — r1y) and four complex factors (x* —

2aqxy + 12 (o] + B7)) (% = 20xy +y* (a3 + B3)), 50 Hs (x,y) = a(x —r1y) (x* —2a1xy +
y2 (a3 + B2)) (x? — 2aoxy + y*(a3 + B3)), and system (12) becomes

= —a(x —ry)(2y(ed + B2) — 2ay0)((x — agy)? + BRy?) — (x—r1y)

((x —ay)? + By?) (2y (a3 + B3) — 2a2x) + r1((x — ay)* + B7y?)

((x — a2y)* + B3y2)), (15)
Y= a(2x—r1y)(x — 0y) (2 — 2mxy + 12 (a2 + B2)) +2(x — ryy)

(x — aqy) (x% = 200xy + y2 (a3 + B3)) + (x* — 2w1xy + v (af + B7))

(x? = 2a0xy + y* (a3 + B3))).

This system has one finite singularity at the origin of coordinates. In the chart U;
system (15) has one infinite hyperbolic node at (1/r1,0). So its phase portrait is given
in Figure 4c.

If Hs(x,y) has one simple real linear factor (x — r1y) and double complex linear factors
(x? = 2axy +y*(a® + B%))?, s0 Hs(x,y) = (x — r1y) (x? — 2axy +y*(a® + p?))?, and its
corresponding Hamiltonian system also has the phase portrait given in Figure 4c.

In the following cases of the Hamiltonian Hs(x,y) the corresponding Hamiltonian
system has infinitely many singular points, and we do not consider them.

Hs(x,y) has one double real linear factor and three simple real linear factors.

has two double real linear factors and one simple real linear factor.

has one triple real linear factor and two simple real linear factors.

7
7

Hs has one real linear factor of multiplicity four and one simple real linear factor.

Hs(x,y)
5(%,y)
5(x,y) has one triple real linear factor and one double real linear factor.
(x,y)
Hs(x,y) has one real linear factor of multiplicity five.

Hs(x, y) has one double real linear factor, one simple real linear factor and two complex
linear factors.

Hs(x, y) has one triple real linear factor and two complex linear factors.
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This completes the proof of Theorem 1 for n = 4.

A5
oy ©

Figure 4. Symmetric phase portraits with respect to the origin of coordinates of the homogeneous
Hamiltonian systems of degree 4.

7. Proof of Theorem 1 forn =5

In this section, we are interested in studying the quintic homogeneous Hamiltonian
systems with finitely many equilibria given by

X = —bx® — 2cxty — 3dx3y? — dex?y® — 5fxy* — 6gy°,
Y — 6ay> 4 3,2 2,3 4 5 (16)
Y = 6ax® + 5bx*y + 4cx’y* + 3dx“y’ + 2exy* + fy°,
wherea, b, ¢, d, ¢, f and g are real parameters. Its corresponding Hamiltonian function is
Hg(x,y) = ax® + bxy + cx*y? + dx®y® + ex?y* + fxy® + g°.

The infinite singularities of this system (16) are determined by the real linear factors
of xy — yx = —6He(x,y) that can have sixteen different kinds of linear factors. Where we
shall see that only the four cases I, II, IIl and IV system (16) have finitely many equilibria,
and the remaining cases have infinitely many singular points.

I.  If H¢(x,y) has six simple non zero real linear factors (x — r1y)(x — ray) (x — ray) (x —
ray)(x —r5y)(x — rey), withry < 1y <13 <ry <rs5 <rgs0Hg(x,y) =a(x—ry)(x—
roy)(x — r3y) (x — rgy) (x — r5y) (x — rey), and system (16) becomes

X = x5(r1 +rotr3trygt+rstre) + 2x4y(—r11’2 —r1r3 — 11ty

—Tr1¥5 — ¥Te — 12¥3 — ¥ary — 12¥'5 — ¥l — 13¥4 — V315 — I'37¢

— 1415 — Tare — 1576) + 3x3Y? (r1rars + rirary + 111215 + 117276

+1173¥4 + 11¥375 + V17376 4 1174¥5 + T1¥ale + V17576 + 121374

F1orars 4+ ror3re -+ roTals 4 1Tt 4 Yot5Tg + 13¥ats + 13rate

4731516 + 1arsTe) + 4x2Y3 (—r11or3rs — P1Tor3Ts — P1r2r316

—T1¥F4Ts — 11127416 — V11215V e — V173745 — ¥113V4Te — 11137576

—T1T4'5T6 — 2131415 — 1213T4Te — 12131576 — T2T4l'516 — 1314T516)

