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1. Introduction and statement of the results

Hamiltonian systems are relevant for many physical studies. Let H(z,y)
be a real polynomial in the variables z and y. Then a system of the form

= Hy(.%',y) y, = —Hm(x,y) (1)

is called a polynomial Hamiltonian system. Here the prime denotes deriva-
tive with respect to the independent variable ¢.
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Poincaré in [20] defined a center for a vector field on the real plane
as a singular point having a neighborhood filled with periodic orbits with
the exception of the singular point. Let p € R? be a singular point of an
analytic differential system in R?, and assume that p is a center. Without
loss of generality we can assume that p is at the origin of coordinates. Then
after a linear change of variables and a rescaling of the time variable (if
necessary), the system can be written in one of the following three forms

t' = —y+ P(x,y), Y =+ Q(z,y), (2)
x' =y + P(x,y), Y =Q(z,y), (3)
z' = P(z,y), Y = Q(z,y), (4)

where P(x,y) and Q(z,y) are real analytic functions without constant and
linear terms, defined in a neighborhood of the origin. In what follows a
center of an analytic differential system in R? is called linear type, nilpotent
or degenerate if after an affine change of variables and a rescaling of the time
it can be written as system (2), (3) or (4), respectively

The classification of centers for real planar polynomial differential sys-
tems started with the classification of centers for quadratic polynomial dif-
ferential systems, and these results go back mainly to Dulac [12], Kapteyn
[15, 16] and Bautin [4]. In [21] Vulpe provides all the global phase por-
traits of quadratic polynomial differential systems having a center. There
are many partial results for the centers of planar polynomial differential
systems of degree larger than two. For instance the linear type centers for
cubic systems of the form linear plus homogeneous nonlinearities were char-
acterized by Malkin [19], and by Vulpe and Sibirski [22]. For polynomial
differential systems of the form linear plus homogeneous nonlinearities of de-
gree greater than three the centers at the origin are not characterized, but
there are partial results for degree four and five for the linear type centers,
see for instance Chavarriga and Giné [5, 6]. Some results for higher degree
are known see for instance [14]. Recently Colak, Llibre and Valls [7, 8, 9, 10]
provided the global phase portraits on the Poincaré disk of all Hamiltonian
planar polynomial vector fields having only linear and cubic homogeneous
terms which have a linear type center or a nilpotent center at the origin,
together with their bifurcation diagrams. The complete classification of the
phase portrait of the nilpotent centers in this last case was given in [11].
This has been possible since the classification of the nilpotent centers of
system (2) when P and @ are homogeneous cubic polynomial was given in
[1]. For a general overview on the centers of planar polynomial differential



systems see [17], and for a classification of the phase portraits of same classes
of other centers see [3] and the references quoted there. To know the phase
portraits of centers is useful for studying the number of limit cycles which
can bifurcate from their periodic orbits when they are perturbed, see for
instance [18] and the references cited therein.

In this work we classify the global phase portraits of all Hamiltonian
planar polynomial vector fields of degree three symmetric with respect to the
x—axis having a nilpotent center at the origin. We recall that the differential
system (1) is symmetric with respect to the x— azis if it is invariant under the
change of variables (z,y,t) — (z,—y,—t), sometimes this kind of systems
are called reversible. The classification will be done using the Poincaré
compactification of polynomial vector fields, see section 2. We say that
two vector fields on the Poincaré disk are topologically equivalent if there
exists a homeomorphism from one into the other which sends orbits to orbits
preserving or reversing the direction of the flow.

Our main results are the following ones.

Proposition 1. A Hamiltonian planar polynomial vector field of degree
three with a nilpotent center at the origin and symmetric with respect to the
x—axis, after a linear change of variables and a rescaling of its independent
variable can be written as one of the following five classes:

1) o=y, y=-a7
(I1) ' =y+6y°, y =—a%
(I11) ' =y+a2?y+ay’, ¢ =-—2®—ay?
IV) o' =y—a’y+ay’, y =-2°+ay*
V) o =y+2xy+ar’y+by’, ¢ =-a°—y®—axy’;
where 0 € {—1,1} and a,b € R.
Proposition 1 is proved in section 3.

Theorem 2. The global phase portraits of the five families (I) — (V') in
Proposition 1 are topologically equivalent to the phase portraits of Figure 1:

(a) 1.1 for systems (I), systems (I1) with & = 1, systems (I11) with a > 0,
systems (IV') with a > 1, systems (V) with (a,b) € R4, and systems
(V) with a > 1 and b = 0;

(b) 1.2 for systems (II) with 6 = —1, and systems (I1I) with a < 0;



(c) 1.3 for systems (IV) with 0 < a < 1;
(d) 1.4 for systems (IV') with a = 0;
(e) 1.5 for systems (IV') with a < 0;

(
(
(
(f) 1.6 for systems (V) with (a,b) € Ry;
(
(
(

) (a,b)
(9) 1.7 for systems (V) with (a,b) € Ry;
(h) 1.8 for systems (V) with (a,b) € Rs;
(i) 1.9 for systems (V) with (a,b) € Rs;

(j) 1.10 for systems (V') with a <0 and b= 0;

(k) 1.11 for systems (V) where a <0, b < 0 and 4(a —1)(a® — a® — ab —
8b) — 27b% = 0;

(1) 1.12 for systems (V) with b =0 and 0 < a < 1;

(m) 1.13 for systems (V) with a < 1, b > 0 and 4(a — 1)?(a® — a® — ab —
8b) — 270 = 0;

(n) 1.14 for systems (V) with a < 0 and b = a?;
(see the proof of Theorem 2 for the definitions of R1, R, Rs, R4, Rs).

