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ON A CLASS OF RIGID POLYNOMIAL CENTERS

JAUME LLIBRE! AND CLAUDIA VALLS?x

ABSTRACT. When all the orbits of a planar differential system in a punctured neigh-
borhood of a singular point are periodic, we say that the singular point is a center.
The topological annulus formed only by all periodic orbits surrounding a center is
called the period annulus of the center. When the periods of the periodic orbits of a
period annulus are equal, the center is called isochronous. Moreover, an isochronous
center is rigid (or uniform) if the angular velocity of its periodic orbits is constant.

It is well-known that the rigid polynomial centers at the origin of coordinates can
be written as 2’ = —y + zP(z,y), v' = = + yP(z,y), where P(z,y) is a polynomial.
However, not all these systems have a center at the origin of coordinates, the origin
can also be a focus. In this paper we characterize the rigid centers when P(z,y) is
a homogeneous polynomial of degree n > 1.

The phase portraits of the rigid polynomial homogeneous centers where P(x,y)
has degrees 1,2, or 3 are well-known. Here we provide the phase portraits of the
rigid polynomial homogeneous centers when P(z,y) has degree four.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

The notion of a center appeared already in the works of Poincaré [31] in 1881
and Dulac [12] in 1908. Informally the notion of an isochronous center goes back
to Huygens, who in 1656 invented the pendulum clock, see [19, 30]. The study of
isochronous centers has attracted the attention of many researchers along the time.
Without trying to be exhaustive we cite some of them that deal with systems with
arbitrary degree [3, 8, 18, 28, 36] and some other that deal with systems with fixed
degree [3, 2,4, 5, 6,9, 10, 13, 14, 16, 17, 20, 21, 22, 23, 24, 25, 26, 27, 29, 32, 33, 34, 35].
As far as the authors know the results that we obtain below in this paper have never
appeared before in the literature.

We consider polynomial differential systems of the form
(1) o' = —y+aP(r,y), y =z+yP(z,y),

where P(z,y) is a homogeneous polynomial of degree n > 1. Note that the unique equi-
librium point is the origin. Indeed, 2’ = 3’ = 0 implies z2’ +yy’ = (2?+y?)P(z,y) = 0,
that yields x =y = 0.

It is well known that the polynomial differential systems (1) can have at the origin
a coordinates a weak focus or a center. In case it is a center, this center is rigid with
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angular velocity one, see for instance [7]. Our first result is to characterize the rigid
centers of systems (1).

Given an integer number m we introduce the notation m!! = m(m —2)(m —4)-- -4,
with 6 = 1 if m is odd and § = 2 if m is even.

Theorem 1. The rigid isochronous centers of the polynomial differential systems (1)
where P(x,y) = > 1, a,x"y""" are

(a) all of them when n is odd,
(b) only systems (1) satisfying

w(n— 1N ,
n/2 m ifr= n/2,
(2) Z(IQTAQT =0, where Ay, = 5 i 5 i
= w(2r — 1)!M(n —3r — )N iFr<n/2,

2r=lrln(n —2)--- (2r +2)

when n is even.

The proof of Theorem 1 is given in section 2.

We recall that a center is global if its period annulus is R? \ {(0,0)}.

Theorem 2. Systems (1) have neither global centers nor limit cycles.

The proof of Theorem 2 is given in section 3.

Roughly speaking the Poincaré disc is a closed unit disc whose interior has been
identified with R? and its boundary, the circle S!, is identified with the infinity of R2.
In the plane R? we can go to infinity in as many directions as points have the circle
S!. See Chapter 5 of [11] for all necessary details for working in the Poincaré disc.

The phase portraits in the Poincaré disc of the rigid polynomial systems (1) for
degrees 1, 2, 3 and 4 are well known, see [2, 4, 5, 20, 21, 27].

Theorem 3. All phase portraits in the Poincaré disc of the differential systems (1) of
degree 5 with a center at the origin of coordinates are topologically equivalent to one
of the phase portraits in Figure 1.

The proof of Theorem 3 is given in section 4. For example, Figures 1a), 1b) and 1c)
are attained, respectively, when

14T, 35 4 B85 5, 125 4 3,
Pla,y) = 552" + 22y — 2%y + S2y” + 5y
—259 257 585 89
P(z,y) = 3Tx4 + 6—4x3y + 3—2:1:23;2 + gmy?’ + 2y,
8 9 16
P(z,y) = —5x4 + 223y + 5x2y2 — Ewy?’ + 4,

P(z,y) = —a* 4 223y — 2213 + ¢*.
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(a) (b) (c)

FIGURE 1. Phase portraits of system (1) in the Poincaré disc.

