Aequat. Math. 100 (2026), 1-22
© The Author(s) 2026
0001-9054/26/030001-22

published online May 19, 2026 . .

https://doi.org/10.1007 /500010-026-01298-2 | Aequationes Mathematicae
Check for
updates

On the Invariant Sphere Theorem

JAUME LLIBRE AND XIANG ZHANG

Abstract. For a system in R™ consisting of an unstable star node and homogeneous non-
linearity, i.e. @ = px + Q(x) with g > 0 and Q(z) a homogeneous polynomial satisfying
zQ(z) < 0 for all z # 0, Field in 1989 proved the existence of a unique topological invariant
sphere. Here restricted to n = 2, we prove that the topological invariant circle is of star
shape, and obtain the classification of all their phase portraits in the Poincaré disc when @
is of degree 5 and the invariant circle is the circle S = {(z,y,2) € R3| 22 +y? + 22 = 1}.
Moreover, without the restriction zQ(z) < 0 we characterize the relation between equilibria
(both finite and infinite) and the invariant straight lines passing through the origin. These
results extend and improve the previous results of other authors.

Mathematics Subject Classification. 34C05, 34C14, 34C23, 37C79.
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1. Introduction and statement of the main result

As an application of his results, Field [4, Theorem 5.1] in 1989 studied the
n-dimensional differential system

dzx

dt
and obtained the next result, called Invariant Sphere Theorem.
Invariant Sphere Theorem. Assume that p > 0, and R(x) is an (-dimensional
homogeneous polynomial vector field whose components all have the same de-
gree 2d+1 satisfying (R(x),z) < 0 for all z € R¥\ {0}, where (-,-) is the usual
inner product in RY. Then there exists a unique (¢ — 1)-dimensional invariant
topological sphere S(u) C R\ {0} whose complement has the bounded compo-
nent containing the origin. S(u) is globally attracting in the sense that every
orbit of system (1) through x # 0 is forward asymptotic to S(u).

@ = pz + R(x), (1)
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(a) S=21,R=6

FiGURE 1. The topological phase portrait of the differential
system (3) in the Poincaré disc with a topological invariant
circle that is a square

Note that in the Invariant Sphere Theorem, we can take the time rescal-
ing ¢ — pt without changing the orientation and topological dynamics. So,
restricted system (1) to 2-dimensional case, we have the class of polynomial
differential systems of the form

x :x+Pn(x,y),
y =y+ Qn(xay)v

with P, and @,, being homogeneous polynomials of degree n odd. Then, the
Invariant Sphere Theorem becomes the following Invariant Circle Theorem.

(2)

Theorem 1. (Invariant Circle Theorem) Consider the polynomial differential
systems (2) of degree n > 1 odd. If P, (x,y) + yQn(z,y) < 0 for all (z,y) €
R%\ {(0,0)}, then there exist a topological circle S invariant by the flow of
the differential system (2). Moreover, S is globally attracting in the sense that
every orbit of the differential system (2) distinct to (0,0) is forward asymptotic
to S.

The Invariant Circle Theorem provides the existence of an invariant topo-
logical circle surrounding the origin under the flow of system (2). In general
the invariant topological circle in the statement of Theorem 1 is not the circle
S!. Also in general we do not know its geometric shape, as well if it is algebraic
or not. For instance, the differential system

t=x-1"  g=y-y°, (3)

satisfies all the assumptions of the Invariant Circle Theorem and its topological
invariant circle is a square, see Figure 1.
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Related with the Invariant Circle Theorem, Alarcén et al. [1] characterized
topological structures of system (2) with an invariant topological circle when
n=3.

In this paper we first provide some properties on the equilibria and the
invariant straight lines of system (2). Then we characterize the global dynamics
of system (2) with invariant unit circle St when n = 3 and n = 5.

To study the global dynamics one needs the classification of the system at
infinity. Roughly speaking, the Poincaré disc is the closed disc of radius one
centered at the origin of coordinates of the plane R? whose interior has been
identified with the whole R?, and the circle of its boundary, denoted by S,
is identified with the infinity of the plane R2. Note that in the plane R? we
can go or come from the infinity in as many directions as points has the circle
Seo- Since a polynomial differential system can be extended analytically to the
whole Poincaré disc, i.e. including its infinity S, this fact allows to describe
the orbits that go to infinity or that come from the infinity. For more details
on the Poincaré disc and the so called Poincaré compactification, see Section
2.

Our first main result establishes relations among the invariant straight lines
and the equilibria of the differential system (2).

Theorem 2. For n = 2m + 1 the following statements hold.

(a) The straight line passing through the origin and any of the infinite equi-

librium points is invariant under the flow of system (2).

(b) Any finite equilibrium is located on an invariant straight line of the ones

stated in statement (a).

(c) System (2) has either infinitely many finite equilibria, or at most 4m + 5
finite equilibria.

(c1) There exist systems (2) which have exactly 4k+1, k € {0,1,...,m+
1}, finite equilibria, or infinitely many finite equilibria.

(co) If system (2) has infinitely many equilibria, then it is of the form
t=z(1+M(z,y)), y =y(1+M(z,y)) with M(x,y) a homogeneous
polynomial of degree n — 1. So the invariant topological circle filled
with equilibria is given by the curve 1+ M(x,y) = 0.

(d) Any straight line passing through the origin and another finite equilibri-
um distinct to the origin is invariant, and contains exactly three finite
equilibria with two symmetric with respect the origin.

Theorem 2 is proved in Section 3.

As mentioned previously we do not know the geometric shape of the invari-
ant topological cycle for system (2), any way our next result shows that it is
of star shape, that is, each straight line passing through the origin has exactly
two intersection points with the topological circle.