+5xy*(rrararars + rirarsrare + rirarsrsre + rirararste

+r173r4Tsre + Fo¥aterste) — 6r1r2r3r4r5r6y5, 17
y= —5x4y(r1 +roFr3trygtrstre) — 4x3y2(—r11’2 — ¥z — 1ty (17)

—T1¥5 — ¥1Te — 12¥3 — 12y — ¥o¥5 — ¥l — 13¥4 — 1315 — 1'3¥g — 141’5

—T4T6 — r5r6) — 3x2y3(r1r2r3 + r1roty + r1rors + 11t + 117374

+1173¥5 + 11¥376 + VY174l5 + 1174V + T1¥576 + V21374 + 121375

F1orare + roryls + 1ot + 1oT5T6 4 ¥3¥4l5 + 13¥ate + r3¥s5te

+r4rsre) — 2xy4(—r11’2r3r4 — F1ToT3l5 — F1¥o¥3le — T112¥als

—T112r4Te — 11121516 — V17374Y5 — ¥113¥4¥e — ¥173V576 — I'114¥57¢

— 12137415 — I'213F4T6 — 1213516 — 12T4T5T6 — 1374T576)

—y5(r1r2r3r4r5 ~+ 11¥3ryte + 111135 g + VY1V2Vats5Te + 1173747576

+rorararste) + 6x°.
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This system has one finite singularity at the origin of coordinates. In the chart U;
system (17) writes

= 6(rqu—1)(rqu—1)(rsu—1)(rau —1)(rsu — 1)(reu — 1),

U= v(6r1r2r3r4r5r6u5 - 5u4(r1r2r31’4r5 + 7or3T4Te + T1F2¥3r5Te + T1T2F 4TS T
+7r11r374757¢ + r2r3r4r51’6) -+ 41/13(1’11’21’31’4 + 111a13rs + r11ror3tg + 112ty 15
+r11o14tg + 1112516 + T1¥3¥al5 + 11¥3¥ate + 1173¥5t6 + 71745t 6 + 701374 15
+ror3rare + rorarste + rararste + rararsrs) — 3u(rirars -+ rirary 4+ rira 13
+r11ote + 1173ry + 117375 + 1113¥6 + 1174r5 - 1174V + 111576 + 1213ry +- 1213 15
+rorsre 4 rarars + raryre + rorsre + r3rars + rarare + rarsre + rarste)
+2u(ryry + 1173 + 117y + 1175 + 117g + Fors + 1oty + 15 + rorg + 13 7y
+r3rs + 1r3r + rars + rate + ¥ste) — 11 — 1y — 3 —Fg —F5 — Fg).

It is easy to check that this system has six hyperbolic nodes at (1/r1,0), (1/1,,0),
(1/73,0), (1/74,0), (1/75,0) and (1/r6,0) with alternative kind of stability. Then its
phase portrait is given in Figure 5a.

II. If H¢(x,y) has four simple real linear factors (x — r1y)(x — r2y) (x — r3y) (x — r4y),
with 71 < 1y < r3 < rq and two complex (x? — 2axy + y?(a® + B2)), so Hg(x,y) =
a(x — ry) (x — ray) (x — r3y) (x — ray) (x* — 2axy + y*(a> + %)), and system (16) be-
comes

x= xXQa+ri+r+r3+ry)+2xty(—a?— 2 —2ar; —rn
—r1r3 — 11ty — 201y — o3 — rory — 20r3 — r3ry — 2ary) + 3x°y>
(txzrl + ,327’1 + 20111y 4 r11or3 + 117ty + 20113 4+ 117374 + 2001174
+aZry + ﬁzrz + 2aryr3 + rorary + 2arors + a2r3 + ﬁ2r3 + 2ar3ry
+alry + BPry) +4x2yP (— alriry — BPriry — 2arirors — ri1oraty
—2ariroty — a2riry — ﬁ2r1r3 — 207 13Ty — 02riry — ,821'174 — a®ryr3
—BPrors — 2ararsry — a2rary — BProry — a’rary — BPrary) + Sxyt
(a2r1r21’3 + ,321’1721'3 + 2aryroraty + a2rirory + ﬁzrlrzm
+a2rirary + BArirara + alrorary + Brrorary) + 6y° (a?(—r1)rarsrs
—B2rirarry), (18)
y= —5x4y(r1 +rotr3tratrs+re) — 4x3y2(—r1r2 — 11r3 — 117y
—Ir5 — ¥1le — 1al'3 — oty — 1215 — ¥ol'g — 131y — 1315 — 1376 — V41’5
—1416) — 3x2Y3 (111213 + 11121y + 117r2rs + P1T2Te + T1F3Ty + T1T3TS
+117376 + 117415 + 117476 + 117576 + 1213rg + 121375 + 121316 + 1274l
+roryre + rarsre — ¥ste + rarars 4 r3rare + r3rste + rarste)
—2xy4(—r11’2r3r4 — I1Vpr3¥5 — 11Vpl3¥g — V1¥ol4¥5 — 11¥o¥4lVe — V1121576
—I1T3V4rs — 1113¥4Ve — 11131576 — V1T4¥516 — I'2¥314¥5 — 1213¥4T¢6
—1or3¥ste — rararste — 1374¥sre) — Y (r17ararars
+1Tar3 4t e + Y1V2V3T5T 6 + 1 T2 4T5V6 + ¥1V3V4T5T6 + 1"21’37‘41’51’6) -+ 6X5.