2. PROOF OF THEOREM 1
We first introduce polar coordinates by setting = rcosf, y = rsinf with » > 0
and 6 € [0,27]. With this change of coordinates system (1) becomes
' = r" 1 P(cosf,sinf), 6 =1.

Taking 6 as the new independent variable of this differential system we obtain the
differential equation
i = r" 1 P(cos 6, sinh),

where the dot denotes derivative with respect to the variable 6. The solution r(8;rg)
of this differential equation with initial condition 7(0;79) = 19 is

1 0 —1/n
r(0;ro) = (n - n/ P(cos s, sin s) ds)

o 0
In order that the origin of system (1) be a center we must have that

21
/ P(cos s,sins)ds = 0.
0

We need to compute such integral, that is,

2 N n 27
/ E a, cos” ssin™ " sds = g ar / cos” ssin™ " sds.
0 —o 0

It follows from Formulae 2.511 and 2.512 of [15] (see also formulae (13) and (16) of
the appendix where we have written them for completeness) that

27
/ cos ssin” " sds =0
0

if r or n — r are odd. So, if n is odd then either r or n — r are odd and so the above
integral is always zero. This concludes the proof of the theorem when n is odd.
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When n is even it follows as before that the integral is zero if r is odd. On the other
hand if r is even, since n is also even then n — r is even and it follows from 2.5112 of
[15] (see also formulae (11) with p even, equation (12), equation (14) with r even and
(15) of the appendix) that if r = 0 or » = n = 2m, then

2
2m — 1!
/ cos” ssin" " sds = MQTF,

and if » € {1,...,n — 2} then (here r = 2[, n = 2m)

27 27
/ cos” ssin " sds = / cos? ssin?™ 2 g ds
0 0

_ (2m — 20 — 1) S
= mem—2) @ +2) J,
@m—20-1)1 (20— 1)!

C2m(2m—2)---(20+2) 2!

Hence we get (2) (with m and [ replaced respectively by n/2 and r) as we wanted to
show. This completes the proof of the theorem.

3. PROOFS OF THEOREM 2

We compute the polynomial differential system in the local chart U; (for more details
see Chapter 5 of [11]) and we get

(3) u = (1+u?)o", v =ww"™ —vP(1,u).

Note that the line of the infinity v = 0 is filled with equilibria. Doing a rescaling of
the time we eliminate the common factor v between ' and v" and we get the system

(4) = (1+u?)" v =w" — P(1,u).

Hence in all points (u,0) of the infinity in the local chart U; where P(1,u) # 0 it
arrives or starts an orbit. So the origin can not be a global center.

All polynomial differential systems with an isochronous center have no limit cycles
due to the fact that the period annulus of the center in some of its direction attains the
infinity. Indeed, if the period annulus would not reach the infinity, then the boundary
of the period annulus would be formed by a polycycle with some finite equilibrium
point, and the period of all periodic orbits sufficiently close to the equilibrium point
would tend to infinity contradicting the fact that the period was constant. Note that
the boundary of the period annulus cannot be a periodic orbit v because considering
a Poincaré map defined in a transversal section to -, this Poincaré map is an analytic
function of one variable, that is the identity. So v cannot be the last periodic orbit of
the period annulus.
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4. PROOF OF THEOREM 3

We consider the different forms that P(z,y) = asoz* + az123y + azex?y? + arzzy> +
aoay* of degree four can have. In order that the origin be a center from the proof of
Theorem 1 we must have that

27
/ P(cos s,sins)ds = %(3@40 + ag2 + 3aps) = 0.
0
Then aq9 = — (a2 + 3ap4)/3, and so

1
(5) P(z,y) = —5(an+ 3a04)z* + az123y + axnz®y? + arzzy® + apsy®.