In paper [8] there is the classification of the 12 different phase portraits
of the cubic Hamiltonian systems with a nilpotent center at the origin and
without quadratic terms. So the phase portraits of systems (I)—(IV) are
already classified in [8], but it is unknown how many of the 12 different
phase portraits can be realized by systems that are symmetric with respect
to the z-axis. Theorem 2 shows that only 5 of the 12 phase portraits can
be realized by systems (I)—(IV). In fact, the phase portraits 1.1, 1.2, 1.3, 1.4
and 1.5 correspond to the phase portraits 1.1, 1.2, 1.9, 1.3 and 1.6 of [8].
The proof of Theorem 2 is given in section 4.

2. Preliminary results

In this section we summarize the Poincaré compactification that we shall
use for describing the global phase portrait of our Hamiltonian systems. For
more details on the Poincaré compactification see Chapter 5 of [13]. Let S



Figure 1: Global phase portraits of the vector fields in Theorem 2.

be the sphere of points (si,s2,s3) € R3 such that s? + s2 + s = 1, called
the Poincaré sphere. Given a polynomial vector field

X(z,y) = (2,9) = (P(z,y),Q(z,y))

in R? of degree d (where d is the maximum of the degrees of the polyno-
mials P and Q) it can be extended analytically to the Poincaré sphere by
projecting each point x € R? identified with the point (z1,22,1) € R? in the
Poincaré sphere using the straight line through = and the origin of R3. The
equator S = {(s1, s9,53) € S? : 53 = 0} corresponds to the infinity of R, In
this way we obtain a vector field X in S?\S'. This vector field X is formed by



two copies of X: one on the northern hemisphere {(s1, s2,53) € S? : 53 > 0}
and another on the southern hemisphere {(s1,s2,53) € S? : s3 < 0}. The
local charts needed for doing the calculations on the Poincaré sphere are

U={seS?:s >0}, Vi={seS?:s <0},
where s = (s1, $2, $3), with the corresponding local maps
0i(s) : Uy = R pi(s) : Vi — R?,

such that ¢;(s) = —vi(s) = (sm/si, Sn/Si) = (u,v) for m < n and m,n # i,
fori=1,2,3.

We extend X to a vector field p(X) at the whole sphere S? by taking
p(X) = v?X. The expression for the corresponding vector field on S? in the
local chart Uj is given by

u/:vd[—uP<l,E> +Q<lag>} v/:—vdHP(l,E); (5)
v v v v

the expression for Us is

’U,/ = 'Ud |:P<E’ l) - UQ<E7 1>:|7 ’U/ - _Ud+lQ<EJ l)? (6)
v v v v v v

and the expression for Us is v/ = P(u,v), v' = —Q(u,v). The expressions for
the charts V; are those for the charts U; multiplied by (—1)%!, fori = 1,2, 3.
Hence for studying the vector field X it is enough to study its Poincaré
compactification restricted to the northern hemisphere plus S'. To draw the
phase portraits we consider the projection, by 7(s1, s2,83) = (81, 82), of the
closed northern hemisphere into the local disk D = {(s1, s2) : 87 + s3 < 1},
called the Poincaré disk.

Finite singular points of X are the singular points D7 o p(X) in the
interior of D, and they can be studied using Us. Infinite singular points of
X are the singular points of D7 o p(X) contained in S'. Note that if s € S*
is an infinite singular point, then —s is also an infinite singular point. Hence
to study the infinite singular points it suffices to look for them only at Uyj,—g
and at the origin of Us.

Finally we mention without getting into too much detail an important
result that classifies the finite singular points of Hamiltonian planar polyno-
mial differential systems. For a detailed definition of the (topological) index
of a singular point see for instance Chapter 6 of [13], it can be computed



easily using the Poincaré formula which takes into account the parabolic
sector, hyperbolic sector, and elliptic sectors at a singular point, for details
see page 18 of [13]. A vector field is said to have the finite sectorial de-
composition property at a singular point ¢ if either ¢ is a center, a focus or
a node, or it has a neighborhood consisting of a finite union of parabolic,
hyperbolic or elliptic sectors. We note that all the isolated singular points
of a polynomial differential system satisfy the finite vectorial decomposition
property, see [13].

Theorem 3 (Poincaré Formula). Let g be an isolated singular point having
the finite sectorial decomposition property. Let e, h an p denote the number
of elliptic, hyperbolic and parabolic sectors of q, respectively. Then the index
of g is (e —h)/2+ 1.

From Theorem 3 the following result follows easily.

Corollary 4. The indices of a saddle, a center and a cusp are —1,1 and 0,
respectively.

To determine the possible number and local phase portraits of the finite
singular points of the systems we will use the Poincaré-Hopf Theorem for
vector fields in the 2—dimensional sphere.

Theorem 5. For every vector field on the sphere S* with a finite number of
singular points, the sum of the indices of these singular points is 2.

We note that singular points with index 0 are more difficult to detect
because they do not contribute to the total index of the singular points
of the vector fields on the Poincaré sphere. To overcome this difficulty we
present the following proposition, but first we make a remark and give some
definitions.

