DISCRETE AND CONTINUOUS d0i:10.3934 /dcdsb.2020177
DYNAMICAL SYSTEMS SERIES B

DYNAMIC ASPECTS OF SPROTT BC CHAOTIC SYSTEM

Marcos C. Mota

Departamento de Matematica, Instituto de Ciéncias Matematicas e de Computagao, Universidade de Sao Paulo
Avenida Trabalhador Sao—carlense, 400, Centro
13.566-590, Sao Carlos, SP, Brazil

REGILENE D. S. OLIVEIRA®

Departamento de Matematica, Instituto de Ciéncias Matematicas e de Computagao, Universidade de Sao Paulo
Avenida Trabalhador Sao—carlense, 400, Centro
13.566-590, Sao Carlos, SP, Brazil

(Communicated by the associate editor name)

ABSTRACT. In this paper we study global dynamic aspects of the quadratic
system
r=yz, y=z-—vy, 2=1—z(ay+ px),

where (z,y,2) € R% and a, 8 € [0, 1] are two parameters. It contains the Sprott
B and the Sprott C systems at the two extremes of its parameter spectrum and
we call it Sprott BC system. Here we present the complete description of its
singularities and we show that this system passes through a Hopf bifurcation
at a = 0. Using the Poincaré compactification of a polynomial vector field in
R3 we give a complete description of its dynamic on the Poincaré sphere at
infinity. We also show that such a system does not admit a polynomial first
integral, nor algebraic invariant surfaces, neither Darboux first integral.

1. Introduction and statement of the main results. Chaos is an interesting
phenomenon in nonlinear dynamical systems that has been intensively studied in the
last decades. A chaotic system can be defined as a nonlinear system that displays
a complex and unpredictable behavior.

In [16], J. C. Sprott introduced 19 three-dimensional quadratic chaotic systems,
which were denoted by Sprott A, Sprott B, ..., Sprott S. Recently the dynamic
aspects of such systems and also some generalized systems coming from them have
been investigated. For instance, generalized Sprott B [5], Sprott C [17], and Sprott
E [15], among others.

Sprott B system is given by

=Yz,
=Ty (1)
z=1-—uy,
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and Sprott C system is described by

T =yz,
Yy=z—-Y, (2)
2=1-—2°

In this paper we study some global dynamic aspects of the system

T =1yz,

g=z-y, (3)
z2=1-z(ay + px),

where «, 8 € [0, 1] are two parameters. Note that system (3) is a quadratic system
which contains systems Sprott B and Sprott C in the two extremes of its parameter
spectrum, i.e. when o = 1 and 8 = 0, system (3) represents Sprott B chaotic system
and when o« = 0 and 8 = 1 we have Sprott C chaotic system. In this paper, system
(3) will be called Sprott BC system. This quadratic system can be considered as a
bridge system' between Sprott B and Sprott C systems.

Regarding system (3), we present the complete description of its singularities
and we show that it passes through a Hopf bifurcation when o = 0. The dynamic
at infinity of system (3) is studied by using the Poincaré compactification of a
vector field in R®. In this study we also show that such a system does not admit
a polynomial first integral, nor algebraic invariant surfaces, neither Darboux first
integral, for all the possible values of the parameters «, 5 € [0, 1].

In order to start our study of the Sprott BC system we observe that if a = =0
such a system does not possess finite singularities. If («, 8) # (0,0) we can assume
a > —f and in this case we have the following two finite singularities

1 1 1 1
E — , ’0 s E = —_ s 70 . 4
' (x/a+6 Va+p ) ’ ( Va+tB Va+p ) W
Observe that system (3) is symmetric with respect to the z—axes because it is
invariant under the change of coordinates (x,y, z) — (-2, —y, z). Therefore, the
local stability of singularity Eo can be obtained by the study of E;.
The linear part of system (3) evaluated in E; is

1
! " Vaip
DX (Ey) = 1 ~1 0 , (5)
—a— 20 o 0
Va+ 3 Va+

which has two complex conjugate eigenvalues and one real eigenvalue (since we have
det(DX(Ey)) = —2), so E; is locally a saddle-focus singularity (see page 47 from
[7] for more details). Due to the mentioned z—symmetry, singularity Eo has the
same local behavior.