In principle the polynomial P(x,y) given in (5) could have:

(i) Either four simple real roots, i.e. P(x,y) = aoa(y —riz)(y — rox)(y — r3z)(y —
rax) with ry < rq <rg <ry;
(ii) or one double real root and two simple real roots, i.e. P(z,y) = aps(y —
r2)?(y — rox)(y — r3x) with r1 # ro, 7o # 73 and rq # 73;
(iii) or one triple real root and one simple real root, i.e. P(x,y) = aos(y—r12)>(y—
rox) with ri # ro;
(iv) or one quadruple real root, i.e. P(x,y) = aops(y — r1z)%;
(v) or two double real roots, i.e. P(z,y) = aoa(y — r17)?(y — roz)? with r1 < ro;
(vi) or two simple real roots and one pair of complex conjugate roots, i.e. P(x,y) =
aos(y — r1z)(y — rox) ((x — ay)? + b%y?) with r1 < ry and b # 0;
(vii) or one double real root and one pair of complex conjugate roots, i.e. P(x,y) =
aos(y — m1z)?((z — ay)? + b?y?) with b £ 0;
(viii) or two pairs of complex conjugate roots, i.e. P(x,y) = aos((x—ay)?+b%y?)((z—
cy)? + d?y?) with bd # 0;
(ix) or one double pair of complex conjugate roots, i.e. P(z,y) = aps((z — ay)? +
b%y?)? with b # 0.

We will see that only cases (i), (ii), (iii) and (vi) are possible. This is done in the
following lemma.

Lemma 4. The polynomial P(xz,y) given in (5) can have:

(I) either four simple real roots and P(x,y) have the two forms
(L1) P(z,y) = aosPr(z,y)/(r1 + r2 + 13 + 3rirars) with

Pi(z,y) = (riz —y)(rez — y)(rsz — y) (3 + rirax + rirse + rorse
+ 71y + 2y + 3y + 3r1rarsy)

and 1 + ro + r3 + 3rirerg £ 0;
(1.2) P(z,y) = —aoaPo(x,y)/(3r? — 1) with

Py(z,y) = (rx — y)(raz — y)((r{ — 3)2° — 8rizy — (3r] — 1)y°)
and ri1 # :I:l/\/g.
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(IT) or one double real root and two simple real roots and P(x,y) has the form

P(z,y) = apaPs(x,y)/(2r1 + 2 + 3r3ra) with
Py(x,y) = (rz —y)*(rox — y)(3z + riz + 2rirax + 2r1y + ray + 3riray)

and 2r1 + 19 + 37“%7"2 #0.

(ITI) or one triple real root and one simple real root and P(x,y) has the form
P(z,y) = —aps(r1z — y)3(z + r1y) /r1 with r1 # 0;

(IV) or two simple real roots and one pair of complex conjugate roots and P(x,y)
has the form P(x,y) = —apsaPs(z,y)/(a + 2r1) with

Py(z,y) = (rix —y)(2z + arz + ay + 2T1y)(x2 — 2axy + y2)
with a®> < 1 and a + 2r; # 0.

Proof. Assume that P has the form in (i). Then equating P in (5) with the expression
of P in case (i) we see that there are the two possible families of P listed in cases (I.1)
and (I.2) in the statement of the lemma.

Assume that P has the form in (ii). Then equating P in (5) with the formula of P
in case (ii) we see that P must be of the form in case (II) given in the statement of
the lemma.

Assume that P has the form in (iii). Then equating P in (5) with the formula of P
in case (iii) we see that P must be of the form in case (III) given in the statement of
the lemma.

Assume that P has the form in (iv). Then equating P in (5) with the formula of P
in case (iv) we see that either P = 0, or 71, must be complex and so this case is not
possible.

Assume that P has the form in (v). Then equating P in (5) with the formula of P
in case (v) we see that either P = 0 or either r or r2 must be complex and so this
case is not possible.

Assume that P has the form in (vi). Then equating P in (5) with the formula of P
in case (vi) we see that P must be of the form in case (IV) given in the statement of
the lemma.

Assume that P has the form in (vii). Then equating P in (5) with the formula of
P in case (vii) we see that either P = 0 or P has no complex roots. So this case is not
possible.

Assume that P has the form in (viii). Then equating P in (5) with the formula of P
in case (viii) we see that either P = 0 or P has real roots, so this case is not possible.

Assume that P has the form in (ix). Then equating P in (5) with the formula of P
in case (iv) we see that either P = 0 or P is a complex polynomial. So this case is not
possible. This concludes the proof of the lemma. O

Now we will compute the phase portraits of system (1) in the Poincaré disc. To do
so, and since we know that in the finite part of the Poincaré disc there is a unique
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isochronous center at the origin of coordinates, we need to study the infinity. We
already know that the infinity is filled with equilibria, and that after removing the
common factor v between u’ and v’ in system (3) the equilibrium points (u,0) at the
local chart Uy are the possible roots of P(1,u) (see system (4)). Moreover, to complete
the study of the infinite equilibrium points we must study the origin of the local chart
Us.