If a singular point p of an analytic vector field X has the two real parts
of the eigenvalues of DX (p) non-zero then p is hyperbolic. If the eigenvalues
of DX (p) are purely imaginary, then p is either a center or a focus. If only
one eigenvalue of DX (p) is 0, then p is semi-hyperbolic. The hyperbolic and
semi-hyperbolic singular points are called elementary. If both eigenvalues of
DX (p) are 0 but DX (p) is not identically zero, then p is nilpotent. Finally,
if DX (p) is identically zero then p is linearly zero. The local phase portraits
of hyperbolic, semi-hyperbolic and nilpotent singular points can be studied
using, for instance, Theorems 2.15, 2.19 and 3.5 of [13], respectively. The
linearly zero singular points must be studied using the changes of variables
known as blow-ups, see for instance [2] and [13].



Remark 1. Nilpotent singular points of Hamiltonian planar polynomial vec-
tor fields are either saddles, centers, or cusps (for more details see Theorem
3.5 of [13] and taking into account that Hamiltonian systems cannot have

foci).

We define energy levels of a Hamiltonian vector field as the level curves
of its Hamiltonian; and a hyperbolic saddle with a loop and a center inside
the loop as in Figure 2 will be called a center—loop.

<&

Figure 2: A center—loop.

Proposition 6. Let X, be a real Hamiltonian planar polynomial vector field
of degree three. Then X, can be written as

' = ayr + a1y + agr? + an1zy + apey? + azor + ag x?y
+arzy? + aosy?, )
a
Yy = biox — aigy + baox? — 2a207y — 1;@/ + bgox® — 3azpr?y (™)
2 a12y3
—ao1TY” — +ex

Suppose that p is an isolated singular point of X, different from the origin.
If a%o + ag1big = 0 but agy # 0, then the following statements hold:

(a) If p is non—elementary, then it is nilpotent.

(b) If p is a non—elementary singular point of X, then it is an elementary
singular point of X, with € # 0.

(c) If p is a cusp of Xg, then for e # 0 small enough such that eap; < 0,
the origin of X, is a linear type center and the local phase portrait of
X. at p is a center—loop.

Proof. The proof of these proposition is similar to the one of Lemma 12
in [8] and it will be omitted here. In fact the unique difference with the
mentioned Lemma 12 of [8] is that the vector field of that lemma has no
quadratic terms, which do not affect the proof. O



3. Proof of Proposition 1

Without loss of generality we can assume that a Hamiltonian system of
degree three with a nilpotent center at the origin is given by

CB, = Hya y/ = _Hma
where

H(z,y) = y2/2 + a2 + a5a:2y + aﬁl‘yQ + a??f’ + agz?* + agx?’y

+ alo-’E2y2 + a11$y3 + a12y4-

Therefore we have the following Hamiltonian system

/

¥ =y 4+ asz? + 2agzy + 3ary? + agx® + 2a102°y + 3ar12y® + daay,

y = —(3a4x2 + 2a5xy + a6y2 + dagx® + 3a9x2y + 2alozrry2 + a11y3).
(8)
By hypothesis system (8) is invariant under the symmetry (z,y,t) — (x, —y, —t)
and so we have a5 = a7 = ag = a1 = 0. Hence system (8) becomes
¥ =y + 2aezy + 2a107%y + 4ar2y?, (9)
Yy = —(3a42? + agy?® + dagx® + 2a192y?).
Since systems (9) must have a center at the origin, by Theorem 3.5 of [13]
we must have ag = 0 and ag > 0. Therefore we obtain

/

r =y+ 2agxy + 2a10m2y + 4a12y3,

/

) 10
Yy = —(aey® + 4agz® + 2a107y?). (10)

Case 1. Assume ag # 0. By the change of coordinates and reparametrization
of the time of the form

z—aX, y—pY, t— 7, (11)

with a = 1/ag, 8 = 2\/ag/a? and v = ag/2./as, systems (10) can be written
as

X' =Y 42XV + 220 X2y 4 16ag 22y,
ag ag
Y = _y2_ x3_ 980 xy2
: .
ag

We obtain the normal form (V).
Case 2. Assume ag = 0 and a9 # 0. By the change of coordinates and

reparametrization of the time as in (11) with o = 1/4/2|a1|, 8 = —\/as/a10,



v = —+/|aio]/2as, systems (10) can be written as

X' =Y+ X2y £428712y3,
atp

Y =-X3FXY2

We obtain the normal forms (/1) and (IV).

Case 8. Assume ag = 0 and a1p = 0. By the change of coordinates and
reparametrization of the time as in (11) with « = 8 = y/1/4ag and v =1
systems (10) can be written as

X =y 4 22y3
asg
Y =-X3.

If a12 # 0 we can do another change of coordinates and obtain systems (I1),
otherwise we obtain system (/).
In short we have proved Proposition 1.

4. Proof of Theorem 2

4.1. Global phase portrait of system (I)
Consider system (/)

The origin is the only finite singular point of the system. Using (5) we see
that in the local chart Uy system (I) becomes

u=-1- u2v2, v = —ud.
When v = 0 there are no infinite singular points on the local chart U;. In
Us we use (6) and we get

u =it = (12)

The origin is an infinite singular point of the system, whose linear part is
zero. So we need to do blow-ups to describe the local dynamics at this point.
We perform the directional blow-up (u,v) +— (u,w) with w = v/u? and we
have

u = ut Futw? W = —udw(l + 2uw?). (13)

10



We eliminate the common factor u? between u' and w’, and get the vector
field
v =u(l+w?), w=-w(l+2w?). (14)

System (14) has the origin as its unique singular point. The eigenvalues of
the linear part at the origin are 1 and —1, so it is a saddle.