System (18) has one singular point at the origin of coordinates. In the chart U
system (18) writes

6(r1u — 1) (rou — 1) (r3u — 1) (rau — 1) (a?u? + p*u® — 20u + 1),

0= o(—20+ 6r1ror3rau’ (a4 B2) — 5ut (a®ryrors + BErirars 4 2arirors 14
+alrirory + Brrirars + a2rirary + BPrirars + atrorary + BPrarary) + 4ud (a%ry 1o
—l—ﬁzrlrz + ‘321’21’4 + rirorara + 20 rory 4 021y + [52711’3 + 201 737y + 021y 14
+B2r1ra + aPrors + BPrors + 2ararary + a’rary + 2aryrars + atrary + Prary)
—3u? (a®ry + B?ry + 2aryry + rirars + rirars + 2aryrs + rir3re + 2arrg + a2 1y
+/32r2 +2aryr3 + rorary + 20ty + 0213 + ﬁ2r3 + 2arary + ary + /3274)
+2u (az + '32 +2ary + 1110 + 1113+ 114 + 2010 + 12 13
+rory +20r3 + r3ry +20ry) — 1y — 1) — 13 — 1g).

It is clear that this system has four hyperbolic nodes at (1/71,0), (1/72,0), (1/r3,0)
and (1/r4,0) with alternative kind of stability. Its phase portrait is given in Figure 5b.
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IMI. If He(x,y) has two simple real linear factors (x — r1y)(x — rpy), with r; < r, and
four complex linear factors (x? — 2a1xy + y* (a3 + B2)) (x? — 2apxy + y?(a3 + B3)), so
He(x,y) = a(x — riy) (x — ray) (x> — 2mxy + y*(af + B7)) (x* — 2002y + y* (a3 + B3)).
In this case system (16) becomes

—(x —ry)(x — roy) ((x —ary)” + B1y°) (2y(a; + B5) — 2a0x
_ _ 2 g2.2 - 2 [ p2,2 _
e
y= a(Z((x - rly))<(x - rzy))((x - uczy))(( 22 — 20 xy + yzz((ocz% + ,82%)))) (19)
+2(x — r1y) (x — ray) (x — aqy) (x* — 200xy + y=(a5 + B
- ) (02~ 2y + (e + ) (2 2oy + (03 + )

(x = r2y) (% = 21y + y? (af + B7)) (x* — 2a0xy + 2 (03 + B3)))-

This system has one finite singularity at the origin of coordinates. In the chart U;
system (19) has two hyperbolic nodes at (1/r1,0) and (1/7,,0) with an alternative
kind of stability. Its phase portrait is given in Figure 5c.

IV. If Hg¢(x, y) has two simple real linear factors and two double complex linear factors,
in a similar way to III we obtain the phase portrait of Figure 5c.

V. If all the linear factors of He(x,y) are complex, then its phase portrait is given in
Figure 5d.

In all the other cases different from the cases I to V the homogeneous polynomial
Heg(x,y) has at least one double real linear factor and consequently the Hamiltonian
system has infinitely many singularities.

In summary Theorem 1 is proved for n = 5.

N\
B8 0 ()

Figure 5. Symmetric phase portraits with respect to the origin of coordinates of the homogeneous
Hamiltonian systems of degree 5.

8. Conclusions

The main objective of our research revolves around the classification of the phase
portraits of five categories of Homogeneous Hamiltonian differential systems of degrees
1,2, 3,4, and 5, characterized by a finite number of equilibria. The focus of our study is
to present novel results specifically related to the homogeneous Hamiltonian polynomial
differential systems with degrees 3, 4, and 5.
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