Lemma 5. The origin of the local chart Uy of system (1) is never a singular point.

Proof. In the local chart Uy system (1) becomes

as
W =—1+u?)t, v =-w’—v (a04 + aq3u + 3agou® — agsu* + ?u‘l).

There is a line of equilibria. By removing the common factor between v’ and v’ with
a rescaling of the time we get that the above system becomes

a
' = —(1+u?)®, v = —ww' — (aps + arzu + 3asu® — agqu® + %u‘l).

Note that this system on (u,v) = (0,0) is different from zero because ags # 0 and
so there are no equilibrium points in the local chart Us after removing the line of
singularities. O

In view of Lemma 5, in order to study the phase portraits of system (1) with P(z,y)
homogeneous of degree 4 and with a center at the origin we just need to study the
infinite equilibria of the local chart U;. We will do it for each of the cases in (I)—(IV)
given in Lemma 4 in separate lemmas.

Family (1.1). We rewrite family (I.1) as

P(x,y) = a(riz —y)(rex — y)(rsx — y)(3z + rirex + rirsz + rorse
+ r1y + roy + r3y + 3rirersy),

with a # 0 and r1 +79+73+3r179r3 # 0. In that case the local chart U; after removing
the common factor v with a convenient rescale of time we get

o = (1 +u?)v?,

v = —3arirors — ar%r%rg — ar%rgrg — arlrgrg + 3arirau + ar%r%u + 3arirsu
+ 3arorsu + GT%T‘QTgU + arlrgrgu + ar%r%u + ar1r2r§u + ar%r%u — 3ar%r§r§u

2 2 3

— 3ariu® — 3arqu® — 3arsu® + 3aririrzu® + 3ariroriu® 4 3ariririu® + 3au
—ar?u® — aryrou® — ardu® — aryrzu® — arersu® — 3arirorsu® — 3aryrarsu®

— ar§u3 - 3ar1r2r§u3 + ar1u4 + ar2u4 + ar3u4 + 3ar1r2r3u4 + uv?.

Computing the solutions of v'|,—¢ we get that

34 rire + rirs + rors
T +79+ 713+ 37“17“27“3.

Uu=ry, U=Te, U=T3, U=T4=
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Computing the Jacobian matrix of the differential system at each of the equilibrium
points (r;,0) for i = 1,2, 3,4, we get that all of them are nilpotent. Applying Theorem
3.5 in [11] and using the notation

A=a(ry —r)(r1 —73)(3 + 1% 4 2r119 + 2r11r3 + ror3 + 3rirers),
B = a(ry — 1) (ra — 13)(3 4 2r17rg + 13 + 1173 + 2rors 4 3r17373),
C=a(rsg—ri)(rs —re) (34 rire + 2rirs + 2rors + r% + 3r1r2r§),
Dy =9+ 7] + 8171y + 15 + 1373 + 87173 + 8rar3 + 8rirars + 8ririrs + 1}
+ T%T% + 87’17’2r§ + 7’%7’% + 97’%7*%7"%,
Dy = a(3+ 13 + 2ryro + 2r173 + 1or3 + 3r31r91r3) (3 + 2r11r0 + 15 4 1113 + 2973
+ 3r17373) (3 + 7179 + 27173 + 2ror3 + 72 + 3rrar),

we conclude that:

e (r1,0) is a nilpotent center or focus if A < 0 and it is a nilpotent saddle if
A>0.

e (r2,0) is a nilpotent center or focus if B < 0 and it is a nilpotent saddle if
B> 0.

e (r3,0) is a nilpotent center of focus if C' < 0 and it is a nilpotent saddle if
C>0.

e (r4,0) is a nilpotent center of focus if D;/Ds > 0 and it is a nilpotent saddle
if Dl/DQ < 0.

Computing all the possibilities for the signs of A, B, C', Dy and Dy together with
the possible relative positions between r1, 72, r3 and r4. Then we get that all global
phase portraits in the Poincaré disc are topologically equivalent to the ones of (a), (b)
or (¢) in Figure 1.