In Figures 1(A) and 1(B) we present a local behavior of the orbits around the
finite singularities of systems Sprott B and Sprott C, respectively. For some specific
values of the parameters «, 8 € [0, 1] one can present a similar behavior of the orbits
around the finite singularities of Sprott BC system.

1See the motivation for this notation in [4, 12, 13].
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(A) Sprott B system (B) Sprott C system

FIGURE 1. Local behavior of orbits around the finite singularities
of Sprott B (in 1(A)) and Sprott C (in 1(B)) systems

Now our aim is to show that system (3) passes through a Hopf bifurcation and
we compute the respective first Lyapunov coefficient. More precisely, our first result
is the following one.

Theorem 1.1. When o = 0 system (3) passes through a Hopf bifurcation and in
this case the first Lyapunov coefficient of system (3) in Ey is 11(0) = v/2/144.

Theorem 1.1 is proved in Sec. 3. Following [7] in Sec. 2.1 we present the definition
of a Hopf point and we give a brief review of the method used to compute the first
Lyapunov coefficient.

In order to analyze the global dynamic of system (3) studying its behavior at
infinity, we use the Poincaré compactification for a polynomial vector field in R?
(see Sec. 2.2 for a summary of this technique and for the definition of Poincaré
sphere). We formulate the following theorem.

Theorem 1.2. The behavior of the flow of system (3) at infinity is described by
Figures 2 and 3.

(B) a€(0,1] and =0

FIGURE 2. Phase portrait of system (3) on the Poincaré sphere. In
Figure 2(A) there exist two closed curves filled up with singulari-
ties and one pair of distinguished singularities. These distinguished
singularities possess two parabolic attractor sectors and two para-
bolic repelling sectors. In Figure 2(B) there exist one closed curve
filled up with singularities and one pair of center type singularities
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Z
a
Y

(A) =0 and j € (0,1] (B) o, B € (0,1]

FIGURE 3. Phase portrait of system (3) on the Poincaré sphere. In
Figure 3(A) there exist a pair of cusp type singularities and a pair
of node type singularities (being one attractor and other repelling).
In Figure 3(B) there exist a pair of saddles, a pair of centers and a
pair of nodes (being one attractor and other repelling)

Theorem 1.2 is proved in Sec. 4. Note that the dynamic at infinity depends
explicitly on the values of the parameters o and §.

In an attempt to understand the global behavior of system (3), we investigate
the existence of polynomial first integrals, invariant algebraic surfaces, and Darboux
integrals. From this study we formulate the following theorem.

Theorem 1.3. System (3) does not possess polynomial first integral, nor algebraic
invariant surfaces, neither Darbouz first integral.

These properties show the evidences that the Sprott BC system is quite complex.

This paper is organized as follows. In Sec. 2 we present some preliminaries
about Hopf bifurcation, first Lyapunov coefficient, Poincaré compactification, and
integrability theory. In Sec. 3 we prove Theorem 1.1. In Sec. 4 we study the
dynamic at infinity of system (3) and then we prove Theorem 1.2. Finally, by using
several results, in Sec. 5 we prove Theorem 1.3.

2. Preliminaries. In this section we present some basic concepts and results in
order to make this paper self-contained. We also indicate some references for more
details.

2.1. Hopf bifurcation and first Lyapunov coefficient. In this subsection we
present some basic definitions and a review of the method used to compute the
first Lyapunov coefficient associated to Hopf bifurcations. We indicate [7] for more
details.

A singularity (zg, ) of a a—parameter family of vector fields f(z,a) € R? is
called a Hopf point if the Jacobian matrix D f(zg, ) has a real eigenvalue Ay # 0
and a pair of purely imaginary eigenvalues \s 3 = Fiwg, with wy > 0. If system
& = f(x,«) admits a Hopf point p then it has a two-dimensional center manifold
at p which is invariant by the flow of the system (see [7], page 152).

