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1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

A polynomial vector field X in R? is a vector field of the form

X = P(x,y,z)% + Q(w,y,z)% + R(x,y, Z)f%’
where P, (), R are polynomials in the variables x, y and z with real coefficients.
We denote m = max{deg P, deg @, deg R} the degree of the polynomial vector
field X. In what follows X will denote the above polynomial vector field.

Let S? be the 2-dimensional sphere {(z,y,2) € R? : 22+ 32+ 22 =1}. A
polynomial vector field X on S? is a polynomial vector field in R3 such that
restricted to the sphere S? defines a vector field on S?; i.e. it must satisfy the
following equality

zP(z,y,2) + yQ(z,y, 2) + zR(z,y,2z) = 0, (1)

for all points (x,v, z) of the sphere S2.

Let f € Rlz,y, 2], where Rz, y, z] denotes the ring of all polynomials in
the variables z, y and z with real coefficients. The algebraic surface f = 0
is an invariant algebraic surface of the polynomial vector field X if for some
polynomial K € Rz, y, z] we have

of

Xf=Poo+Q

of of
— — =Kf.
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The polynomial K is called the cofactor of the invariant algebraic surface
f = 0. We note that since the polynomial system has degree m, then any
cofactor has at most degree m — 1.

The algebraic surface f = 0 defines an invariant algebraic curve {f =
0} N'S? of the polynomial vector field X on the sphere S if

(i) for some polynomial K € R[z,y, z] we have

_pof  pof  pof _
Xf_PaerQaerRaZ—Kf,

on all the points (x,v, z) of the sphere S?, and

(ii) the intersection of the two surfaces f = 0 and S? is transversal; i.e. for
all points (z,y, 2) € {f = 0} NS? we have that

of of of
(x7y7z)/\ <a_$’8_y’&> #0)

where A denotes the cross product in R3.

Again the polynomial K is called the cofactor of the invariant algebraic curve
{f=0}ns%

Note that, if the curve {f = 0} NS? satisfies the above definition, then it is
formed by trajectories of the vector field X. This justifies to call {f = 0} NS?
an invariant algebraic curve, since in this case it is invariant under flow defined
by X on S2.

If the invariant algebraic curve {f = 0} N'S? is contained in some plane,
then we say that {f = 0} N'S? is an invariant circle of the polynomial vector
field X on the sphere S?. Moreover, if the plane contains the origin, then
{f =0} N'S? is an invariant great circle.

Let U be an open subset of R3. Here a nonconstant analytic function H :
U — R is called a first integral of the system on U if it is constant on all solu-
tions curves (x(t),y(t), z(t)) of the vector field X on U;ie. H(x(t),y(t),2(t)) =
constant for all values of ¢ for which the solution (x(t),y(t),z(t)) is defined
in U. Clearly H is a first integral of the vector field X on U if and only if
XH =0onU. If X is a vector field on S?, the definition of first integral on
S? is the same substituting U by U N S2.

In what follows we say that two phase portraits of the vector fields X3
and X, on S? are (topologically) equivalent, if there exists a homeomorphism
h :S? — S? such that h applies orbits of X into orbits of X5, preserving or
reversing the orientation of all orbits.
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In [10] the Darboux theory of integrability from polynomial vector fields
on R? (see [7]) has been extended to polynomial vector fields on S2. The
Darboux theory of integrability analyze how to construct a first integral of
a polynomial vector field by using a sufficient number of invariant algebraic
curves. Therefore, to study the existence and number of invariant algebraic
curves of a polynomial vector field X in dimension 2 (and in particular in
S?), is an interesting subject of recent papers [1,4,5,6,7,9,10]. The first step
in this direction is determine the maximum number of invariant circles for a
polynomial vector fields X on S?, when X has finitely many invariant circles.
A similar study but for invariant straight lines and polynomial vector fields
in R? was made in [1].

In this paper we consider homogeneous polynomial vector fields of degree
two on S?, and we determine the number of invariant circles when it has
finitely many invariant circles.

The main results of this paper are the following theorems.

THEOREM 1.1. Let X be a homogeneous polynomial vector field of degree
2 on S?. If X has finitely many invariant circles, then every invariant circle is
a great circle of S%.

THEOREM 1.2. Let X be a homogeneous polynomial vector field of degree
2 on S%. Suppose that X has invariant circles on S?, then it has either at
most two invariant circles, or it has infinitely many invariant circles on S2.
Moreover, the invariant circles are never limit cycles.

Theorems 1.1 and 1 will be proved in Section 4.

THEOREM 1.3. Let X be a homogeneous polynomial vector field of degree
2 on S?. Suppose that X has exactly two invariant circles on S?, then the phase
portrait of X is equivalent to one of Figures 1 or 2.

THEOREM 1.4. Let X be a homogeneous polynomial vector field of degree
2 on S?. Suppose that X has exactly one invariant circle on S?, then the phase
portrait of X is equivalent to one of the phase portraits of Figures 3, 4, 5, 6
orT.

COROLLARY 1.5. Let X be a homogeneous polynomial vector field of de-
gree 2 on S%. Suppose that X has at least one invariant circle on S?, then X
does not have limit cycles.

Theorem 1.3 will be proved in Section 6, Theorem 1.4 and Corollary 1.5
will be proved in Section 7.
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2. QUADRATIC HOMOGENEOUS POLYNOMIAL VECTOR FIELDS ON S?

In what follows we assume that m = 2 and P, (), R are homogeneous
polynomials, i.e. X is vector field associated to the differential system

i = P(x,y,2) = b1z? + boy? + b32% + byzy + bszz + beyz,
gy = Qz,y,2) = bya® + bgy® + bgz? + biowy + b1x2z + brayz, (2)
z = R(w, Y, Z) = 513.1‘2 + b14y2 + b1522 + bigxy + birxrz + bigyz.