Going back through the changes of variables until system (12) as shown in
Figure 3, we have that the global phase portrait of system (I) is topologically
equivalent to the phase portrait 1.1 of Figure 1.

1N (NN
S -

Systems (14) Systems (13) with Systems (12)
the common factor u?

u

N
/ BN

Figure 3: Blow-up of the origin of Uz of system (I).

4.2. Global phase portrait of system (I11)
Consider systems (1)

x/:y+5y3’ y/:_l,B
where 0 € {—1,1}. It is easy to see that (0,0) is the unique finite singular
point of system when § = 1. When § = —1 the finite singular points are
Ey = (0,0) and Ey = (0,£1). We will study only the singular point E
because the study of the other singular point is analogous. Since the singular
point E is nilpotent, using Theorem 3.5 of [13] we obtain that (0,1) is a
saddle.

We will now investigate the infinite singular points of systems (/7). We
distinguish between the cases d =1 and § = —1.

4.2.1. Case § =1
In the local chart U; system (I1) is

w=—1—u?? —ut, v = —uv(w? +u?).

11



When v = 0 there are no infinite singular points on U;. In Us system (I)
becomes
u':v2+1—i—u4, v = ovud.

Again when v = 0 there are no infinite singular points on the local chart
Ua. Therefore the global phase portrait of system (/1) (with 6 = 1) is
topologically equivalent to phase portrait 1.1 of Figure 1.

4.2.2. Case § = —1
In the local chart U; system (I) is

' = —1—u?v? +ut, v =wvu? —v?).
When v = 0 the infinite singular points are Py = (+1,0). The eigenvalues
of the linear part at P_ are —1 and —4. So, it is an attracting node. On the
other hand, the eigenvalues of the linear part at P, are 1 and 4. So it is a
repelling node.
Next we should check the origin of Us. In Us system (II) becomes

W =—-1+0v2+ut, Vv =il

When v = 0 the origin is not a singular point.

Now we will determine the global phase portrait according to this lo-
cal information. The two finite saddles must be on the boundary of the
period annulus of the center at the origin due to the symmetry of the sys-
tem. Therefore the global phase portrait of system (II) (with § = —1) is
topologically equivalent to the phase portrait 1.2 of Figure 1.

4.3. Global phase portrait of systems (111)
Consider systems (111)

r=y+ x2y + ay3, y = e :cy2.
When a > 0 the only finite singular point is the origin. When a < 0 the
singular points are the origin and Ey+ = (0,£4/—1/a). The eigenvalues of
the linear part at the singular points Ey are +£v/—2a/a. Hence they are
saddles.
We will now investigate the infinite singular points of systems (I17). We
distinguish between the cases a > 0, a = 0 and a < 0.

12



4.8.1. Casea >0
On the local chart Uy systems (II1) become

W =—1—2u® —u?? —aut, v = —uwv(l+ au®+0?).

When v = 0 there are no infinite singular points on U;. In Uy, systems (/1)
can be written as

v =a+2u?+0? +ut, o =oud +u?).

Again when v = 0 there are no infinite singular points on Us. Therefore
the global phase portrait of systems (/1) (with @ > 0) are topologically
equivalent to the phase portrait 1.1 of Figure 1.

4.3.2. Casea=0
Using (5) we see that in the local chart U; system (I11) becomes

= —1—2u —u??, v = —uww(l +0?).
When v = 0 there are no infinite singular points on U;. In Us we use (6) to
get

u =20 + 0P +ut, V= wv(l +u?).

When v = 0 the only infinite singular point is the origin, whose linear part
is zero. So we need to do blow-ups to describe the local behavior at this
point. We perform the directional blow-up (u,v) — (u,w) with w = v/u
and we get

=20 + uPw? +ut, W = —uw(l +w?).

We eliminate the common factor u between v’ and w’, obtaining the system
' =u2+u? +w?), w = w4 w?).

The eigenvalues of the linear part at the origin are 2 and —1, hence it is a
saddle. Doing a similar analysis to the one done in system (I), we obtain
that the global phase portrait of systems (/1) (with a = 0) is topologically
equivalent to the phase portrait 1.1 of Figure 1.

4.8.8. Case a <0
In the local chart U; systems (I11) become

W =—1—2u® —u?? —aut, v = —uwv(l+ au®+0?).

13



The infinite singular points are Py = (+ \/—a(l ++v1—a)/a,0). The eigen-
values of the linear part at Py are

a

Y

which are negative (because a < 0). Hence it is an attracting node. On the
other hand, the eigenvalues of the linear part of the systems at P_ are

VCaa T 4V a el ayT G

a

9

which are positive (because a < 0). Hence it is a repelling node.
In Uy we use (6) to get

' =a+2u®+ 0Pt v =ou(l +u?).

When v = 0 the origin is not a singular point because a < 0.

A similar analysis to the one done for systems (/1) with § = —1 implies
that the global phase portrait of systems (/1) with a < 0 are topologically
equivalent to the phase portrait 1.2 of Figure 1.