Family (1.2). We rewrite family (1.2) as
P(z,y) = a(riz — y)(raz = y)((rf = 3)2” — 8rizy — (3r] — 1)y?)

with a # 0 and 3r2 — 1 # 0. In that case the local chart U; after removing the common
factor v with a convenient rescale of time we get

u' = (1+u?)?,

v = 3ariry — 10(17"{’7“4 + 3(17"?7“4 — 3ariu + 1Oa7‘:1”u — 3ari’u — 3arqu + 18ar%r4u
— 27ariryu + 3au® — 18ariu® + 27arfu® — 9ariryu’® + 30arirqu® — 9ariryu®
+ 9ariu® — 30ariu® 4+ 9ariu® + argu® — 6ariryu® + 9ariryu® — au* + 6ariu’

— 9arfu® + uv?.

A+ V3(1+172)
B 1-3r2 1-3r7

Computing the solutions of v'|,—¢ we get that
4ry — \/g(l + 7‘%)
— 3=

U=7r], U=T2 U = 14.
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Computing the Jacobian matrix of the differential system at each of the equilibrium
points (r4,0) for i = 1,2,3,4 we get that all of them are nilpotent. Applying Theorem
3.5 in [11] and using the notation

A=3a(1+7H1 = 3r)(r1 —r4),

B=a(3r? —1)(ry — r1)(3 =} + 8r1ry — 73 + 3rird),
B 1+2v3r + 37"%
B a(3r? — 1) (V3 + Tr1 +5v3r? + 3r —ry — V3Brirg + 3riry + 3\/57"%7"4)’
D_ 1 —2v/3r; + 3r?

a(1 —3r?) (V3 — Try + 5vV3r? — 318 + 1y — /3riry — 3riry + 3V/3rdry)’

we conclude that (the numerator and denominator of C' and D are never zero because
3r2 —1#£0)

C

e (r1,0) is a nilpotent center or focus if A < 0 and it is a nilpotent saddle if
A>0.

e (r4,0) is a nilpotent center or focus if B < 0 and it is a nilpotent saddle if
B >0.

e (r2,0) is a nilpotent center of focus if C' < 0 and it is a nilpotent saddle if
C>0.

e (r3,0) is a nilpotent center of focus if D < 0 and it is a nilpotent saddle if
D > 0.

Computing all the possibilities for the signs of A, B, C and D together with the
possible relative positions between r1, ro, r3 and r4 we get that all global phase portraits
in the Poincaré disc are topologically equivalent to the one in Figure 1(b).

Family (IT). We rewrite family (II) as
P(z,y) = a(riz — y)2(r2x —y)(3x + r%x + 2rirox + 2r1y + roy + 37’%7‘2?;)

with a # 0 and 2r; + ro + 37“%7“2 # 0. In that case the local chart U; after removing
the common factor v with a convenient rescale of time we get

u' = (14 u?)v,
! 2 3 2 3 3 2 2 6 3 2 3 2.2
(©) v = 2ari + are + 3arire + 3au — 3arju — 2arireu — 6arireu — arju — 3aryryu
— 6ariu? — 3argu® 4 3arireu® + 6arirsu® + 3ariu® + arju® + 6arirou®
+ 2arirou® + 3arirau® — 3arirau® — 3arirout — arirout — 2ardriut — uv?.
Computing the solutions of v'|,—¢ we get that

3+ r% + 27179
9 + T1<2 + 37“17“2) ’

U="Ty, U=Ty, U=T3=

Computing the Jacobian matrix of the differential system at each of the equilibrium
points (r;,0) for i = 1,2,3, we get that (r2,0) and (r3,0) are nilpotent and (r1,0) is



10 J. LLIBRE AND C. VALLS

linearly zero. Applying Theorem 3.5 in [11] and taking the notation

A=a(—r1 +72)%3 4+ ri 4+ 4rire + 13 + 3rird),

9+ rf + 16r179 + 73 4 9rir3
9a(1 + 7)1 +71r2)2(3 + 7] + driry 4+ 13 + 3rir3)’
Bl = —a,

B =—

we conclude that (the numerator of B is never zero because 2ry + ro + 37"%1"2 #0)

e (r9,0) is a nilpotent center or focus if A < 0 and it is a nilpotent saddle if

A>0.

e (r3,0) with ro # —(3 4 7%)/(2r1) is a nilpotent center or focus if B < 0 and it

is a nilpotent saddle if B > 0.

e (r3,0) with ro = —(3 +77)/(2r1) is a nilpotent center or focus if a < 0 and it

is a nilpotent saddle if a > 0.