PROPOSITION 2.1. Let X be the vector field associated to (2). Then X is
a polynomial vector field on S? if and only if system (2) can be written as

& = P(z,y,2) = a1y + agy® + a3z + agxz + asyz,
v = Qz,y,2) = —a12® — asry + agz® + arzz + agyz, (3)
2 = R(x,y,2) = —asx? — agy? — (a5 + a7)xy — aszz — agyz.

Before proving Proposition 2.1 we state some results that will be needed.

PROPOSITION 2.2. Lety = {¢(t) :t € R} C S? an orbit of X, where X is
a homogeneous polynomial vector field of degree 2 on S?. Then X is tangent
to the surface S(v) = {sp : s € R, p € v}. Moreover, if v is a curve formed
by the union of orbits of X the statement also holds.

The proof of Proposition 2.2 is contained in the proof of next result, see
also [3].

COROLLARY 2.3. Let f(x,y,2) = ?> +y?> + 2°> — 1 and let X be a homo-
geneous polynomial vector field of degree 2 on S?. Then, f is a first integral
of X, 1. e.

P(z,y,z)x + Q(x,y,2)y + R(z,y,2)z =0

for all (x,y, z) € R3.

Proof. We denote by ¢(t, ) the flow of X on S2. For each positive s € R
we have that sp(t, z) define a flow on the sphere of radius s in R3. Now

X(sp(t,z)) = X (p(t, ) = s2g—f(t,x).

Therefore, X is tangent to sphere of of radius s in R3, i.e. f is a first integral
of X. 1
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Proof of Proposition 2.1. Let f € R[x,y, 2| such that f(z,y,z) = 22 +
y? + 22 — 1. By Corollary 2.3, we have that f is a first integral of X on R3.
Therefore, solving the equation X f(z,y,2) = 0 and renaming the coefficients
of (2) the proposition follows. |

Proposition 2.2 and Corollary 2.3 also hold for any homogeneous polyno-
mial vector field of degree m on S2. We call the surfaces S(y) = {sp :s €
R, p € v} invariant cones of X.

The equation of a plane in R? is given for

ar +by+cz+d=0 (4)

and |d|/va? 4 b? + ¢ measures the distance from the plane to the origin
(0,0,0). Any circle on the sphere lies in a plane ax 4+ by + cz + d = 0,
where we can assume that a2 + b2 +¢2 =1 and 0 < —d < 1. In that follows
when we talk about a circle on the sphere we always will assume that it is
contained in a plane (4) satisfying a? +b> +c?> =1 and 0 < —d < 1. We say
that a circle on S? is a great circle if it has radius equal to 1.

3. INVARIANT CIRCLES

In this section we always assume that C'is a circle on the sphere S and X
is a homogeneous polynomial vector field on S?. We suppose that C' is formed
by trajectories of the vector field X. Then by Proposition 2.2 C = {sp :s €
R, p € C} is an invariant cone of X.

The proof of the next proposition is elementary and we do not give it here.

PROPOSITION 3.1. Set a, b, ¢, d € R satisfing a> + > +c¢* =1 and 0 <
—d < 1, such that C lies in the plane ax +by+ cz+d = 0. Then, the equation
of the invariant cone C is

(a® —d®)a? + (b — d®)y? + (2 — d*)2° + 2abxy + 2acxz + 2bcyz = 0. (5)
In the proof of the next proposition we will use the Hilbert’s Nullstellensatz
(see [8]).
PROPOSITION 3.2. Let
clx,y,z) = (a"—a” )z +(0"—a” )y +(c" —a”)z" +2abxry +2acxrz+20cyz
2 )+ (b —d?)y? + (2 —d?) 22 4 2abxy +2 2b 6

ifd # 0, and let fe(z,y,2) = ax + by +cz if d = 0. If fe = 0 is an invariant
cone of X, i.e. Xfc |f.=0= 0, then fc = 0 is an invariant algebraic surface
of X.
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Proof. Note that in both cases f¢ is a irreducible polynomial. Therefore,
this proposition is a straightforward consequence of Hilbert’s Nullstellensatz.

4. NUMBER OF INVARIANT CIRCLES

If X is a homogeneous vector field of degree 2 on S?, then the differential
system associated to it is invariant with respect to the change of variables
(z,y,2,t) — (—x,—y, —z,—t). Thus, in particular the phase portrait of X at
the northern hemisphere of S? is symmetric with respect to the origin to the
phase portrait at the southern hemisphere with the time reverse. Hence, if C
is a circle on S? formed by trajectories of the vector field X, then —C = {—p:
p € C} also is a circle on S? formed by trajectories of X. Now, by Propositions
2.2 and 3.2, the invariant cone C = {sp : s € R, p € C} associated to C is a
invariant algebraic surface of X and {C'U—C} = {fc = 0} NS? are invariants
circles of X on S?, where fc = 0 is the equation of C given by (5). Note that
if d = 0 the equation of cone C becomes

fe(x,y, 2) = a®2® + b*y? + 22 + 2abry + 2acxz + 2bcyz = (ax +by +c2)? = 0,

this mean that fe¢ = 0 is the plane ax + by + cz = 0 and C' is a great circle.
Therefore, if d # 0 for each invariant algebraic cone of X of the form (5)
we have two invariant circles of X on S? and if d = 0 we have only one.
Obviously, the converse also holds. Thus, the problem of determining the
maximum number of invariant circles on S? for a homogeneous polynomial
vector fields of degree 2 is equivalent to determine the maximum number of
invariant cones of the form (5), supposing that X has finitely many invariant
cones. Therefore, we have to study the equation
0 0 0

P%—FQ%—FR%:KJ%)“C, (7)
where Ky, € Rlz,y, 2] is a homogeneous polynomial of degree 1, because X
is a homogeneous polynomial vector field of degree 2.