Consider the differential equation

&= Az + F(x,a), (6)

where 2 € R? is a vector representing phase variables and o € R is a parameter
of the system. Assume that F € C>®(R3 x R), whose components have Taylor
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expansion in x starting with at least quadratic terms, i.e, F' = O(]|z||?). Suppose
that (0,0) is a singularity of (6) where the Jacobian matrix A has a pair of purely
imaginary eigenvalues g 3 = Fiwg, with wy > 0, and admits no other eigenvalue
with zero real part. Let T be the generalized eigenspace of A corresponding to
A2.3, i.e. the largest subspace invariant by A on which the eigenvalues are Ay 3. Let
p,q € C3 be vectors such that

Aq =iwoq, A'p=—iwop, (p,q szqz =1,

where A7 is the transposed of the matrix A. Any vector x € T° can be parame-
trized as @ = zq + Zq, where z = (p,z). Then, (6) with & = 0 can be transformed
into a single equation 2 = iwpz+g(z, z,0), where g(z,z,0) = (p, F(zq + 23, 0)) with
a formal Taylor series expansion in two variables z and z

1 k=l . ok+! B
k%; mgkl(o)z z with  gr(0) = ERE] (p, F(2q + 2q,0))

for k+1>2and k,l € {0,1,2,...}. Suppose that for a = 0 the function F(z,«)
in (6) is represented as

)

z=0

F(,0) = 3 B, ) + £ C(e.7,2) + O(l][),

where B(z,y) and C(x,y,z) are symmetric multi-linear vector functions on the
variables x,y, z. In coordinates one has
3

Z 8F E 0 Yk, (E Y, 2 Z aF E 0
e=0

TjYrl,
Oc;0er e:0z1,0¢; J
dk=1 TR jihd=1 "I TEREEL

for i = 1,2,3. Then we have the following Taylor coefficients in g(z, z, O)

920 = (p,B(¢,9)), 911 =(p,B(¢.9)), and g2 =(p,C(q,q,9))-
The first Lyapunov coefficient is defined as

1 .
11(0) = z—5R(ig20911 + wog21),

2wk
where, as usual, R(z) stands for the real part of the complex number z.

A Hopf point is called transversal if the parameter—dependent complex eigenva-
lues cross the imaginary axis with nonzero derivative. When [;(0) < 0 (respectively
11(0) > 0) one family of stable (respectively unstable) periodic orbits can be found
in the center manifold and its continuation shrinking to the Hopf point.

2.2. Poincaré compactification. For this subsection we indicate [10] for more
details. Consider in R3 the following polynomial differential system

i':Pl(x,yvz>7 y:PQ(xvyaZ)v Z:Pg(x,y,z), (7)
or equivalently, its associated polynomial vector field X = (P;, Ps, P3). The degree
n of X is defined as n = max {deg(P;) : i = 1,2,3}. Let S* = {y = (y1,%2,¥3,4) :
|ly|]| = 1} be the unit sphere in R* and S; = {y € S : y4 >0} and S_={ye

S3 : y4 < 0} be the northern and southern hemispheres of S3, respectively. The
tangent space of S* at the point y is denoted by T},S* and the tangent plane

T(0,0,01)S® = {(z1,22,23,1) € R* : (21,22, 73) € R?} (8)
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can be naturally identified with R3.
Let f+2 R? = T(0)0,071)S3 — S+ and f_I R3 = T(0,070)1)Sg — S_ be the central

1/2
projections defined by fi(z) = i% where A(z) = <1 +37 xf) :

Using these central projections, R? is identified with the northern and southern
hemispheres. The equator of S is §? = {y € S3 : y, = 0}.

The maps f+ define two copies of X on S?, one Df, o X in the northern hemi-
sphere and the other Df_ o X in the southern one. Denote by X the vector field on
S3\ S§? =S, US_, which restricted to S, coincides with D f, o X and restricted to
S_ coincides with Df_ o X. Now we can extend analytically the vector field X (y)
to the whole sphere S® by p(X) = yi 'X(y). This extended vector field p(X) is
called the Poincaré compactification of X on S3.

As §? is a differentiable manifold, in order to compute the expression for p(X),
we can consider the eight local charts (U;, F}), (V;, G;), where

Ui={yeS®:y; >0} and V;={yeS®:y; <0},

fori =1,2,3,4. The diffeomorphisms F;: U; — R3and G;: V; = R3 fori =1,2,3,4
are the inverse of the central projections from the origin to the tangent hyperplane
at the points (+1,0,0,0), (0,£1,0,0), (0,0,+1,0), and (0,0,0,£1), respectively.