Now we study the equilibrium point (r1,0). We first translate it to the origin of

coordinates by setting (u,v) — (r1 + u1,v1) and we get

U = (1 -+ T% + 2riuy + u%)vi”,

01 = 3aryu? + 3ariu? — 3arqu? + 3arireut — 3aririud — 3aririu? + 3aud

(7)

2. .4 4 4
+ 3arireuy + rivy + urvy.

+ 5ariul + 2aryroud + 6arirout — ariud — 3ariraud 4+ 2ariu] + arqui

Note that u; = 0 is a characteristic direction, so we must do a twist before we apply

the vertical blow-up, that is, we do the change of variables (u1,v1) +— (us2
we get

Uy = ar1u2 + 3ar1 u2 3ar2u2 + 3a7"1 T2u2 3a7"17“§u2 3a7"1 r2u2 + 3au2

+ bar?ud + 2ariroul + 6ardrous — araus — 3ariraus + 2aruy + arqud

—v2,v2) and

+ 3ar1 r2u2 — 6aryusvy — 6ar1 UgVy + 6aratsvy — Garl ooy + 6ar1r2u2v2

+ 6aririugvy — 9auivy — 15ariuzvy — 6arirousve — 18arirauivy + 3arsu

+ 9ar?riudvy — Sariuive — darsudve — 12arirouivy + 3arivs + 3arivi

(8) 2 2

2 4, .2 2
— 3arqvs 4 3arirev — 3ariravs — 3aririvs + 9augvi + 15ariugvi 4+ 6arirousv

+ 18ariraugvs — 3ariugvi — 9aririugvs + 12ar usvs + 6aryuivs + 18ariryuivs

+ 03 — 3avd + rivd — barivs — 2ar rovs — 6ariryvs + arivs + 3aririvi

+ 2r1u2v2 — 8ar1u2v2 — 4ar2u2v2 — 12ar17“2u2v2 + uzvg — ’1“1’02 + 2&7“11)3

+ aryvy + 3arirovy — ugvy,
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= 3ar1u2 + 3ar1u2 3ar2u2 + 3a7‘1r2u2 3a7‘17“§u2 3ar1r2u2 + 3au2
+ 5ariuy + 2aryroul + 6arirous — arjul — 3ariraul + 2ariuj + arqu
+ 3ar1r2u2 — 6ariusvy — 6ar1u2112 + 6argugvy — 6ar1r2u2v2 + 6ar1r§u2v2

+ 6aririugvy — 9audve — 15ariudvy — 6arirousvy — 18arirauivy + 3arsusvy

+ 9aririuivy — S8ariudvy — darquive — 12arroudve + 3arivi + 3ariv?

— 3aryv3 + 3ariryvs — 3ariravi — 3ardriva 4 Yauyvs 4 15ariuyvs

+ 6arirougvy + 18arirousvy — 3arsugvs — 9aririusva + 12ar usvs + 6arquivs
+ 18ar?rouivs — 3avi — bar?vi — 2arirovs — 6arirovd + arsvi + 3aririvs

— 8ar1u2v2 — 4ar2u202 — 12ar1r2u2v2 + r1v2 + 2ar1v2 + CL’I“Q’UQ + 3a7‘1r2v§l

4 5
+ u2v5 — V5.

We do the vertical blow-up (usg,v2) = (us,ugvs) and after the rescaling of time dt; =
usdt (that is, we eliminate the common factor ug between w3 and v3) we get the system

U3

03

= uz(3ary + 3ary — 3ary + 3ariry — 3ariry — 3arirs + 3aus + Sarius

+2 + 6ar} Suz — 3aririus + 2ar1u3 + arouj + 3ariraul
ariraus ar|{rauz — aryusz — oar{ryus arius araus ariraus

— barivs — 6ar‘:’v3 + 6argvsy — 6a7"‘11r21)3 + 6@7’17’%1}3 + 6@7"%7‘%1}3 — 9ausvs

- 15(17“%1@@3 — 6ariraugvy — 18ari’r2u3113 + 3ar§u;;vg + 9ar%r§u;),113 - 8ar1u§v3

— darquivy — 12arirguivs + 3ariv3 + 3arivi — 3arqvs + 3ariravs — 3ar rava

— 3aririvi + 9ausvi + 15ariusvi + 6arirouzvs + 18arirousvi — 3arjuzvs

- 9ar%r§u;),v§ + 12ar1u§v§ + 6a7‘2u§v§ + 18ar%r2u§v§ + ’U,3’U§ - 3au;»,v§ + r%u;;vg