Proposition 3. The invariant topological circle in Theorem 1 is of star shape.
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Proposition 3 is proved in Section 3.
Next we turn to system (2) with the invariant unit cycle for n = 3 and
n = 5. As we will show, system (2) having the invariant circle S' when n = 3
is
i =x—2®+ 2%y = Ps.(z,y),

(4)

j=y—a° =22 —y® = Qaclz,y),
and when n =5 is
i =2 —2° + axty + baPy® + ca®y® + day? + ey’ =: Pso(z,y),
§=y—az’ — 3+ bty —cx®y’ — 3+ d)z’y’ — ey’ —y® = Qse(x,y).

(5)
One can check that xPs.(x,y) +yQsc(x,y) < 0 and zPs.(z,y) +yQsc(z,y) <0
for all (x,y) € R?\ {(0,0)}. This means that for system (2) with n = 3 and
n = 5 the existence of the invariant unit circle S! implies the assumption
2Py (z,y) + yQn(z,y) < 0 for all (z,y) € R?\ {(0,0)} of Invariant Circle
Theorem. But what occurs for the unit circle S* that when it is invariant for
system (5) authomatically this system satisfies the assumption of the Invariant
Circle Theorem, this does not occur if the system (5) has an invariant ellipse.
Indeed, consider the system

5
. x
i=x— " +a'y+ 2P+ 2% +ay' +y° =2+ Psc(,y),

16
1 . 7 1 1 =
y=y— g0 = prty = oyt -2ty - eyt =y =iy Qse(w,),
having the invariant ellipse
2
o 2
ll -1
1 +y )
and satisfying 2 Psc(z,y) + yQse(2, y)|a=—y = —y% < 0 for y # 0, while

@Psc(@,y) + yQse(w,y)|o—y = 7y° > 0 for y # 0.

Let U be an open and dense subset of R? and let H : U — R an analytic
map. We say that the function H = H(x,y) is a first integral of the differential
system (4) if H is constant on every solution (z(t),y(t)) of system (4) contained
in U, ie. if

dH 0H . n OH . 0
— = —i+—y = 0.
dt (z,y)eU Oz Oy (w,y)eU

Our second and third main results are the following.

Proposition 4. The phase portrait in the Poincaré disc of the polynomial dif-
ferential system (4) is the one of Figure 2. Moreover, this differential system
has the first integral H = 2%(2? +y*> — 1)/(x + y)?.

Proposition 4 is proved in Section 4.
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(a) S=21,R=6

F1GURE 2. The topological phase portrait of the differential
system (4)

Theorem 5. The phase portrait in the Poincaré disc of a polynomial differen-
tial system (5) is topologically equivalent to one of Figure 3.

Theorem 5 is proved in Section 5.

Of course, providing the phase portraits of the polynomial differential sys-
tems (4) and (5), we are providing all the qualitative dynamics of these differ-
ential systems.

The phase portraits in the Poincaré disc of the polynomial differential sys-
tems (2) with n = 3 were classified by Alarcén, Castro and Labouriau in [1]. In
fact these differential systems only have three topological distinct phase por-
traits in the Poincaré disc, see Figure 1 of [1]. Of course, the phase portrait of
Proposition 4 is topologically one of these phase portraits, but it is the unique
phase portrait of Figure 1 of [1] that can be realized with the invariant circle
S! provided that the system has no a common factor. Otherwise, the invariant
circle S* is filled with equilibria.

The class of polynomial differential systems whose nonlinearities are homo-
geneous polynomials of the same degree has been studied by several authors,
see for instance the papers [2,5-8]. The classification of global dynamics of
system (2) satisfying the conditions in Theorem 1 is in general still an open
problem to be solved.

@ Springer



55 Page 6 of 22 J.LLIBRE AND X.ZHANG AEM

r’/ ¥ 10 3 \ /’"{ 7 \ \
‘ [ \/ \ J \
e e—1p t— 4\ - } -4 <
‘ < \ \ﬁt\sf; ¥ /,r

x ‘\ 4 /4 \\ \\ ] ) /:';"

FicUrE 3. The distinct topological phase portraits of the d-
ifferential system (5) in the Poincaré disc, where S and R
denote the number of separatrices and canonical regions of
each phase portrait, respectively

2. Preliminaries
2.1. Poincaré compactification

Here we summarize the equations of the Poincaré compactification that we
need for proving our results. Poincaré [12] shown us how to study the dynamics
of a polynomial differential system in the plane R? near the infinity.

Let S? be the sphere of radius one centered at the origin of coordinates of
R3. It is known that the polynomial vector field X induces an analytic vector
field p(X) on S%, in such a way that there are in p(X) two copies of X, one in
the open northern hemisphere and the other in the open southern hemisphere,
and the equator of the sphere has been identified with the infinity So, of R2,
for details see [3, Chapter 5].
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To obtain the analytical expression for p(X) we consider the sphere as
a smooth manifold. We choose the six local charts given by U; = {z =
(21,22,23) €S? 1z, >0} and V; = {z € S? : 2; < 0}, for i = 1,2,3, with
the corresponding coordinate maps ¢; : U; — R? and 1; : V; — R2, defined
by ¢r(z) = ¥r(z) = (2m/2k, 2n/2k) for m < n and m,n # k. The local coor-
dinates on U; and V; for i = 1,2, 3 are denoted by (u,v). From [3, Chapter 5]
the vector field p(X) in these local charts writes

where n is the degree of the polynomial vector field X, i.e. the maximum of the
two degrees of the two polynomial components of the vector field X. Recall
that the expressions of the vector field p(X) in the local chart (V;,4;) is the
same as that in the local chart (U, ;) multiplied by (—1)"~! for i = 1,2, 3.