4.4. Global phase portrait of system (IV')
Consider the systems (IV), i.e.

o =y—2Py+ay’, Y =2+’

When a > 1 the only finite singular point is the origin. When 0 < a < 1,
among the origin, we have four new finite singular points:

<i\/1ia’i\/1ia>'

It is easy to see that all of them are saddles. Finally when a < 0 in addition
to the previous singular points, we also have the points +(0, /—1/a) which
are centers because the eigenvalues of their linear parts are purely imaginary.

We will now investigate the infinite singular points of systems (IV). We
distinguish between the cases a > 1,0 < a <1 and a < 0.

14



4.4.1. Casea >1
In the local chart Uj systems (IV') can be written as

W = —1+2u® —u?0? —aut, Vv = —uwv(-1+ au?® +0?). (15)

The infinite singular points are the roots of the polynomial —1 + 2u? — au®.
Therefore, if a > 1 there are no infinite singular points on the local chart
Up. If a = 1 the points (£1,0) are infinite singular points on U;. Using a
blow-up analysis we obtain the same result as in the system ([), hence the
points (£1,0) of Uy have two hyperbolic sectors, see Figure 3.

In U; systems (IV) can be expressed as

' =a—2u? +oi b, v = —vu(l —u?). (16)

Again when v = 0 there are no singular points on U,. Therefore the global
phase portrait of systems (IV) with a > 1 are topologically equivalent to
the phase portrait 1.1 of Figure 1.

4.4.2. Case0<a<1

In the local chart U; systems (IV) are given by (15). Again the infinite
singular points are the roots of the polynomial —1 + 2u? — au®. Therefore,
if 0 < a < 1 there are the following four infinite singular points on Uy

<i a(l+ﬂ)7o>7 <i a(l_M),()),

a a

All these points are nodes. On the other hand, if a = 0 there are only two
singular points (£+/2/2,0) on U; and both are nodes.

In Uj systems (IV) are given by (16). Therefore if 0 < a < 1 the origin
is not a singular point in Us.

To understand the global phase portrait in this case, let H be the Hamil-
tonian of systems (IV'). We have that the value of H on the four finite sin-
gular points is equal. We claim that all four points are on the boundary of
the period annulus of the center at the origin. If there were only two saddles
on the mentioned boundary, then a straight line passing through the origin
and sufficiently close to the saddles which are not on this boundary would
have at least six intersection points with the separatrices of these saddles,
which are on the same energy level, see Figure 4. But this is impossible
because H is only quartic. Hence the claim is proved. Therefore the global
phase portrait of systems (IV) with 0 < a < 1 is topologically equivalent to

15



the phase portrait 1.3 of Figure 1.

Figure 4: The straight line through the origin intersects the separatrices six times.

If @ = 0 the origin of the chart Us is an infinite singular point of the
system, whose linear part is zero, hence we need to do a blow-up to charac-
terize the local dynamics at this point. Doing the blow-up (u,v) — (u,w)
with w = v/u and eliminating the common factor u we get the system

' =u(-2+u?+u?), w=-ww-1)(w+1). (17)

When u = 0 the singular points of system (17) are the roots of the polyno-
mial —w(w—1)(w+1). Therefore we have three singular points. In this case
the origin is a saddle and the other singular points are nodes. Consequently
the origin of the local chart U, has two elliptic and two parabolic sectors,
see Figure 5.

Figure 5: Local phase portrait at the origin of system (17).

Proceeding as in the previous case, using an analogous argument we
conclude that the global phase portrait of system (IV) with a = 0 is topo-
logically equivalent to the phase portrait 1.4 of Figure 1.

4.4.8. Case a <0
In the local chart U; systems (IV') are given by (15). Again the infinite
singular points are the roots of the equation —1 + 2u? — au* = 0. Therefore,

16



if a < 0, on U; there are the two infinite singular points

<i a(l_M),()).

a

All these points are nodes and the origin of Us is not singular. Due to
the symmetry of the systems the global phase portrait of system (V') with
a < 0 is topologically equivalent to the phase portrait 1.5 of Figure 1.

4.5. Global phase portrait of systems (V')
Consider systems (V)

/

¥ =y + 2y +axy + by, Yy = —y? — 2% — axy’ (18)

We now study the infinite singular points of these systems.

4.5.1. Infinite singular points
In U; systems (V') become

W = —1-—2au® — 3utv — but — u?v?,
r 2 2 (19)
vl = —uv(a + 2v + bu® + v7).
When v = 0 the candidates for singular points of systems (V') are the roots
of the polynomial 1 + 2au? 4 bu®. It is easy to see that when a = b = 0, or
b=0and a > 0, or a =0 and b > 0, there are no singular points on the local
chart U;. When b = 0 and a < 0, the singular points are (+4/—1/2a,0).
The linear part of (19) when v =0 is

—dau —3u?
( 0 —au ) ‘
Thus both of the eigenvalues of two singular points are negative if u < 0,
and positive if u > 0. Hence the points (—y/—1/2a,0) and (\/—1/2a,0) are,
attracting and repelling nodes, respectively.

When a = 0 and b < 0 the singular points are (v/—1/b,0) and (—+/—1/b,0).
Proceeding as above we get that they are attracting and repelling nodes, re-
spectively.

When ab # 0 and b > a? it is easy to see that there are no singular
points on the local chart U;. So we consider the cases a = b? and b < a?.