Proof of Theorem 1.1. By Proposition 2.1, we have that X is a vector field
of the form (3). Let C be an invariant circle of X on S2. Consider the plane
ar + by + cz + d = 0 containing C and also the invariant cone C given by
(5). Note that, as X is invariant by rotations of SO(3), we can assume that
(a,b,c) = (0,0,1). Now, to prove this theorem it is sufficient to show that
d=0.
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Let fc be as in (6) and Ky, (x,y,2) = c1x + cay + c3z. We have that X,
fc and K7y, satisfies (7). Thus, substituting a =0, b= 0 and ¢ =1 in (7), we
obtain the following system of equations

d*c; =0, c(d®>-1)—2a3 = 0,
d’cy = 0, —2ag+d%cs = 0,
2 _ _ 2 1) _ (8)
Cg(d 1) = 0, Cg(d 1) 2&6 = 0,
—2a4 4+ d?c; = 0, as + ay = 0.
It follows from (8) that (7) admits only 4 solutions, i.e.
Sl = {d) ai, az, az = 07 a4 = 07 as = —ay, ag = 07 ag = 07
61:0, 62:0, 03:0},
Sy ={d=1, a1, az, a3 =0, a5 = —ar, ag =0, ag = ay,
c1 =0, co =0, c3 =2a4},
S3={d=—1, a1, a2, a3 =0, a5 = —az, ag =0, ag = au,
c1 =0, cg =0, c3 =2a4},
S4 = {d = 07 ai, az, a4 = 07 as = —ar, ag = 0) Cl1 = _2(13;

¢y = —2ag, c3 = 0 and ag # 0 or ag # 0}.

The solution S implies that there exist infinitely many invariant circles
of X on S? having center on the z—axis. The solutions So and S3 imply that
C' is one point. Therefore, the solution that satisfies the hypotheses of the
theorem is Sy. Hence d = 0, and C' is a great circle. |1

Proof of Theorem 1.2. By Proposition 2.1, we have that X is a vector
field associated to (3). Suppose that X has only invariant great circles on S,
otherwise, from Theorem 1.1, X has infinitely many invariant circles on S2.
Let C be an invariant great circle of X on S2. Then the equation of the cone
associated to C'is

fe(x,y,2) =ax + by + cz =0, (9)

with a? +b? + ¢ = 1. Now, as X is invariant by rotations of SO(3), we
can assume that (a,b,c¢) = (0,0,1), i.e. C is the equator of S2. Therefore,
by proof of Theorem 1.1, it follows that the coefficients of the vector field X
must satisfy

as =0, a7 = —as, ag =0 and a3z #0 or ag # 0. (10)
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Thus, (3) becomes

T = azy+ a2y2 + aszz? + asyz,
y = —a12® — asry + ag2® — asxz, (11)
zZ = —as3xrz — agyz,

with ag # 0 or ag # 0.

We will study if there are additional invariant circles different from C.
Therefore, substituting expressions (11), (9) respectively for X, fc and Ky, =
1z + ey + 3z in (7), we want to determine the other possible solutions (9)
of (7) for a,b,c € R with (a,b,c) # (0,0,1). Thus, we obtain the following
system of equations

—acy — bay = aas — beg = aaz + bag — cc3 = aay — acy — bas — bey = 0,
(12)

—acg — bas — caz — ccy = aas — beg — cag — cco = 0.

For solving this system we consider separately the case b # 0 and the case
b=0.
Suppose that b # 0. We have that

a C a
Ss = {a1 = —ag, az, a3, a5 = ~(az — a3), ag = ——-as,
b b b
a
€1 = —ag, ¢ = —as, cg =0}

b

is the solution of system (12) in this case.
Now, assume that b = 0 and a # 0. In this case

c
Se ={a1, a2 =0, a3 =0, a5 = 5(36 +ai), as, c1 =0, ca = ay, cg =0}

is the solution of system (12).

The solutions S5 and Sg are the unique possible solutions of system (12)
for fixed (a,b,c) # (0,0,1). Note that, the coefficients of X cannot satisfy S5
and Sg simultaneously, otherwise we obtain X = 0.

We will study the solutions S5 and Sg. Firstly, we distinguish the following
four cases.

Case 1: a1 = ag = 0. In this case if b # 0, then, by S5, ag # 0, otherwise
a3 = ag = 0 and this is not possible by (10). Hence, we have that

a=—"8p b£0, c=—"2p a; =0, ag =0, ag #0,
as az (13)

as, ag, ¢1 = cg = c3 = 0.
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Since a? +b%+c? = 1, we obtain that b = o, where a = \/a2/(a? + a2 + a3).
Note that the two vectors (a, b, c) = + (—(ag/a3)a, o, —(asz/az)a), determine
the same plane. Now, f(z,y,z) = —(ag/a3)axr + ay — (as/az)az is a first
integral of X, because in this case ¢; = co = ¢3 = 0. Thus, if the coefficients
of X satisfy (10) and (13), then X has infinitely many invariant circles on S?
determined by f = constant.

In a similar way the same conclusion is obtained, if we suppose that b = 0.

Case 2: a1 = ag = 0, asaz # 0 and as # a3. In this case the coefficients of
system (11) satisfy only the solution S5. Therefore, we have that

as
a=0,b#0, c= —"—b,
(a2 —as3) (14)

a1:07 a27é07 a37éa27 as, a6:0) €l = —az, 02:07 6320‘

Asin Case 1, we obtain that b = +a, where o = /(as — a3)?/((az — a3)?+ a2).
Note that the two vectors (a,b,c) = + (0, a, (a5/(a2 — a3))«), determine the
same plane. Thus, if the coefficients of X satisfy (10) and (14), then addition-
ally to the great circle C' the vector field X has a unique invariant great circle
on S?, because now the cofactor of f(z,y,2) = ay + (as/(az — az))az = 0 is
non-zero.

Case 3: a1 # 0, as = a3 = 0 and ag = —ay. If a5 = 0, then in this case the
coefficients of system (11) satisfy only the solution Sg. Therefore, we have
that

a#0,b=0, c,
(15)
a1 #0, a2 =0, a3 =0, a5 =0, ag = —ay, c1 =0, c2 =ay, c3=0.