The Poincaré disc D is the projection by (21, 22.3) — (21, 22) of the closed
northern hemisphere.

Note that the coordinates of the points on the circle Sy, (identified with
the infinity of R?, i.e. the boundary of the Poincaré disc D) are of the form
(u,0) in the local charts U; and V; for i = 1, 2.

From the expressions of the vector field p(X) it follows that the circle Sy
of the infinity is invariant by the flow of p(X). The equilibrium points of p(X)
which lie in S, are the infinite equilibrium points of X.

Note that if p € S is an infinite equilibrium point, then —p is also an infi-
nite equilibrium point and these two points have the same local phase portrait
on the sphere if the degree of vector field is odd. Such phase portraits change
the orientation of their orbits if the degree of the vector field is even. We also
note that the pair of diametrally opposite infinite equilibria of the differential
system (2) are given by the real linear factors ra + sy of the homogeneous
polynomial yP, (. y) — 2Qn (2. y).

From the expressions of X in the charts U; and V; for ¢ = 1,2 it follows
that for determining the infinite equilibrium points it is sufficient to study the
ones in the chart Uy, and to check if the origin of the local chart Us is or not
an equilibrium.

For additional details on the results mentioned in this summary on the
Poincaré compactification, see [3, Chapter 5].
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2.2. Topological equivalence of two polynomial vector fields

Let X; for i = 1,2 be two polynomial vector fields on R2. These two vec-
tor fields are topologically equivalent if there exists a homeomorphism in the
Poincaré disc D sending the infinity S' to the infinity and sending the orbits
of p(X1) into orbits of p(Xs), preserving or reversing the orientation of all the
orbits.

A separatriz of the Poincaré compactification p(X) is one of following or-
bits: the (finite) equilibrium points of X, the limit cycles, all the orbits at the
infinity S, , and the two orbits of the boundary of the hyperbolic sectors from a
finite or an infinite equilibrium point, for more information on the separatrices,
see [9,10].

We denote the set of all separatrices of p(X) by Xx, this set is closed, see
[10].

An open connected component of D\ X x is called a canonical region of p(X).
The set ¥ formed by the union of ¥ x with an orbit from each canonical region
is called the separatriz configuration of p(X). The number of separatrices of
a phase portrait in the Poincaré disc is denoted S, and by R we denote the
number of canonical regions. We recall that the separatrices in a Poincaré disc
are all the orbits on the infinity circle S,, the finite equilibria, the limit cycles
if they exist, and the two orbits in the boundary of the hyperbolic sectors
either from infinite or finite equilibria.

The separatrix configurations ¥’y and X'y are topologically equivalent if
there is a homeomorphism h of the Poincaré disc D verifying that h(¥'y ) =
¥,

The next theorem, due to Markus [9], Neumann [10] and Peixoto [11],
they proved it independently, allows to determine if two phase portraits in the
Poincaré disc are topologically equivalent looking at the topological equiva-
lence of their separatrix configurations.

Theorem 6. Two Poincaré compactified polynomial vector fields p(X1) and
p(X2) with finitely many separatrices are topologically equivalent if and on-
ly if their separatriz configurations X'y~ and ¥'y are topologically equivalent.

3. Proof of Theorem 2 and Proposition 3

Proof of Theorem 2. (a) From Subsection 2.1 an infinite equilibrium must be
located at an endpoint of the straight line rx + sy = 0 with rx + sy being a
real linear factor of the homogeneous polynomial y P, (z,y) — Q. (x,y). Since

a (g> _ yr -y 2Qu(,y) — yPu(z,y)
dt \x B

— =0,
22
the straight line 7 + sy = 0 is invariant. The statement follows.

2

re+sy=0 re+sy=0 Y re+sy=0
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(b) Let (Z,7) be an equilibrium point of the differential system (2). We shall
prove that the straight line f = f(x,y) = Ty — gx = 0 passing through the
origin of coordinates and the equilibrium point (Z, ) is invariant. Indeed, the
invariance of the straight line f = 0 follows from the next computation

of ., of
696 8y

= —y(z + Pa(z,9)) + 2(y + Qu(,¥)|y—gu/z
y=yx/T

zy) — yPu(x,y) + TQn(x, y))|y:gjx/i

z"

= (b (Z,9) + 2Qn(7,7)) = 0.

Therefore, since the invariant straight line f = 0 intersects the infinity in an
equilibrium point, it must be one of the invariant straight lines rz 4+ sy = 0.
The proof of the statement is done.
(c) Note that a rotation does not change the form of system (2) and the
number of equilibria, both finite and infinite. So we can assume without loss
of generality that any finite equilibrium is not located on the axes, except the
origin.

Let (Z,7) be a finite equilibrium, then Z # 0,7 # 0 by the above assump-
tionn. From the equations that a finite equilibrium satisfies, (7, %) must satisfy

ypn(fv y) - an(fa y) =0, (7)
and
T+ P,(Z,7) =0. (8)

Note that R,11(z,y) := yPn(x,y) — 2Qn(z,y) is a homogeneous polynomial
of degree 2m + 2, and the solution (z;,y;) of R,11(z,y) = 0 exactly cor-
responds to A; = y;/x; which satisfies R,,+1(1, ;) = 0. Here we have used
the assumption that any equilibrium (Z,7) satisfies T # 0, 7 # 0. Observe
that for any given P,(z,y) # 0, we can choose suitable @, (z,y) such that
AP, (1,A) — Qn(1,A) = 0 has exactly k € {0,1,2,...,2m + 2} solutions. De-
note these solutions by A1,..., Ay when k > 0.