Case 1: b = a®. If a > 0 there are no singular points on the local
chart U;. If a < 0 the singular points are (+1/v/—a,0). We will study
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only the singular point (—1/1/—a,0) because the study of the other singular
point is analogous. First we translate (—1/y/—a,0) to the origin. Applying
Theorem 3.5 of [13] we obtain that the phase portrait of the singular point
(—1/+/—a,0) consists of one hyperbolic and one elliptic sector. Doing blow-
ups we get that the local phase portrait of (—1/1/—a,0) is the one described

in Figure 6.

Figure 6: Local phase portrait at the origin of system (19) for b = a® and a < 0.

Case 2: b < a?. If a > 0 and b > 0 again there are no singular points on
Uy. If a > 0 and b < 0 there are two singular points

<i \/—b(—a—bk\/m)’())'

The eigenvalues of the linear part of the system at these two points are

\/—b<a+\/a2—b>\/a2—b \/—b<a—|—\/a2—b>\/a2—b
4 b ’ b

and

\/—b<a—|—\/a2—b>\/a2—b \/—b<a—|—\/a2—b>\/a2—b
4 _
b ’ b ’
respectively. Hence these points are attracting and repelling nodes respec-
tively. Similarly, if @ < 0 and b < 0 we have two singular points

(A )

and these points are attracting and repelling nodes respectively.
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Finally, if a < 0 and b > 0 there are four singular points

P <i \/b(—a+b\/m)’o>’ Py <i \/_b(a:m)ﬂ)-

It is easy to see that the Py and P,_ are attracting nodes and P;_ and Py
are repelling nodes.
Now we study the origin of Us of systems (V') which in Us write as

u' = b+ 2au® + 3uww + i +ut, v =v(au+ o +uP).

If b # 0 the origin is not singular. If b = 0 we see that the origin is
singular and it is degenerate, hence we need blow-up to understand the local
behavior at this point. Doing the blow-up (u,v) — (u,w) with w = v/u and
eliminating the common factor u we get the systems

u' = u(2a+ 3w+ v +w?), W =—wla+ 2w+ w?). (20)

When u = 0 the candidates for singular points of systems (20) are the roots
of the polynomial —w(a + 2w + w?). When a > 1 the only singular point
of these systems is the origin, and it is a saddle. In summary, going back
through the changes of variables the origin of Uy consists of two hyperbolic
sectors, see Figure 3. When a = 1, the origin is a singular point of the
system, whose linear part is zero. We see that doing the blow-up analysis
the origin has two parabolic and two hyperbolic sectors as in Figure 7.

Figure 7: Local phase portraits of the origin of system (20) for a = 1.

When a < 1 we have three singular points. In addition to the saddle at
the origin, the points (0, —1 £+ /1 — a) are repelling nodes. Consequently,
this time the origin of Us has two elliptic sectors and two parabolic sectors,
see Figure 5.

In short we have Tables 1 and 2.
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Parameters Infinite singular points in chart Uy
a=b=0
b=0and a>0 There are no singular points
a=0and b>0
b=0and a <0 One attracting node and one repelling node
a=0and b<0
b=a’and a >0
b> a? There are no singular points
b<a?and a,b>0
b=a?anda<0 Two singular points with one hyperbolic and one
elliptic sector
b<a? a>0andb<0 | One attracting node and one repelling node
b<a?anda,b<0
b<a’ a<0andb>0 | Two attracting nodes and two repelling nodes

Table 1: Infinite singular points in the local chart Uj.

Parameters The origin of the chart Us
b#0 There are no singular points

b=0and a > 1 | Two hyperbolic sectors

b=0and a =1 | Two hyperbolic and two parabolic sectors
b=0and a <1 | Two elliptic and two parabolic sectors

Table 2: The origin of the local chart Us.

4.5.2. Finite singular points

Now we investigate the finite singular points of systems (V). The ex-
plicit expressions for the finite singular points of these systems in terms of
the parameters a, b are complicated, and therefore it is hard to analyze their
existence and their local phase portraits. For this reason we take a different
approach. We first find the maximum number of finite singular points al-
lowed by these systems. Then using the Poincaré Formula for the index of
a singular point of a planar vector field, we count the indices of the infinite
singular points of the systems that we have found in subsection 4.5.1 on the
Poincaré sphere. The next step is to determine the possible number and
local phase portraits of the finite singular points of these systems using the
Poincaré-Hopf Theorem.

Doing the resultant of 2’ and 3’ of system (18) with respect to the variable
x, eliminating a common factor y3, and performing the change of variables

20



y — /2 we get the cubic C

b(a® — b)%23 + (a* — a® — 4a%b + 10ab + 3b%)2>
+(—2a* +10a+3b—8)z +1=0. (21)
Assume (a? — b)b is not zero. The discriminant of the cubic C is
D = —(4(a — 1)*(a® — a* — ab — 8b) — 27b%)(—8b + 3a® — 4a?)*.
When —8b + 3a® — 4a? # 0, the sign of D is the sign of
4(a —1)*(a® — a® — ab — 8b) — 27b%.

We know that if D > 0, then the cubic C has 3 real roots, if D < 0, it has
only 1 real root and if D = 0 it has either 1 triple real root or 1 real and 1
double root. In this way we consider the following curves, see Figure 8.