Now we do the computations on U;. Suppose that the origin (0, 0,0, 0), the point
(y1,Y2,v3,v4) € S3, and the point (1, 21, 29, 23) in the tangent hyperplane to S* at
(1,0,0,0) are collinear. Then we have

1 Al Z9 z3

noov Ys W
and consequently F(v) = (y2/y1,Y3/y1, ya/y1) = (21, 22, 23) defines the coordinates
on U;. As
—y2/yi 1m0 0
DFi(y)=|-ys/yi 0 1l/y1 0
~ya/y? 0 0 1/;
and y§ =" = (23/A(2)""1), the analytical vector field p(X) in the local chart U,
becomes
.
A(z)n 1
where P; = P;(1/23,21/23,22/23).
In a similar way, we can deduce the expressions of p(X) in Us by

(—21P1 + Py, =22 Py +P37—Z3P1)7

Z’n
Wz)’n_l(—zlfﬁ+P17—Z2P2+P37—Z3P2)7
where P; = Pi(z1/z3,1/23,22/23), and in U by
zn
W%(—21P3+P1,—Z2P3+P2,—Z3P3)7

where P; = Pi(21/z23,22/23,1/23).

The expression for p(X) in Uy is 257 (Py, Py, P3) and the expression for p(X) in
the local chart V; is the same as in U; multiplied by (—1)"~!, where n is the degree
of X, fori=1,2,3,4.

Doing a rescaling of the time variable we can omit the common factor 1/(A(z))
in the expression of the vector field p(X).

n—1
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From now on we will consider only the orthogonal projection of p(X) from the
northern hemisphere to y4 = 0 which we will again denote by p(X). Observe that the
projection of the closed northern hemisphere is a closed ball of radius one denoted
by B, whose interior is diffeomorphic to R? and whose boundary S? corresponds to
the infinity of R3. Moreover, p(X) is defined in the whole closed ball B in such a
way that the flow on the boundary is invariant. The vector field induced by p(X) on
B is called the Poincaré compactification of X and B is called the Poincaré sphere.

All the points on the invariant sphere S? at infinity in the coordinates of any
local chart U; and V; have z3 = 0.

In order to simplify the notation we write (21, 29, 2z3) = (u, v, w).

2.3. Integrability theory. We start this subsection with the Darboux theory of
integrability. We indicate [8, 14] for more details. As usual, C[x,y, z] denotes the
ring of polynomial functions in the variables z,y and z. Given f € Clx,y, z] \ C we
say that the surface f(z,y,z) = 0 is an invariant algebraic surface of system (3) if
there exists k € Clx,y, 2] such that

of .of .Of

Yor TVay TTo:
The polynomial k is called cofactor of the invariant algebraic surface f = 0 and it
has degree at most 1 because in (9) we have deg(k) + deg(f) equal to

max{deg(z) + deg(f) — 1,deg(y) + deg(f) — 1,deg(2) + deg(f) — 1} < deg(f) + 1,

since (3) is a quadratic system, the degree of the corresponding vector field is two,
so deg(k) < 1 and, therefore, without loss of generality we can assume that the
cofactor is of the form k(z,y,2) = ko + k1x + koy + k32.

When k =0, f is called a polynomial first integral.

Let f,g € Clx,y, 2] and assume that f and g are relatively primes in the ring
Clx,y, 2], or that g = 1. The function exp(f/g) ¢ C is called an exponential factor
of system (3) if for some polynomial L € Clx, y, z] of degree at most 1 we have

Oexp(f/g)  .Oexp(f/g) , .0exp(f/g)
v ox Ty y +e 0z

As before, we say that L is the cofactor of the exponential factor exp(f/g).

Let U be an open and dense subset of R3. We say that a nonconstant function
H:U — Ris a first integral of system (3) in U if H(x(t),y(t), 2(t)) is constant for
all values of ¢ for which (z(t),y(t), 2(t)) is a solution of system (3) contained in U.
Obviously, H is a first integral of system (3) if and only if

L.OH 0H _0H

or TVoy 5, T

kf. 9)

= Lexp(f/g). (10)

0,
for all (z,y,2) € U.
A first integral is called a Darbouzx first integral if it is a first integral of the form
ML fprF L Fl,
where f; = 0 are the invariant algebraic surfaces of system (3), for i =1,...,p, and

F} are the exponential factors of system (3), for j =1,...,¢, and \;, u; € C.
The next result, proved in [3], explains how one can find Darboux first integrals.