We now claim that each straight line y = A;z contains either exactly one
equilibrium (i.e. the origin), or exactly three equilibria: the origin and the other
two ones symmetric to the origin. Indeed, if in the former case, we are done.
If the line y = A;jx contains an equilibrium (z;,y;), different from the origin.
Then by symmetry of system (2) with respect to the origin, it follows that
(—zj,—y,) is also an equilibrium. By contrary, if there is other equilibrium
saying (Z,7) on y = Ajz, different from (0,0), (x;,y,) and (—x;, —y;), then
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(7,7) = p(xj,y;) with p ¢ {0,1, —1}. By the equation
T+ P(Z,7) =0

that (Z,7y) satisfies, it gives that

0= paj + p" Pa(zj,y;) = prj + p" (=a;) = p(1 = p" 1)
a contradiction. Hence, system (2) has at most 2(n+1)+1 = 4m+5 equilibria
provided that the number is finite.
(c1) We first claim that the maximum number of equilibia can be realized. In-
deed, for any P, (z,y), we can choose Q. (x,y) such that y P, (z,y)—2Q,(x,y) =
0 has exactly 2m + 2 nonzero and different solutions (x,y) = x(1,;), j =
1,...,2m+2 with ‘exact’ in the sense A\; # Aj for ¢ # jand ¢,j € {1,...,2m+
2}. For any chosen (z;,y;) with y; = A\jz; and 2; #0, 5 =1,...,2m+ 2, one
has

l‘j,

2;+al (1) =0, j=1,....2m+2. (9)

To ensure that all (x;,y;)’s are finite equilibria of system (2), we need to find
P, (x,y) such that all the equations in (9) hold simultaneously. For that aim,
set

n
P, (x,y) = Z An—j 2" Iyl
7=0

Then the equations in (9) can be written in

D VERRED Y EERRD ¥ LD Vi A2m11.0 x2m

D VEEED Y AP Y D Vi A2m.1 Ty 2"
. . = - (10)

L Aamy2 A3ppo - Ao A%Zii% @0,2m+1 952_7721”4:2
The coefficient matrix is a Vandermonde matrix due to A; # A; for i # j.
So the linear equation on (a2m+1,0,@2m.1, " ,@0,2m+1) has always a unique
nontrivial solution. This proves that such a chosen P,(x,y) with coefficients
A2m+1,0: A2m. 15" ", G0,2m+1 ensures that the equation = + P,(x,y) = 0 has
(xj,\jzj), j=1,...,2m+ 2 as its solutions. In addition, by symmetry (—z;,
—\jzj), j =1,...,2m + 2, are also its solutions. This proves the claim. So,

including the equilibrium at the origin system (2) can have the maximum
number 4m + 5 of finite equilibria.

For any given k € {0, 1,...,2m+2}, the claim that the exact 2k+ 1 number
of finite equilibria can be realized by systems of form (2) follows from the facts
that there exist P, (z,y) and Qy(z,y) such that the equations (7) and (8) have
exactly 2k 41 solutions. Indeed, for any P, (z,y), one can choose @, (z,y) such
that AP, (1,\) — Qn(1,\) = 0 has exactly k different solutions, denoted by
A1y - .- Ag. Then the system of linear equations (10) with As, replaced by Ak
and Zon,+2 by x5 has always solutions in (agm+1,0, @2m. 1, -+ » @0.2m+1)- In fact,
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when k < 2m + 2, the solutions form a linear space of dimension 2m + 2 — k
in the coefficients space of P, (x,y).
(c2) If the number of finite equilibria is infinite, then R,41(z,y) = 0. Set

n

n
x y) = Zanfj,jxn_jyja Qn X Z/ an ]jxn ]
=0

Then
n—1
1 1
Ros1(2,y) = Y (an—jj = bn1jjr1) "7y + agny™ " — by 2"
Jj=0
It follows

ao,n = 0, bn,O =0, An—j,5 = bn—l—j7j+17 .] =0,1,....,n—1.

Consequently P, (x,y) = M, _1(z,y), Qn(z,y) = yM,_1(z,y) where M, _,
is a homogeneous polynomial of degree n — 1. In order that system (2) has
infinitely many finite equilibria is equivalent to the fact that 14+ M,,_1(xz,y) =0
is a real curve in the (x,y) plane. In fact, in this case system (2) has the
common factor 1+ M, _1(z,y), and so it is essentially a linear differential
system after a convenient rescaling of the time.

(d) The proof follows from those of the previous three ones. O

Proof of Proposition 3. Let I' be the invariant topological circle obtained from
Theorem 1, which is in counterclockwise sense. By contrary, if I" is not of the
star shape, then there exists a ray starting from the origin, denoted by y = oz,
which intersects I' transversally in at least three points. Let I; and I be the
two consecutive intersection points, see Figure 4.

Without loss of generality (if necessary, one can take a rotation), we can
take the ray with o > 0, and so the points (x,y) on the ray satisfy > 0 and
y > 0. Denote by X the vector field associated to system (2), and by £ and H
the linear and homogeneous parts of X'. Then & = £ + H. Denote by A;, the
vector of the vector field A at I; with A € {X,£,H} and j = 1,2. Then the
three vectors at I; have the structure as those shown in Figure 4. Note that
Ly, is upwards and Hj, is leftwards. While the three vectors at I, must have
L1, upwards and H;, rightwards.