Ci: 4a—1)%a®—a®—ab—8b) — 270> =0, (eaua- )
Co: (a®>=bb=0, (—_)
C3:—8b+3a>—4a®> =0. (acrmmm. )

It is easy to see that in regions Ri, Rs, Rg, Rs, Rg, R12 and R14, bounded
by curves C1,Co and C3, the cubic has three real roots and in the other
regions the cubic has only one real root, see Figure 8. The sign of these
roots follow in Table 3.

Region Number of positive and negative real roots of C
Ri, Ris, R4 one negative and two positive roots
Ry three positive roots
R3, Ry, Rs one positive root
Rg one positive and two negative roots
Ry, Rig, Ri1, Ri3 | one negative root
Rs, Ry three negative roots

Table 3: Number of positive and negative real roots of C
From Table 3 we obtain the bifurcation diagram shown in Figure 9 for

systems (V).
We should also analyze the discriminant of cubic C when the parameters
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//Rd /F Ry

w

Figure 8: Curves C1 — C3 and regions R — Ria.

a and b are on the curves

Lis = {(a,b) eR?: b =0, a < 0},
L3s = {(a,b) eR*:b=0, a>1},
Lss = {(a,b) eR?:b=0, 0 < a <1},
Lis = {(a,b) €eR? : b=da?, a <0},
Loz = {(a,b) €C1:a <0, b<0},
Lys ={(a,b)€Ci:a<1, b>0}.

We will only present the discriminant of the cubic C on the curve Lis. The
study of the discriminant of the cubic restricted to the curves Li5, L34 and
L35 is performed in a similar way, so we omit it. The results are shown in
Table 3. On the curves Loz and Ly5 the discriminant is very long so, on
these curves we will do a different study by using Proposition 6.

When (a,b) belongs to Lia the cubic C given by (21) becomes

adla—1)22 —2(a—1)(a—4)z+1=0. (22)

Now the discriminant is given by —4(3a—4)?(a—1). Therefore equation (22)
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Figure 9: Bifurcation diagram for System (V).

has two real roots when a < 1 (a # 0), and has no real roots when a > 1.
Therefore, on the curve Lo there are always two real roots. The number
and sign of these roots follow in Table 4.

Curves | Number of positive and negative real roots of C
Lo two positive roots
Lss one positive root and one negative root
L3y there are no roots
L5 one positive root and one negative root

Table 4: Number of positive and negative real roots of C

Proposition 7. Systems (V) have, among the origin, at most two non-
elementary singular points and they exist when the parameters a and b belong
to the curve Cy.

Proof. We need to show that equations (18) and the determinant of the
Jacobian matrix on systems (V') cannot vanish simultaneously at more than
two points besides the origin. The mentioned determinant is

2y +2axy 142z + ax? + 3by?
—32% — ay? —2y —2azxy

We compute the Grobner basis for these three polynomials and obtain a set
of eight polynomial equations. We equate these eight polynomials to zero,
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eliminating a factor y, and for finding their solutions it is enough to consider
the following three equations

—276% + 4(a — 1)*(a® — a* — ab — 8b) = 0,
9b(2a — b)y* + 2(—8 + 8a + 2a® — 2a® + 9b) = 0, (23)
2(28 4 a(2a — 1 — 2a?) + 9b + 27z) + 9(2(a® — a®) — b — b*)y? = 0.

Observe that the first equation of (23) corresponds to the curve C;. The
second equation provides at most two possible solutions for y, and from the
last equation for every possible y solution there is at most one x solution.
So the proposition is proved. O

In the following subsections we will describe the global phase portraits of
systems (V') for the parameters a and b belonging to the regions and curves
mentioned above. See Figure 9.

4.5.3. Region Ry

In the region R; the infinite singular points on the Poincaré sphere are
four nodes in Uy, see Table 1 (and also the corresponding points on V;),
hence each point has index 1. Moreover, the origin of U, is not a singular
point (see Table 2). Hence all the infinite singular points are in U; and V;.

Now we analyze the finite singular points of systems (V). Among the
finite singular points we only know that the origin of Us is a center with index
1. Hence the known singular points have total index 10 on the Poincaré
sphere. By Theorem 5, the remaining finite singular points must have total
index -8. By Proposition 7 and Table 3 systems (V') have in region R; the
origin (a center) and four finite hyperbolic singularities or centers in Us.
Therefore by Corollary 4 the four hyperbolic singularities must be saddles.
Hence we obtain a global phase portrait topologically equivalent to 1.6 of
Figure 1.

4.5.4. Region Ry

In the region R, the infinite singular points on the Poincaré sphere are
two nodes in U; (and also the corresponding points on V;). Hence each
point has index 1. The origin of Us is not a singular point. Among the finite
singular points we only know that the origin of Us is a center with index 1.
Hence, the known singular points have total index 6 on the Poincaré sphere.
By Theorem 5, the remaining finite singular points must have total index
-4. By Proposition 7 and Table 3, systems (V) have in the region Ry the
origin as a center and six finite singularities which are either hyperbolic or
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centers. By Theorem 5 these six finite singularities are two centers and four
saddles. Therefore the global phase portrait is topologically equivalent to
1.7 of Figure 1.

4.5.5. Region Rs

With respect to the infinite singular points there is no change between
the regions Ry and Rs. On the other hand among the origin, there are
only two finite singular points, see Table 3. As before these singularities are
either hyperbolic, or centers. Therefore the two finite singular points are
two saddles. The global phase portrait is topologically equivalent to 1.8 of
Figure 1.