Note that in this case if the coefficients of X satisfy (10) and (15), then X
has infinitely many invariant circles on S?, because the equation a? + ¢? = 1
has infinitely many solutions for ¢ € [—1,1].

Now, if a5 # 0, then in this case the coefficients of X do not satisfy any of
the solutions S5 and Sg. Thus, C' is the unique invariant circle of X on S2.

Case 4: ajasz # 0 and ao = 0. In this case the coefficients of X do not satisfy
any of the solutions S5 and Sg. Thus, C is the unique invariant circle of X on
S2.

We will show now that system (11) is always equivalent to one of Cases
1, 2, 3 and 4, by a orthogonal linear change of variables. In Case 1 we have
that if a; = ag = 0 then system (11) has infinitely many invariant circles on
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S2. Therefore, we can suppose that a; # 0 or as # 0. Doing the change of
variables

al ag
T \/ai—i-a% \/cﬁ—i-a% z
y | = 2 ! g,
2 Vai+ad3  al+a3 z

0 0 1

we have that system (11) becomes
- / - ., ai1az +agaz o -
r = a’+a TY + —F—————2" + a5yz,
! 2 \/a% + a%
R /.2 9~92 , @106 — A2G3 9 o
Yy = —r/aj+ayxrt + —F——=2" —asxrz 16
1 2 a% n a% ’ ( )

L aiaz +agaz .. A106 — a2a3ng

—7Z
2 2 2 2
vai+ay aj + aj

If ajas + agag # 0, then system (16) is a particular case of Case 4.
If ayas 4+ azag = 0 and a; # 0, then as = —(agaz)/a1 and system (16)

becomes
zr = \/ a2 + a3y + a9z,
5o /a2 2~2 , @6 [ o 252 -
y = aj + azx +a ai +a3zZ° — a5z, (17)
1
. a
P o=~ a2+ d2gE.
a

Note that ag # 0, because ag = 0 implies that a3 = 0, and this is not possible
by (10). Hence, if ag # —aq through the change of variables (z, 7, 2) — (7, , 2)
system (17) becomes a particular system of Case 2. Thus, in this case system

(11) has exactly two invariant circles on S2. Now, if ag = —aj, then system
(17) is contained in Case 3.

If ajag + azag = 0 and ay # 0, then ag = —(ajas)/az and system (16)
becomes

i = /a}+ d3%y + a5y,
s Jo2 222 BB [ o os2 -
y = aj + a3x Vo + a5z — a52Z, (18)
2
z = @\/a% + agz.
az
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Note that ag # 0, because a3 = 0 implies that ag = 0, and this is not possible
by (10). Therefore, if a3 # ao through the change of variables (Z,7,2) —
(9, %, Z) system (18) becomes a particular system of Case 2. Thus, in this case
system (11) has exactly two invariant circles on S2. Now, if ag = as, then
system (18) also is contained in Case 3. Therefore, if X has invariant circles
on S?, then it has either at most two invariant circles, or it has infinitely many
invariant circles on S2. 1

5. POINCARE DISC

Let X is be homogeneous vector field on S?, then the differential system
associated to it is invariant with respect to the change of variables (z,y, z,t) —
(—z,—y,—z,—t) if its degree is even, or with respect to (z,y,z,t) —
(—x,—y, —z,t) if its degree is odd. Thus, in particular the phase portrait
of X at the northern hemisphere of S? is symmetric with respect to the ori-
gin to the phase portrait at the southern hemisphere with the time reverse if
degree of X is even, or with the same time if the degree of X is odd. We now
project the northern hemisphere of S? orthogonally onto the plane II contain-
ing the equator of S2, i.e. S'. The orbits of X on the northern hemisphere of
S? are mapped onto certain curves of the unit disc on II. We called the unit
disc, together with the corresponding induced phase portrait, the Poincaré
disc.

Now, consider the homogeneous polynomial vector field X of degree 2
associated to (3). We identify R? as the tangent plane to the sphere S? at
the point p = (0,0, —1), and we denote the points of R? as (u,v,—1). Let
7 :R? — S?2N{z < 0} be the diffeomorphism given by 7(u,v) = 1/\(z =
u, y=v, z=—1), where A\ = v/1 +u? 4+ v2. That is, 7 is the inverse map of
the central projection 771 : 2N {z < 0} — R? defined by

x

7 Ny, 2) = (u =—, V= _Q7_1) . (19)

z

The homogeneous polynomial system (3) on S? becomes, through the central
projection 7! and introducing the new independent variable s through ds =
(V1 + u? + v2)~ldt, the polynomial differential system

3 2

o = Pu,v) = —aqu® — (a5 + a7)u?v + azu? — aguv? + agv®+
aj + ag)uv — aqu — asv + as,
(a1 + ag) 2 0

v = Qu,v) = —agv® — (a5 + ar)uwv? — aquv — aju® + agv’+

(az — ag)uv — agv — aru + ag.
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The next two results jointly with its respective proofs can be find in Ca-
macho [3].

LEMMA 5.1. Any straight line in R? has at most two tangencies with the
solutions of (20) or it is formed by solutions of (20).

PROPOSITION 5.2. Let X be the vector field associated to (3), and let
s1, —s1 € S? be saddle points of X with a common separatrix I, then [ is
contained in a great circle through s1 and —s1.

Proposition 5.2 is close to results proved by Sotomayor and Paterlini [13].

6. PHASE PORTRAITS FOR QUADRATIC HOMOGENEOUS POLYNOMIAL
VECTOR FIELDS ON S? WITH TWO INVARIANT CIRCLES

In the proof of Theorem 1.2 we saw that Case 2 has exactly two invariant
great circles on S? and that the other cases having also only two invariant great
circles are reduced to Case 2. Now, we will go to study the phase portraits of
Case 2.