— 5arfusvi — 2ar1rousvi — 6arirausvi + arsuzvs 4+ 3arirauzvs + 2riuivi
2 2,4 2,4 4
— 8aryuzvs — darquivy — 12arireuivs + ujvs — riujvs + 2ariuivs + arquivs
+ 3arirqudvy — uivy),
= —(=3ar; — 3ar? + 3ary — 3ar; 3aryr? + 3arirs — 3aus — bar?
= 1 arl ars ar,re + 3ariry; + 3arijr; aus arjus
— 2ariroug — 6ari’r2u;; + (IT%Ug + 3ar%r§u3 — 2ar1u§ — argug — 3ar%r2u§
+ 9arjvs + 9ari’v3 — 9arsvs + 9ar%r2v3 — 9ar1r§v3 — 9ar%r§v3 + 12ausvs
+ 20ar%u;;v3 + 8arirousvy + 24a7":f7'2u31)3 — 4ar§u3v3 — 12ar%r§u3v3 + lOarlugvg

+ 5ar2u§v3 + 15arirauivs — 9ar1vs — 9ariva + 9argvs — arirevs + 9aririvs

+ 9arrav: — 18ausvi — 30ariuzvi — 12ar rouzvs — 36arirousvs 4 6ariusvs

+ 18aririuzvs — 20ar ujvs — 10arau3vi — 30arirauivs + 3arivs + 3arivs

— 3aryvl 4 3arirevi — 3aririvy — 3aririvs + 12auzvi + 20ariuzvi + 8arirouzvs
+ 24ariryuzvs — darjusvy — 12arirauzvs + 20ariuivs + 10arquivs

+ 30ar%r2ugvg + U3U§ - 3aU3v§ + r%u;;vg‘ — 5ar%u3v§ - 2ar1r2u;),v§ — 6ar:fr2u;gv§
+ arsugvs + 3arirausvs + riudvs — 10ariuivy — barquivs — 15arirouiv;

— ruivh + 2ar uivs + arguivy + 3arireuivd)

The unique equilibrium point of system (9) on the straight line ug = 0 is vg = 1.
Computing the eigenvalues of the Jacobian matrix of system (9) at the point (0, 1) we
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see that it is a nilpotent saddle. The local phase portrait near the straight line us = 0
for system (9) is topologically equivalent to the one of Figure 2(a).

Undoing the rescaling dt; = usdt we get the phase portrait of Figure 2(b). Going
back through the changes of variables from the phase portrait of Figure 2(b), we obtain
the local phase portrait at the origin of system (4) which is topologically equivalent to
the one of Figure 2(c).

Going back through the changes of variables from the phase portrait of Figure 2(c),
we obtain the local phase portrait at the origin of system (7) which is topologically
equivalent to the one of Figure 2(d). Finally, going back through the changes of
variables from the phase portrait of Figure 2(d), we obtain the local phase portrait of
the point (r1,0) of the local chart U; which is topologically equivalent to Figure 2(e)
that is, to two hyperbolic sectors.

Computing all the possibilities for the signs of A, B and Bj together with the
possible relative positions between r1, ro and rs we get that all global phase portraits
in the Poincaré disc are topologically equivalent to the one in Figure 1(c).

NN

(a) (b) (c)

(d) ()

FIGURE 2. The blow up of the equilibrium (r1,0) of the differential
system (6).
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Family (I11). We rewrite family (TIT) as
P(z,y) = a(rz —y)*(z +ry),

with @ # 0 and r # 0. In that case the differential system in the local chart Uy, after
removing the common factor v with a convenient rescale of time is

u' = (14 u?)v,
v = —ar® + 3ar’u — ar*u — 3aru® + 3ar3u® + au® — 3ar®u® + aru® 4+ wot.

Computing the solutions of v'|,—9 we obtain

Then from the Jacobian matrix of the differential system we obtain that (—1/r,0) is
nilpotent and (r,0) is linearly zero. Applying Theorem 3.5 in [11] we conclude that
the equilibrium point (—1/r,0) is a nilpotent focus or center if @ > 0 and a nilpotent
saddle if a < 0.

Now we study the local phase portrait of the equilibrium point (r,0). We translate
it to the origin of coordinates by performing the change (u,v) — (u1 + r1,v1). Doing
so we obtain

i = (L% 4 2ru +uf)ol, o1 = auf + ar’ui + arug +ro} + uof.
We do a vertical blow-up by setting (u1,v1) — (ug, u2vs) and we get
Gy = ud(1+ 72 + 2rug + ud)vd, 0o = —ud(1 4 r? 4 rug)(vs — a).