Set Iy = (z1,y1) and Iy = (z2,y2). Then y; = ox1 and y2 = oxo. Hence,
one has

X1, = (x1,0m1) + (Po(z1,021), Qn(z1,011),) = 21(1,0) + 27 (Pa(1,0),Qn(1,0)),
X1, = (22,002) + (Pu(w2,022), Qn(x2,022),) = x2(1,0) + 23 (Pa(1,0),Qn(1,0)).

This shows that Hj;, and Hj, are parallel and point the same direction. We
have a contradiction, so the invariant topological circle I' must be of star shape.
O
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FIGURE 4. Illustration of the invariant topological circle
which is not star shape

4. Proof of Proposition 4

First we claim that the unique polynomial differential system (2) with n = 3
satisfying the condition 2 P3(z,y) + yQs(z,y) < 0 for all (z,y) € R*\ {(0,0)}
and having the invariant circle S! is the differential system (4).
Now we shall prove the claim. The polynomial differential systems (2) with
n =3 are
t=x+az>+ angy + agmy2 + a4y3,

§ =y -+ b’ + box’y + bswy® + bay®.

We recall that the circle St is invariant by the flow of the differential system
(11) if f = f(z,y) = 22 + y? — 1 = 0 satisfies

of. of.

(11)

ST+ 2 Y = 07
oz dy f=0
for more details see [3, Chapter 8]. Since
gdj + gy =1+b — (2b1 — bg)y2 + a3y3 + (bl —ba + b4)y4 — a3y5
9z Y| i i

+(az2 +b1)y/T— 42 F (a2 — aa + b))y’ /1 — 2
+b3y/1 —¢y2 = 0.
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It follows that
b1=—1, b2:—2, CL3=O7 b3:0, CLQ:l, a4=O, b4:—1.
Hence the differential system (11) becomes the next one
b=x— 1+ oy =1+ Py(z,y), 2)
g=y—a® 227 —y’ =y + Qs(x,y),
i.e. we obtain the differential system (4). Now we shall see that forcing that
the differential system (4) has the invariant circle S, then it automatically
satisfies the condition zPs(x,y) + yQs(z,y) < 0 for all (z,y) € R?\ {(0,0)}.
Indeed,

rPy(x,y) +yQs(z,y) = —(z* +4?)? <0, for all (z,y) € R?\ {(0,0)}.

So the claim is proved.

Since the differential system (4) satisfies all the assumptions of Theorem 1
we have that the circle S! is invariant and globally attracting. Hence all the
equilibria distinct to the origin of coordinates live on the circle S!.

The algebraic curve g = g(x,y) = 0 is invariant by the flow of the polyno-
mial differential system @ = P(z,y), § = Q(z,y), if there exists a polynomial
K, = K,(z,y) such that

g
ox
The polynomial K is called the cofactor of the invariant algebraic curve g = 0.
Additional to the invariant circle f; = f = 0, the differential system (4)
has the invariant equilibrium point fo = fa(x,y) = 22 + y? = 0, the invariant
straight line f3 = f3(x,y) = x = 0 (this follows directly from the expression
of &), and the invariant straight line fy = f4(x,y) = 2 +y = 0. It is easy to

verify that the cofactors of these four invariant algebraic curves are

Ky = =2(2*+9?), Kf, = —-2(* +y* - 1), Ky, =1— 2% +ay,
Ky, =222 —ay+y? — 1.

dg
P+ —=0Q=K,qg.
+ ayQ g9

It is known that if there are constants p;, for i = 1,2, 3,4, not all zero such
that X, p; Ky, = 0, then the function H = f{* f§° f#5 f* is a first integral of
the differential system (4). This result can be found in [3, Chapter 8]. From

4
ZPini = —2p1(¢® + %) — 2p2(a® +y° — 1)
i=1

+p3(1 —2® + zy) + pa(22® —zy + 4> — 1) =0,

we obtain that pos = 0, p3 = 2p; and ps = —2p;. Therefore the differential
system (4) has the first integral

2% (z? +y? — 1)

H=f e 1 = (z +y)?

)
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after taking p; = 1.

Easy computations show that the finite equilibria of the differential system
(4) are the (0,0) a hyperbolic unstable node, and the following four equilibria
on the invariant circle So, ordered in counterclockwise:

-) (0,1) a hyperbolic saddle,

-) (=1/+/2,1/4/2) a hyperbolic stable node,

-) (0, —1) a hyperbolic saddle,

-) (1/+/2,—1/4/2) a hyperbolic stable node.

Recall that a hyperbolic equilibrium satisfies that the eigenvalues of the Ja-
cobian matrix of the differential system evaluated at the equilibrium have non-
zero real part. The Hartman-Grobman Theorem classifies the local phase por-
traits at the hyperbolic equilibria, a version of this theorem for 2-dimensional
differential systems can be found in [3, Theorem 2.15].

From (6) we get that the differential system (4) in the local chart U; writes

= —(1+u)(1+u?), v =v(1 —u—v?).

This differential system has only the infinite equilibrium (—1,0), that is a hy-
perbolic saddle. While the differential system (4) in the local chart U becomes

i =u(l+u)(1+u?), v =v(1+2u? +u® —v?).

So the origin (0,0) is a hyperbolic unstable node. Of course, we have the
additional two infinite equilibria symmetric to the previous two ones with
respect the center of the Poincaré disc, for more details see Subsection 2.1.
Using the invariant circle S' and the two invariant straight lines z = 0 and
x +y = 0, together with the local phase portraits at the finite and infinite
equilibria, it follows easily the phase portrait of this differential system in the
Poincaré disc given in Figure 1. This completes the proof of Proposition 4.

5. Proof of Theorem 5

Again we claim that the unique polynomial differential system (2) with n =5
satisfying the condition zPs5(z,y) + yQs(z,y) < 0 for all (z,y) € R?\ {(0,0)}
and having the invariant circle S* is the differential system (5).