Proof of Theorem 1.3. By Proposition 2.1, we have that X is a vector field
associated to (3). If the coefficients of the vector field associated to (3) satisfy
Case 2 given in the proof of Theorem 1.2, then (3) becomes

& = P(z,y,2) = ay® + azz? + asyz,
y = Q=,y,2) = —azzy — asxz, (21)
2 = R(xz,y,2) = —asrz,

with as # ag, and asas # 0. The vector field given by (21) has exactly two
invariant great circles, namely S' and C on S?, determined respectively by
the invariant planes z = 0 and /(a2 — a3)?/((a2 — a3)? + a?)(y + (as5/(az —
as))z) = 0. Note that (1,0,0) and (—1,0,0) are the unique singularities of
this vector field on S!. We have that

{0, —ag, —(Zg} (22)

are the eigenvalues of the linear part of (21) at (1,0,0) with respective eigen-
vectors (1,0,0), (0,1,0) and (0,1, (a3 — a2)/as) if a5 # 0, or (1,0,0), (0,1,0)
and (0,0,1) if a5 = 0. Now,

{0, as, CL3} (23)
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are the eigenvalues of the linear part of (21) at (—1,0,0) with the same eigen-
vectors.
We have by (20) that system (21) becomes

2

U = azu® 4 agv? — asv + a3, U = (a3 — az)uv + asu. (24)

Hence, for determining the phase portrait of (21) on S? it is sufficient to study
the phase portrait of (24) on R2.

We note that
as

(25)

v =—
az — a2

is the unique invariant straight line of (24) which corresponds to the cental
projection of an invariant great circle C of (21). If a2 —4azaz > 0, then system
(24) has two singularities

as + \/ag — 4dasgas as — \/ag — 4dasgas
0, 5 and |0, , (26)
a2

2a2

with respective eigenvalues

1
Saa] \/Qam/ag — 4asas <a5(a3 + az) 4+ y/a? — dagaz(asz — a2)> (27)
2

+

and

1
:I:M\/—Zam/ag — 4azas <a5(a3 + ag) — y/a? — dagaz(az — a2)>. (28)
2

For determining the phase portrait of (24), or equivalently the phase por-
trait of (21), we distinguish three cases.

Case 1: a% — 4azag < 0. In this case asay > 0. Therefore ag and az have the
same sign. Moreover, the unique singularities of (21) are on S'. Hence, by
(22) and (23) those singularities on S? are nodes. Thus, the phase portrait of
(21) on the Poincaré disc is equivalent to that of Figure 1(a), where [ is the
projection of invariant circle C.

Case 2: ag — 4azas = 0. Since asas # 0, we have that a5 # 0 and agas > 0.
Therefore, as and a3 have the same sign and the singularities of (21) on S!,
as in Case 1, are nodes.
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(a) a2 —4azaz <0 (b) a2 — 4agaz =0
Figure 1: Phase portraits of Cases 1 and 2.

In this case system (24) has the singularity (0, as5/(2a2)), with eigenvalues
{0,0}. Note that as/(2a2) = —as/(a3 — az) implies that agas < 0. Hence
(0,as5/(2a2)) does not belong to the invariant straight line (25).

We have that a3 = a2/(4az), so doing the change of variables u = r, v = s+
as/(2as), and introducing the variable 7 through dr = (as(4a3 +a?)/(8a3))dt,
(24) becomes

8a3 9 2a0a5 o . 2aza% —8a3
L =25 2
as(4a3 + a?)

7= TS . (29)

 as(4a3 + a%)s 4a3 + a?
By a result that can be find in [2] page 362, the singularity (0,0) of (29) is
equivalent to the cusp. Hence, we can conclude that the phase portrait of

(21) on the Poincaré disc is equivalent to the one of Figure 1(b), where [ is
the projection of invariant circle C.

Case 3: a2 — 4azaz > 0. In this case system (24) has two singularities given
by (26). Substituting (26) into (25), we obtain the following equations

as(as + az) £ (ag — az)\/ag —4agay 0 (30)

2@2 (ag - CLQ) B

We denote, respectively, by ay and a_ the left hand side of equations (30).
Therefore, ayv— = 0 if and only if 4asag(a? + (ag — a2)?) = 0. Since ay #
as and asaz # 0, it follows that equations (30) do not have solution, i.e
singularities (26) do not belong to the invariant straight line (25). Now,
singularities (26) are at opposite sides with respect to the invariant straight
line (25) if and only if aya_ < 0; i.e., if and only if as and as have opposite
signs. Using the same kind of argument the singularities (26) belong to same
half-plane determined by the invariant straight line (25) if and only if a o >
0; i.e., if and only if as and a3 have same signs.
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(a) azaz <0 ) azasz >0

Figure 2: Phase portraits of Case 3: a2 — 4azaz > 0.

We denote, respectively, by

{2|a Vi @} and {ﬁ““_

the eigenvalues given by (27) and (28), where

ay = £2a9y/a? — dagay <a5(a3 + ag) £ y/a — dazaz(az — a2)> )

Note that & & = —4agas(4a3(a? — dazaz)(a? + (az — as)?)). Therefore, in
this case aya_ # 0. If asaz > 0, then one of the singularities (26) has real
eigenvalues, i.e. it is a saddle and the other has complex eigenvalues, i.e. it is
weak focus.

If agas < 0, we have that &4 and a_ have the same signs, therefore the
singularities (26) have either real eigenvalues, or complex eigenvalues and they
are in opposite sides with respect to the invariant straight line (25). Now, we
know that the Poincaré index of a singularity is —1 in the case of a saddle, 1
in the case of a node or focus, and by the Poincaré-Hopf Index Theorem (see,
for instance [12]) we also know that the sum of the indices of all singularities
of a vector field on S? is 2. Thus, in this case by (22) and (23) we have that
the singularities of (21) in S* are saddles. Hence, in fact the singularities (26)
in this case have complex eigenvalues, i.e. they are weak foci.