4.5.6. Region Ry

In the region R4 there are no finite and infinite singular points besides
the origin, see Tables 1, 2 and 3. Therefore the global phase portraits are
topologically equivalent to 1.1 of Figure 1.

4.5.77. Region Rs

In the region R5 there are no infinite singular points, see Tables 1 and
2. Among the finite singular points we only know that the origin of Us is a
center with index 1. Hence, the known singular points have total index 2 on
the Poincaré sphere. By Theorem 5, the remaining finite singular points, if
any, must have total index 0. By Proposition 7 and Table 3, systems (V')
have in the region Rj the following finite singular points: the origin which is
a center and four points which are either hyperbolic, or centers. Therefore
these four singular points are two saddles and two centers. Hence the global
phase portraits are topologically equivalent to 1.9 of Figure 1.

4.5.8. Curve Lqg

In the curve Lis the infinite singular points on the Poincaré sphere are
two nodes in U; (and also the corresponding points on V7), hence each sin-
gular point has index 1. The origin of Us has two elliptic and two parabolic
sectors, so this origin has index 2 by the Poincaré formula. Among the finite
singular points we only know that the origin of Us is a center with index 1.
Hence the known singular points have total index 10 on the Poincaré sphere.
By Theorem 5 the remaining finite singular points must have total index -8.
On the curve L;s the systems have the following singular points: the origin
which is a center and four points which are either hyperbolic, or centers, see
Table 4 and Proposition 7. So we have four saddles. Hence we obtain that
the global phase portraits are topologically equivalent to 1.10 of Figure 1.
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4.5.9. Curve Log

In the curve Log the infinite singular points on the Poincaré sphere are
two nodes in U; (and also the corresponding points on V7), hence each point
has index 1. Moreover, the origin of U, is not a singular point, see Table
2. Hence all the infinite singular points are in U; and Vi. Among the finite
singular points we only know that the origin of Us is a center with index 1.
Hence, the known singular points have total index 6 on the Poincaré sphere.
By Theorem 5 the remaining finite singular points must have total index -4.

We know that systems (V'), among the origin, have at most six finite
singular points. By Proposition 7 at most two of them are non-elementary
(and so nilpotent singular points, due to statement (a) of Proposition 6).
Therefore, due to the symmetry of the systems, there are the following
possibilities: (i) four saddles and two centers, or (ii) two saddles and two
cusps. Due to statement (c) of Proposition 6, only the case (ii) will produce
a system compatible with the phase portraits of the regions Rs and Rj after
a small perturbation. Consequently, the global phase portraits in this case
are topologically equivalent to 1.11 of Figure 1.

4.5.10. Curve Ly

On the curve L34 there are no infinite singular points in the local chart
Uy and the origin of the local chart U has two hyperbolic sectors when
a > 1, and two hyperbolic and two parabolic sectors when a = 1 (see Tables
1 and 2). By Table 3 systems (V') have no finite singular points except the
origin. Consequently, the global phase portraits in this case are topologically
equivalent to 1.1 of Figure 1.

4.5.11. Curve Lss

On the curve L35 there are no infinite singular points in the local chart
Uy. The origin of the local chart U has two elliptic and two parabolic
sectors, see Tables 1 and 2. So this origin has index 2 by the Poincaré
formula. Among the finite singular points we only know that the origin of
Uj is a center. Hence the known singular points have total index 6 on the
Poincaré sphere. By Theorem 5, the remaining finite singular points must
have total index -4. By Table 3 systems (V') have two finite singular points
and by Proposition 7 they are either hyperbolic singularities, or centers.
Therefore these two finite singularities are saddles. Hence the global phase
portraits are topologically equivalent to 1.12 of Figure 1.
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4.5.12. Curve Lys

On the curve Lys there are no infinite singular points, see Tables 1 and 2.
Among the finite singular points we only know that the origin of Us is a
center. Hence the known singular points have total index 2 on the Poincaré
sphere. By Theorem 5 the remaining finite singular points, if any, must have
total index 0.

We know that, besides the origin, systems (V') have at most six finite
singular points, and by Proposition 7 at most one of them is non-elementary
(and so nilpotent due to statement (a) of Proposition 6). Therefore due to
the symmetry of the systems, there are the following possibilities: (i) no
more finite singular points, (ii) two cusps, (iii) two saddles and two centers,
or (iv) two saddles, two centers and two cusps.

Case (iv) cannot occur because by Proposition 6, after a small pertur-
bation, each cusp will produce two singular points, leading to an excess of
singular points. For the remaining cases, due to Proposition 6, only the case
(ii) will produce a system compatible with the phase portraits of the re-
gions Ry and Rj after a small perturbation. Consequently, the global phase
portraits in this case are topologically equivalent to 1.13 of Figure 1.

4.5.13. Curve Lqs

On the curve Li5 there are two infinite singular points with one hyper-
bolic and one elliptic sector in the local chart Uj, so they have index 1 by
the Poincaré formula. The origin of the local chart U, is not a singular
point, see Tables 1 and 2. Among the finite singular points we only know
that the origin of Us is a center. Hence the known singular points have total
index 6 on the Poincaré sphere. By Theorem 5 the remaining finite singular
points must have total index -4. By Table 3 systems (V') have two finite
singular points and by Proposition 7 they are either hyperbolic, or centers.
Therefore these two singularities are saddles and we obtain the global phase
portraits topologically equivalent to 1.14 of Figure 1.
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