Now we shall prove the claim. The polynomial differential systems (2) with
n =5 are

i=x+a2’+ a2x4y + a3x3y2 + a4m2y3 + a5xy4 + aﬁyg’7

13
U=y +bia® + box'y + bsay® + baa®y® + byzy” + bey’. (13)
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Since
o, 0

=1+4+a1 — (3a1 —as — bz)y2 + (3a1 — 2a3 + a5 — 2bs + b4)y4
ox E)y P

2
—(a1 —az + a5 —ba +bs — be)y® + (a2 + b1)y/1 — y2
?(2&2 — a4 + 2by — b3)y3\/1 — y2 + ((l2 — a4 + ag + b1

—bs + b5)y®/1 —y2 =0,

1—y

It follows easily that
ap=—1, by =—ag, by =-3—az, b3 = —ay, by=-3—as,
bs = —ag, bs = —1.
Therefore the differential system (13) writes as
i =z —2° 4+ azxty + ba®y? + ca®y® + day + ey’ =z + Ps(x,y),

=y —ax’ — (3+b)aty — cx®y? — (3 + d)x’y® — exy® —y° =y + Qs(x,v),

(14)

where a = —ag, b = —a3, ¢ = —ay, d = —as and e = —ag. Note that the

differential system (14) is the differential system (5). As in the case n = 3

also for n = 5 when we force that the differential system (5) has the invariant

circle S automatically it satisfies the condition zPs(x,y) + yQs(x,y) < 0 for
all (z,y) € R%\ {(0,0)}. Indeed,

zP5(z,y) + yQs(z,y) = — (22 +y*)> <0, for all (x,y) € R?\ {(0,0)}.

Hence the claim is proved.

Since the differential system (5) satisfies all the assumptions of Theorem 1,
it follows that the circle S' is invariant and globally attracting. Therefore all
the equilibria of the differential system (5) distinct to the origin of coordinates
live on the circle S'.

Let rz+sy be a real linear factor of the homogeneous polynomial yPs(z, y)—
2Q5(x,y). By Theorem 2, the invariant straight line 7+ sy = 0 intersects the
invariant circles S! and Soo in equilibrium points, and since the invariant circle
St is globally attracting, all the finite equilibria of the differential system (5) are
the ones in the intersection of the invariant straight lines rz + sy = 0 with the
invariant circle S* plus the origin of coordinates. Moreover, we know that the
real linear factors ra+ sy of the homogeneous polynomial y P, (x, y) —2Q, (x,y)
provide all the pairs of diametrally opposite infinite equilibria.

For the differential system §52 wge have that,

yPu(,y) — 2Qn(z,y) = (z° +y")(az” + (24 )2’y + ca’y” + (1 + d)zy” + ey”).
Hence the differential system (5) can have the following eight distinct possi-
bilities for its invariant straight lines rz 4+ sy = 0.

Case 1111: four real invariant straight lines r;x + s;y = 0 for ¢ = 1,2, 3,4, i.e.

az* + (2 + 023y + cx’y® + (1 + d)ay® + ey
= (rz + s1y)(rex + s2y) (rs@ + s3y) (raz + say).
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Then the differential system (5) having these invariant straight lines has coef-
ficients: @ = rirorsry, b= —241or3ryS1 +1r1737482+1r119r483+ 71727384, €=
73748189 + ToT48183 + 1748283 + Tor38184 + T1735284 + 11128384, d = —1 +
745815283 + 173515254 + 72515354 + 11525354, € = §1525354.

Case 211: one real double invariant straight line and two simple real straight
lines, i.e.

az' + (24 b)zy + cx’y® + (1 + d)zy® + ey* = (riz + s1y)° (raz + s2y) (r3x + s3y).

Then the differential system (5) having these invariant straight lines has co-

efficients: a = 7”%7'27”3, b= —2+42rirorssy + 7’%7’352 + r%r253, c = 7'27’35% +

2r1138189 + 2r11981583 + 7’%8283, d= -1+ 7‘38%82 + 7“25%53 + 2r1518283, €=
2

5715283.

Case 22: two real double invariant straight lines, i.e.
azt + (2 + b))y + cx®y® + (14 d)axy® + ey = (r1z + s1y)*(r2x + s2y)°.

Then the differential system (5) having these invariant straight lines has coeffi-
cients: a = r3r2, b= 2(—1+4r1r3s51+rirysy), ¢ =r3s2+4riros sot+riss, d=
—1 4 2198359 + 2115183, € = s753.

Case 31: one real triple invariant straight line and another real simple straight
line, i.e.

az® + (2 + b2y + ca®y® + (1 + d)zy® + ey = (riz + s19)>(raz + s27).

Then the differential system (5) having these invariant straight lines has co-
efficients: a = rry, b= —2+4 3rirgs) +risy, ¢ = 3(rir2s7 +1ris18), d=
—1 4128} + 3r18%s2, e = sso.

Case 4: one real quadruple invariant straight line, i.e.

azt + (24 b)2%y + ca®y? + (1 + d)xy® + ey* = (rz + s1y)*.

Then the differential system (5) having this invariant straight line has coeffi-
cients: a =1}, b=2(—-1+2r}s1), c=06ris?, d=—1+4r1s}, e=si.
Case 1la: two real simple invariant straight lines and two parallel complex
straight lines (uz + vy + w)? + k? = 0 with k(u? + v?) # 0. Then, since
(r1z+s1y) (rez+s2y) ((uz+vy+w)?+k?) cannot be a homogeneous polynomial,
this case cannot occur.