Now, system (24) is invariant with respect to the change of variables
(u,v,t) — (—u,v,—t), i.e system (24) is symmetric with respect to straight
line u = 0. Therefore, when a singularity of (26) is a weak focus, then it is a
center.

We conclude that if agas < 0 the phase portrait of (21) on the Poincaré
disc is equivalent to the one of Figure 2(a) and if agag > 0 the phase portrait
of (21) on the Poincaré disc is equivalent to the one of Figure 2(b), where [ in
both figures is the projection of the invariant circle C. |1

Vi)

2[as]
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7. PHASE PORTRAITS FOR QUADRATIC HOMOGENEOUS POLYNOMIAL
VECTOR FIELDS ON S? WITH ONE INVARIANT CIRCLE

Let X be a homogeneous polynomial vector field on S? of degree 2. If X
has only one invariant circle C' on S?, then by the proof of Theorem 1.1 we
can suppose that C = S!'. Now, to prove Theorem 1.4, we have to consider
only the Cases 3 and 4 of the proof of Theorem 1.2, i.e. we need to study only
the following two systems

@ = biwy+ b32? + bsyz,
g = —b1a®+bgz? — bywz, (31)
= —byxz — bgyz,
with b1b3 # 0, and
T = cxy+ cs5yz,
g = —ci1x’ —c12? — cswz, (32)
z = ayz,

with C1C5 75 0.
Before proving Theorem 1.4 we do a remark and we state a theorem that
will be needed in its proof.

Remark 7.1. Let q(z,y) = ax? + 2bxy + cy? + 2dx + 2ey + f = 0 a conic,

) a b d b
A=| b ¢ e ,A=<Z >>
d e f ¢

D3 = det A, D2 =det A and D1 = trA.

If Dy > 0 and D3Dq > 0, then g is a complex ellipse. This implies that ¢ does
not change of sign.

For more details about classification of conics see [14].

THEOREM 7.2. (Dulac’s criterion) Let X = (P,Q) be a vector field on
the plane, where P and Q) are analytic functions. If there exists a C'' function
0ODP 0DQ
- _l’_ R

ox Ay
has constant sign and is not identically zero on any open subset of G, then
the vector field (P, Q) has neither periodic orbits, nor closed curves which are
union of alternating orbits and singularities lying entirely in G.

D(z,y) on a simply connected region G such that div(DX) =
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|\
W

c§74c%<0 c§—4c?:0 c§—4c%>0

Figure 3: Phase portrait of system (32).

The proof of this theorem can be find in [2].

Proof of Theorem 1.4. First, we study the phase portraits of system (32)
with ¢; # 0 and ¢5 # 0. The vector field X associated to system (32) has
two singularities (0,1,0) and (0,—1,0) on S!. We have that {0,cy,c1} are
the eigenvalues of the linear part of (32) at (0,1,0) with eigenvector (0, 1,0)
associated to 0, and (1,0,0) associated to ¢;. Now, {0,—ci,—c1} are the
eigenvalues of the linear part of (32) at (0, —1,0) with the same eigenvectors.
Since at Section 6, we considered the planar vector field induced by (32)
through the central projection (19), i.e. by (20) we have that

U= —c50, ©=—cu’ —c1v® + csu — cq. (33)

If - 4a1 > 0, the Vector field associated to (33) has two singularities

((c5 + /2 —4c2)/ 201 ) and ((c5 — /2 401) (2¢1),0), with respective
eigenvalues +4/c5+/c2 401, and +4/—cs5v/c2 —4c?. Using the same argu-

ments than in the study of system (24) we prove that the phase portraits of
system (33) or equivalently (32) on the Poincaré disc are equivalent to the
ones of Figure 3.

Now, we study the phase portraits of (31). Since b; # 0, introducing the
change of time d7 = b;dt, we have that (31) becomes

& = zy+di2®+ doyz,
y = —x?+dsz? — doaz, (34)
z = —dixz —d3yz,

with d; # 0. The vector field X associated to system (34) has two singularities
(0,1,0) and (0,—1,0) on S'. We have that {0, 1, —ds} are the eigenvalues of
the linear part of (34) at (0,1,0) with respective eigenvectors (0, 1,0), (1,0,0)
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Figure 4: Phase portrait of Case 4: d3 + 4dsz < 0.

and (1,0, —(d3 + 1)/do) if da # 0, or (0,1,0), (1,0,0) and (0,0,1) if dy = 0.
Now, {0, —1,d3} are the eigenvalues of the linear part of (34) at (0, —1,0) with
the same eigenvectors. As in Section 6, we consider the planar vector field
induced by (34) through the central projection (19), i.e.

U = d1U2 + (dg + 1)uv — dg’U + dl,

(35)
0 = —u®+diuv + dsv? + dou + ds.

If d5 +4d3 > 0 and d3 # 0, the vector field associated to (35) has two
singularities

dy + £+Mﬁﬂﬂ®i £+MQ

36
5 , 2 (36)

For determining the phase portrait of (35), or equivalently the phase por-
trait of (34), we distinguish four cases.

Case 4: d% + 4ds < 0. In this case we have that d3 < 0. Therefore, the unique
singularities of (34) are on S*. Hence, since {0,1, —d3} and {0, —1,d3} are its
respective eigenvalues those singularities are nodes. Thus, the phase portrait
of (34) or equivalently (31) is equivalent to the one of Figure 4.

Case 5: d3 = 0. We have that (35) becomes
0 =diu® +uv —dov + di, ©=—u®+ dyuv + dou. (37)

Doing the change of variables u = /s, v = 1/s and introducing the change of
time dr = s~ 1dt, system (37) becomes

=1 —dor?s +dis> + 1 —dps, §=r’s—dors® —dyrs. (38)

System (38) is induced by (34) through the central projection of S? on the
plane tangent to the point (0, 1,0), this fact can be find in [2] page 221. System
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(@):d2#0 (b):da#0 (¢):dy=0
Figure 5: Phase portrait of Case 5: d3 = 0.