Eliminating the common factor u3 between 12 and v, by rescaling the time we obtain
the system

(10) g = u2(1+ r? + 2rug + u%)vg, vy =—(1+ r? 4+ Tuz)(v§ —a).

If a < 0 there are no equilibrium points of equation (10) on the straight line us = 0.
If a > 0 there are two equilibrium points of system (10) on the straight line ug = 0
which are (0, +al/ 4). Computing the eigenvalues of the Jacobian matrix of system 10
at these points we conclude that they are hyperbolic saddles. Going back through the
changes of variables and reascaling of the time we get that the equilibrium point (r,0)
is a center or focus if a < 0, and a saddle if a > 0.

Computing all the possibilities for the signs of a together with the possible relative
positions between r and —1/r we get that all the global phase portraits in the Poincaré
disc are topologically equivalent to the one in Figure 1(c).

Family (IV). We rewrite family (IV) as

P(z,y) = b(r1z — y)(22 + ar1z + ay + 2r1y)(2* — 2azy + y?),
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with b # 0, a®> < 1 and a + 2r; # 0. In that case the differential system in the local
chart U; after removing the common factor v with a convenient rescale of time becomes

= (1+u?)o?
r_ 2 2 2; 2 2 2,2 3
v = =2br; — abri + 2bu + 4abriu — 2brju + 2a“briu — 3abu” + 3abriu” + 2bu
—2a%bu?® — 4abriu® — 2br%u3 + abu® + 2bryut + wo.
Computing the solutions of v'|,—o we get that
2+ ary
a+2r ’

Then from the Jacobian matrix at each of these equilibria we get that they are nilpo-
tent. Applying Theorem 3.5 in [11] and taking the notation

u=ry, U=Ty=—

A =2b(1—2ary + 7)1 +ary +17),

_ 4+ a* 4 8ary + 4rf + a*rf
©2b(1 + ary +12) (4 + 5a2 + 16ary + 2a3ry + 4r2 + 5a2r?)’

we conclude that (the numerator of B is never zero because a + 211 # 0)

e (r1,0) is a nilpotent center or focus if A < 0 and it is a nilpotent saddle if
A>0.

e (r9,0) is a nilpotent center or focus if B < 0 and it is a nilpotent saddle if
B > 0.

Computing all the possibilities for the signs of A and B together with the possible
relative positions between r; and r9 we get that all global phase portraits in the
Poincaré disc are topologically equivalent to the one in Figure 1(c).

APPENDIX: FORMULAE IN [15]

/sinp scos®? sds

sinPt! s (2¢—1)(2¢—3)---(2¢g — 2k + 1) 20—k
_ . 2q—2k—1
() 2¢+p <C05 S+Z a+p—2)Ra+p—4) Qag+p—2k S)

(2 — ! _
+(2q+p)(2q+p_2),,,(p+2)/sm d

-1
/sinQ” sds = — 225 (sin2p—1 s+ I’Z p—1)@p—3):--(2p =2k +1) sin?P—2k-1 s)
2p — 2p-1(p-2)--(p-k)

(2p — D!
2pp! s

(12)
+
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sin® s cos??t! sds

(13) p+1 k
Pglg—1)--(g—k+1
sin”"" s (coqus+Z qglg—1)---(¢g—k+1) cos2d—2F )
T2 tptl (2¢+p—-1)(2¢+p—3)---(2¢+p—2k+1)
/cospssin2qsds
cosPt1 s S0 @20-1)(2¢—3)- (2 — 2k + 1)
14) =-——"_"|(g . 2g—2k—1 >
(14) 2g+p (Sm S+; Qa+p—2)2g+p—4) (2 +p—2k) ’
+ (2¢ - " /cospsds
(2¢+p)(2q+p—2)---(p+2)
) —1
/cos2psds _ s (cos2p_ls —I—pz (2p—k D@p—3):- (2 — 2k 1) cos?P2k—1 s>
(15) 2p = 2p-1p-2)-(p—k)
(2p— 1N
2prp! 5
cosP ssin??t! s ds
(16) cosp+1s

q k
2 -1 —k+1
= = <sin2q s+ Z (g ) (g +1) sin24—2k s>
2q+p+1 = (2q+p-1)Q2¢+p—3)--2¢+p—2k+1)
FuNDING
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