Case 11b: two real simple invariant straight lines and two complex straight
lines intersecting in a real point (uz + vy + w)? + (ra + sy + t)? = 0 with
(u? +v2)(r? 4+ s?) # 0. In order that (r1z + s1y)(rew + s2y)(ux + vy + w)? +
(ro + sy + t)?) be homogeneous we must take w = t = 0. Then, one has

az® + (2 + b2y + ca®y® + (1 4+ d)xy® + ey
= (riz + s1y)(rox + soy) (ux + vy)? + (rz + sy)?).

Hence the differential system (5) having these invariant straight lines has coef-
ficients: a = r172(r?+u?), b= —2+42rr1ros+r2(rosy+risy)+u(res utrysou+
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2r17mov), © = 2rra8sy + r2s18g + s1u(sau + 2rov) + 21189 (rs + uv) + rire(s? +
v?), d=—1+2s1852(rs+uv)+rasi(s?+v?) +7r182(s2 +v%), e = s182(s2 +0?).
Case 2a: one real double invariant straight line and two parallel complex s-
traight lines (uz + vy + w)? + k? = 0 with k(u? + v?) # 0. Then, since
(r1z + s19)?((ux + vy +w)? + k?) cannot be a homogeneous polynomial, this
case cannot occur.

Case 2b: one real double invariant straight line and two complex straight lines
intersecting in a real point (uz+vy+w)?+(re+sy+t)? = 0 with (u?+v2)(r2+
52) # 0. In order that (riz + s1y)(r2x + s2y)(uz + vy + w)? + (rz + sy + t)?)
be homogeneous we must take w = ¢t = 0. Then, it follows

az* + (2 +b)2Py 4+ cx®y® + (1 + d)xy® + ey
= (riz + s19)*((uzx + vy)? + (rz + sy)?).

Hence, the differential system (5) having these invariant straight lines has
coefficients: a = 72 + u?, b=2(—1+rs+uv), c=r2+s>+u?+0v? d=
—142rs +2uv, e= s>+ 2.

Case Oa: two pairs of complex parallel straight lines, (uz + vy +w)? + k% =0
with k(u? +0?) # 0 and (rz + sy +t)? + £2 = 0 with £(r? + s?) # 0. Since
((uxr+vy+w)?+k2?)((ro+sy+t)?+£2?) cannot be a homogeneous polynomial,
this case cannot occur.

Case 0b: two complex parallel straight lines and two complex straight lines
intersecting in a real point. As in the previous case when two complex parallel
straight lines are present, the corresponding case cannot occur.

Case Oc: two pairs of complex straight lines intersecting in a real point, one can
be (ur+vy+w)?+(rz+sy+t)? = 0 and the other (ux+vy+w)%+(Fo+35y+1)? =
0 with (2 + 92)(#? + 52) # 0, and in order to have a homogeneos polynomial
we take w =t = w = ¢ = 0. Then, it follows

az* 4+ (2 + b))y + cxy® + (1 + d)ay® + ey
= ((uz +vy)* + (rz + sy)*) ((az + vy)* + (Fz + 59)%).

Hence, the differential system (5) having these invariant straight lines has
coefficients: a = (7% + u?)(7? + u?), b= 2(—1+rr?s+ r’rs + r5u? + rsu’ +
P2uv + utv + r?uv + uluv), = 72s% 4+ 4riss +r25% + 5202 + s2u? + 4rsuv +
7202 4+ @202 + drsuv + dutvt + 1202 +u20?, d = —14 27525+ 2rs52 4+ 25%uv +
27502 + 28200 + 2uv?v + 2rsv? 4 2uvv?, e = (s? +v?)(58% + 2).

Case 0d: a double pair of complex parallel straight lines. Again by homogenity
this case cannot occur.

Case (Oe: a double pair of complex straight lines that intersect in a real point,
and by homogenity we have ((uxz + vy)? + (rz + sy)?)> =0, i.e.

az® + (2 + b2y + ca®y® + (1 4+ d)zy® + ey = (ux + vy)* + (rz + sy)?)>
Then the differential system (5) having these invariant straight lines has co-

efficients: a = (r? + u?)?, b= 2(—1+ 2r3s + 2rsu? + 2r%uv + 2u3v), ¢ =
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2(3r2s% + s2u? + drsuv + r20? + 3u0v?), d = —1 + 4rs3 + 4s%uv + drsv? +
duvd, e = (s% +0v?)2%

Now we must study the phase portraits in the Poincaré disc of the nine
cases that are non-empty.

Of course, the origin of coordinates of the differential system (5) always is
a hyperbolic unstable node.
Case 1111. Then the differential system (5) has on the invariant circle S! the
following eight finite equilibria

S; T
bi= | — )
’ Vi + st Jr2+s?
and —p; for i = 1,2,3,4. The determinant of the Jacobian matrix of the
differential system (5) evaluated at p; is

4Hi:1,k7§i(7‘k3i — T;5k)
1"1.2 + 5?

£0, (15)

because if some rps; — r;sp = 0 then the two straight lines rx + s;y = 0
and rgx + sy = 0 would coincide. From (15) it follows that the equilibrium p;
must be either a hyperbolic node, or a hyperbolic saddle, or a focus or a center.
But these last two possibilities can occur because the equilibrium p; is on the
invariant circle S'. So the eight equilibria on the invariant circle S' are either
hyperbolic nodes or saddles. Moreover, by Theorem 1 the invariant circle S* is
globally attracting, so all the nodes are stable, consequently we cannot have
two consecutive nodes on the invariant circle. In summary, we have four stable
nodes and four saddles on the circle S' located alternatively.