(38) has the singularities (0,0) and (0,d2/d;). Note that if do = 0, then (0,0)
is the unique singularity of (38).

The linear part of (38) at (0,0) has eigenvalues 0 and 1 with respective
eigenvectors (da,1) and (1,0). Now, we do the change of variables r = dap+¢,
s = p, and (38) becomes

p = —didap® — dipq + dap’q + pg?,
= g+ (did3+ d1)p* + didapg + dapg® + ¢3.

Thus, applying Theorem 65 from [2] is easy to see that if dy # 0 then (0,0) is

a saddle-node of (38) and if do = 0 then (0,0) is a topological node of (38).
Now, if dy # 0 system (37) has the unique singularity (0,d;/d2). The

eigenvalues of the linear part of (37) at the singularity (0, dy/d2) are

di | /d}(1 —4d3) — 4d;

50, ) ’ (39)

and its determinant is d3 + d3. Hence, (0,d;/dz) is a node or a focus of (38).
Doing the change of variables u = 7, v = § + dj/dg, system (37) can be
written into the form

dq

- —  —dy "
. do r - dq 1
’)— Bdg (g)”(—l d)(

da

W
~_

(40)

7N
W N

We will suppose that the singularity (0,d;/dz) is a focus of system (37).
If dids < 0, by (39) (0,d1/ds) is a stable focus and by Theorem B(ii)’ of [9],
it follows that there does not exist limit cycles surrounding (0, d1/ds).
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I '

Figure 6: Phase portrait of Case 6: d3 + 4ds = 0, d3 # 0.

Now, if d1dy > 0, introducing the change of time dr = —dt on system (40),
we obtain that (0,dy/ds) is a stable focus. Hence, again we applied Theorem
B(ii)" of [9] and obtain that there does not exist limit cycles surrounding
(0,d1/dg). Therefore, we can conclude that the phase portrait of (34) on the
Poincaré disc is equivalent to ones of Figure 5. Note that, since (37) is a
quadratic system, there does not exist limit cycles surrounding the node of
Figure 5 (b), see for more details [15].

Case 6: d% +4d3 = 0, d3 # 0. In this case we have that d3 < 0 and dy # 0.
Since the eigenvalues of two singularities of (34) on S! are {0,1,—d3} and
{0,—1,d3} we have that they are nodes. We have that d3 = —d3/4. Note
that by (36), (d2/2,2d;/ds2) is the unique singularity of system (35) and 0,
2d, /dy are the corresponding eigenvalues. Now, doing the change of variables
u = (d3/(4dy)r + (d5 +4)/(4dy)s + do /2, v = r + s + 2d; /do, and introducing
the new independent variable 7 through dr = 2d;/dadt, we use Theorem 65
from [2] to see that (d2/2,2d;/ds) is a saddle-node of (35). Thus, we can
conclude that the phase portrait of (34) on the Poincaré disc is equivalent to
the one of Figure 6.

Case T: d3 + 4ds > 0, d3 # 0. In this case system (35) has two singularities
Ay = ((d2 + /& + 4d3) /2, —dy (dy £ /B + 4d3)/(2d3)). We have that the
traces of the linear part of (35) at the singularities Ay are tr(DX(A4)) =
—(dy(dy & \/d3 + 4d3))/(2ds), respectively, where X denotes the vector field
determined by (35) and DX its Jacobian matrix. Note that, tr(DX(A4)) -
tr(DX(A_)) = —d3/d3 # 0. Denoting by deta, = det(DX(A+)) the deter-
minant of the Jacobian matrix of (35) at the singularities AL, we have

Vd3 + 4d
dety, = QQT?’((d3+d§+d§),/d§+4d3id2(d§—d3+d§)>.

Since d3 # 0 and d is real, is easy to see that det, dety_ # 0. Therefore,
the singularities A} and A_ are nodes, saddles or foci.
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Figure 7: Phase portrait of Case 7: d3 + 4ds > 0, d3 # 0.

In this case the vector field (34) has six singularities on S2, i.e. two singular-
ities on S!, two singularities on the northern hemisphere and two singularities
on the southern hemisphere. The singularities on the northern hemisphere
and on the southern hemisphere correspond to the singularities Ay. These
singularities are saddles, nodes or foci. Now, we know that the Poincaré in-
dex of a singularity is —1 in the case of a saddle, 1 in the case of a node or
focus, and by the Poincaré—Hopf Index Theorem (see, for instance [12]) we
also know that the sum of the indices of all singularities of a vector field on
S? is 2. Since the eigenvalues of the singularities of (34) on St are {0, 1, —d3}
and {0,—1,ds}, if d3 < 0 these singularities are nodes and their indices are
1. Therefore, the singularities of (34) on the northern hemisphere, respec-
tively southern hemisphere, are a saddle and either a node or a focus. Now,
if d3 > 0 the singularities of (34) on S! are saddles and their indices are
—1. Thus, the singularities of (34) on the northern (respectively southern)
hemisphere, are nodes or foci. Note that, by Proposition 5.2, in this case
the separatrices of the saddles on S!, which are not contained in S' do not
connect, otherwise we would have two invariant circles on S?. Then, we can
conclude that the phase portrait of (34) on the Poincaré disc is equivalent
to ones of Figure 7. Note that on Figures 7 (a) and (¢) do not exist limit
cycles, because system (35) is quadratic and there are no limit cycles sur-
rounding a node, see [15]. By the same argument there are no limit cycles
surrounding the node of Figure 7 (d). Moreover, on Figures 7 (c), (d) and (e)
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the singularities corresponding to A4 have always opposite stability, because
tr(DX(Ay)) -tr(DX(A_)) = —d3/ds and in this cases d3 > 0. We claim that
do not exist limit cycles on the phase portraits of Figures 7 (b), (d), (e) and
there is not homoclinic orbit on (a) and (b). In order to prove the claim we
consider the function D(z,y) = (ax + by + ¢)". We have that

Av(DX)(2.) = (o) + T o) = (a4 by + o ey, (41)

where X is the vector field associated to system (35), and

q(z,y) = (adi(r + 3) — br)z?
+ (ar(ds + 1) 4+ bd1 (r + 3) + a(3d3 + 1)) zy
+ (ds(r +3) +1)by* + (brds + 3dic)x
+ (C(3d3 +1) — ardg)y + (ady + bds)r

(42)

is a conic.