Now we study the infinite equilibria. The differential system (5) in the local
chart Uy writes

0= — (r1 + s1u)(ry + sou)(r3 + s3u)(rq + squ)(1 +u?),

v zv(l — r17orgrau — (r17r3rasy + T2(r3Tast + rirass + r1r3ss) — 2)u’—
(s3(rarast + r1rase + m17284) + 13(T4S182 + T2S154 + r13234))u3—
(

74818283 + 135818284 + 72815384 + 11828384 — 1)u4 — 51825354u5 — 04).

(16)
With a rotation of the coordinates (if necessary) in the Poincaré disc we can
assume without loss of generality that all the infinite equilibria are in the
local charts Uy and V. The differential system (16) has eight infinite equilibria
P, = (—r;/s;,0) and —P; for i = 1,2, 3, 4. Note that since we are assuming that
all infinite equilibria are contained in U; U V; all the s; # 0. The determinant
of the Jacobian matrix of the differential system (16) evaluated at P; is

4
(r? +s7)3 [Ti popi(rise — 1ess)

0
5 #
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The same arguments used for studying the local phase portraits at the e-
quilibria on the circle S' work here for studying the local phase portraits at
the equilibria on the circle So,, and we obtain that at infinity there are four
hyperbolic unstable nodes and four hyperbolic saddles, and they are located
alternatively on the circle S.,. Moreover, on every straight line r;x + s;y = 0
there are five equilibria, two at infinity saddles (resp. unstable nodes), two at S*
stable nodes (resp. saddles) and the unstable node at the origin of coordinates.
Taking into account all this information we obtain that the phase portrait
in the Poincaré disc of the differential system (5) under the assumptions 1111
is topologically equivalent to the phase portrait of Figure 2(a).
Case 211. Then the differential system (5) has on the invariant circle S' the
following six finite equilibria

S; Ti
2
S\ VST s
and —p; for i = 1,2,3. The determinant of the Jacobian matrix of the differ-
ential system (5) evaluated at p; is
(ris1 —r18:i)*(rrsi — risk)
i+ 87

4 #0, fori=23andk # .
So, by the arguments used in the case 1111 one of the two equilibria p, and
ps is a hyperbolic stable node and the other is a hyperbolic saddle. On the
other hand, the eigenvalues of the Jacobian matrix of the differential system
(5) evaluated at p; are 0 and —4, so p; is a semihyperbolic equilibrium. By
Theorem 2.19 of [3] p; is a saddle-node.

Now we study the infinite equilibria. The differential system (5) in the local
chart Uy writes

@ =— (r1 + s1u)?(r2 + sou)(r3 + szu)(1 + u?),

b =v(l - r2rorsu — (=2 + 2r1ror3s + ri(r3se + ro83))u’—

3

(17)
(r182(2rgsy + r183) + ras1(rssy + 2rys3))u’—

(r;:,s%sz + 7“28%83 + 2711818283 — 1)u4 — 8%8283’[[5 — v4).

Again we can assume without loss of generality that all the infinite equilibria
are in the local charts U; and V;. The differential system (17) has six infinite
equilibria P; = (—r;/s;,0) and —P; for ¢ = 1,2,3. As in the case 1111 we have
that s; # 0. The determinant of the Jacobian matrix of the differential system
(17) evaluated at P; is
21 23 2
(ri + 57)°(risn 7;1‘%) (risi = risk) £0, fori=2,3and k # i.

Si

The same arguments than in the case 1111 work here for studying the local
phase portraits at the equilibria on the circle S, and we obtain that one of the
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equilibria P, and P is a hyperbolic unstable node and the other a hyperbolic
saddle. The eigenvalues of the Jacobian matrix of the differential system (17)
evaluated at P are 0 and (r? + s3)2/s}, so Py is a semihyperbolic equilibrium
, and by Theorem 2.19 of [3] P; is a saddle-node. Furthermore, on the straight
line ;& 4+ s;y = 0 for i = 2,3 there are five equilibria, two at infinity saddles
(resp. unstable nodes), two at S stable nodes (resp. saddles) and the unstable
node at the origin of coordinates. While on the straight line r1z + s;y = 0
there are five equilibria, two saddle-nodes at infinity, two saddle-nodes on S!
and the unstable node at the origin of coordinates.

Taking into accoount all this information we obtain that the phase portrait
in the Poincaré disc of the differential system (5) under the assumptions 211
is topologically equivalent to the phase portrait as in Figure 2(b).

The remainder seven cases are studied using the same arguments than in
the analysis of the cases 1111 and 211. Thus the phase portrait of the case 22 is
shown in Figure 2(c). This phase portrait has two invariant straight lines with
five equilibria, the four that are on the two invariant circles are semihyperbolic
saddle-nodes.

The cases 31 and 11 have topologically equivalent phase portraits in the
Poincaré disc shown in Figure 2(d). This phase portrait has two invariant s-
traight lines with five equilibria. In one invariant straight line the two equilibria
on the circle Sy, are saddles and on the circle S! are stable nodes, and in other
on the circle So are unstable nodes and on the circle S' are saddles.

Also the phase portraits of the cases 4 and 2 are topologically equivalent
to the one of Figure 2(e). This phase portrait has only one invariant straight
line with five equilibria. The four equilibria that are on the circles S, and S!
are all semihyperbolic saddle-nodes.

Finally, the cases Oc and Oe have their phase portraits topologically equiva-
lent to the one of Figure 2(f). In this phase portrait the invariant circle S! is a
stable limit cycle, and the unique equilibria in the Poincaré disc is the unstable
node at the origin of coordinates. This completes the proof of Theorem 5.
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