We will prove that D is a Dulac function, i.e. we will show that (41)
does not change of sign on the positive half plane determine by the straight
line ax + by + ¢ = 0. For this we will show that it is possible to choose the
parameters a, b, ¢ and r of D such that ¢ is a complex ellipse. Using the
notation of Remark 7.1 we must show that Dy > 0 and D3D; > 0.

We have that Dy = esb?>+e1b+eg, where ey = —i(d%+4d3)r2—%(6d3+3d%+
2)r— %d%, and the other coefficients e, ey are functions of the parameters of X
and D. Note that es is a quadratic function in r. First we suppose that d2 +
4dz # 0. Tt follows r4 = —(6d3+4(14+3d3)+4+/3d> + (3d3 + 1)2)/(2(d? +4d3))
are the roots of ea(r) = 0. Similarly, we obtain that D3D; = éyc® + é1¢ + &,
where é3(r) = ((2ady (3ds + 1) + 3bd? + b(3d3 + 1)?)(ady + b(ds — 1)/4)r? +
((2ad; (3ds + 1) + 3bd? + b(3d3 + 1)?)(3ad; + b(3ds + 1))/4)r. We have that

947 ((3d7 + (3d3 + 1)*)b + 2ad, (3d3 + 1))?
4(d? + 4ds)? (43)

. (3dia® — (6bdsdy + 2bdy)a — b*(3ds + 1)* — 4b*d3).

ea(ry)éa(r-) =

Since by hypotheses dsd; # 0, it follows that for b sufficiently large (3d3 +
(3ds +1)2)b+2ad; (3d3 +1) # 0, and 3d2a? — (6bdsdy + 2bdy)a — b*(3d3 +1)? —
4b%d? = 0 has two real roots on a given by ax = (3d3+1£2/3d2 + (3d3 + 1)2)/
(3d1)b. Hence, by (43) we can choose b,a € R such that éx(r;)éa(r-) < 0.
This implies that é3(r;) and éx(r—) have opposite signs. Therefore, in a
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neighborhood of 74 or r_ we can choose r such that ex(r) > 0 and éx(r) > 0.
Thus, for b and ¢ sufficiently large we have Dy > 0 and DsD; > 0 and so,
by Remark 7.1, the conic (42) is a complex ellipse. Therefore, the func-
tion D(z,y) = (ax + by + ¢)" is a Dulac function for ax + by + ¢ > 0,
i.e. (41) does not change of sign on the positive half-plane determined by
ax + by + ¢ = 0. Note that |c|//b? + a? is the distance of the straight line
ar + by + ¢ = 0 to the origin (0,0). So for ¢ big enough we have that if
system (35) have limit cycles or a homoclinic orbit, then they must belong
to the half-plane determined by ax + by + ¢ = 0 that contains the singu-
larities of (35). If the singularities of (35) belongs to the positive half-plane
then, by Theorem 7.2, system (35) has neither limit cycles, nor homoclinic
orbits. Otherwise, the singularities of system (35) belongs to the positive
half-plane determined by the straight line —ax — by — ¢ = 0. Then, consider-
ing the function D(z,y) = (—ax — by — ¢)” we obtain the same result, since

div(DX)(z,y) = 2L (4, + 22€

ox (z,9)+ dy
q is given by (42).

Now, we consider the case d3 = —d%/4. In this case Dy = esb® + e1b + by,
where eg = —(1/4)(4 4 3d%)r — (9/4)d?. Note que e is a straight line in r and
ro = —9d3/(4 + 3d?) is the solution of es(r) = 0. We also have that D3D; =
€2¢ +E1c+ép, where é(r) = (—r(8ad (3d? —4) — b(3d? +4)?)/256)(r(d; (4a —
bdl) — 4b) + 3d; (bdl + 4a) + 4()). Note that ég(?“()) = —9d%(8d1 (3d% — 4)& —
b(3d? +4)2)(b(9d3 +4) +12d1a)/256. If 3d2 —4 # 0, solving é(rg) = 0 on a we
obtain a = —b(9d3 +4)/(12d1) and a = b(3d? +4)?/(8d1(3d? — 4)). Therefore,
we can choose a such that é2(rg) > 0. Hence, there exists 7 in a neighborhood
of 79 such that ey(r) > 0 and é3(r) > 0. Thus, as in the previous case, it
follows that system (35) has neither limit cycles, nor homoclinic orbits. Now
if 3d2 — 4 = 0, we have that a = —4b/(3d;) is the solution of &;(ry) = 0 on a.
As é3(rp) is a straight line on a, we can choose a such that é3(rg) > 0. Then,
using the same argument as in the previous case it follows that system (35)
has neither limit cycles, nor homoclinic orbits. 1

(z,y) = —(—ax—by—c)" 'q(z,y), where

We can realize all the phase portraits of Figure 7. For example, system (34)
has phase portrait equivalent to Figures 7 (a), if d; = d2 = 1 and d3 = —6/25,
Figures 7 (b), if dy = dy = 1 and d3 = —1/5, Figures 7 (¢), if d; =3, da =0
and d3 = 1/9, Figures 7 (d), if d; = do = 1 and d3 = 1/10, Figures 7 (e), if
d1:1,d2:0andd3:1.

Proof of Corollary 1.5. It is a straightforward consequence of Theorem 1.2
and of proofs of Theorems 1.3 and 1.4. 1
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