Proposition 1. Suppose that a polynomial system of degree m admits p invariant
algebraic surfaces f; = 0 with cofactors k;, for i = 1,...,p, and q exponential
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factors exp(g;/hj) with cofactors L;, for j =1,...,q. Then, there exists \; and p;
complezes not all zero such that

p q
Z)\iki—i-z,ujl/j =0, (11)
i=1 =1

if and only if the function

H1 Hq
1’\1 ...f;‘l’ (exp (Zi)) (exp (ZZ))

is a Darboux first integral of such a system.
The next result whose proof is given in [10, 11] is useful to prove Theorem 1.3.

Lemma 2.1. The following statements hold.

(a) If exp(f/g) is an exponential factor for the polynomial differential system (3)
and g is not a constant polynomial, then g = 0 is an invariant algebraic
surface.

(b) Eventually exp(f) can be an exponential factor, coming from the multiplicity
of the infinity invariant plane.

3. Proof of Theorem 1.1. We start this section with a lemma that provides a
topological characterization parameter—dependent for singularity E;.

Lemma 3.1. Singularity Eq is asymptotically stable if and only if o € (—3,0). In
other words, By and Eq are unstable singularities of system (3) for o, 8 € [0,1].

Proof. We have that the characteristic polynomial of the matrix (5) is given by

a+ 20
AP+ N+ A+2=0. 12
a+ 3 (12)
Note that the coefficients of (12) are non—negative since we have assumed « > —f:
a+ 20
ag y a1 y G2 at 8’ and  ag
Moreover,
a+ 243

—2>0& a<0.

Ay :=ajas —agaz > 0 & T 5
Applying Routh-Hurwitz criteria (see for instance [6]) we conclude that singularity
E; is asymptotically stable if and only if a € (—/,0), i.e. in the Sa—parameter
plane, if @« > —p with a > 0, singularity E; is unstable. Note also that by the
z—symmetry of system (3), in some neighborhood of singularity E5 we have the
same topological behavior. O

From the previous lemma we conclude that o = 0 is a bifurcation parameter.
Note that for o = 0, equation (12) takes the form (A2 +2)(A+1) = 0, which has A\ =
—1 and A = +iv/2 as roots, so E; is non—elemental. By Center Manifold Theorem
(see [7], page 152), near singularity E; is well-defined a local two-dimensional center
manifold, which is invariant under the flow of system (3). According to the results
described in Sec. 2.1 we now present the proof of Theorem 1.1.
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Proof. First we show that when av = 0 system (3) passes through a Hopf bifurcation.
In fact, we saw that if & = 0, the linear part of system (3) has a pair of purely
imaginary eigenvalues +iy/2. Taking the implicit derivative of equation (12) with
respect to the parameter o, we obtain

d\ A8

da (a+B)(BN2a+3X26+ 2 a+ 223+ a+28)

Replacing o = 0 and taking A\(0) = iv/2, we found

1
:@#07

a=0

—iv2+1
x| _civEel RO

do 65 dov

a=0

where 8 > 0 because o > — and «a, 8 € [0,1]. From the Hopf bifurcation theory
we conclude that system (3) pass through a Hopf bifurcation in E; and Es when
«a = 0. The Hopf theorem provides the birth of a closed orbit near singularities Eq
and Ey when a = 0, and such orbits have period 27 /w, where w = J(iv/2) = /2.

On the other hand the study of the Hopf bifurcation gives us information about the
stability of such closed orbits. In this direction we evaluate the first Lyapunov coef-

ficient associated to this Hopf bifurcation. When 0 = o > —3, E; = (\/ﬁB, \g’?, O).
So the change of variables (z1, 2, 3) — (m — \;B, Yy — \/BB, z) carries singularity

E; for the origin and system (3) becomes

Ty = Tox3 + —- 3,
B
Ty = T1 — T2,
i3 = —fx? — 2¢/Bx;.
This last one can be written as X = AX + F(X), where

VB

I 0 0 ? F1 (X) ToX3
X = T2 s A= 1 _1 0 s F(X): FQ(X) = 0
)
€3 72\/3 0 0 F3(X) ﬁxl
Note that matrix A has one real eigenvalue Ay = —1 and a pair of purely imaginary

eigenvalues g 3 = +iv/2. Besides, as in Sec. 2.1 we have

Bi(x,y) = xoys + x3y2, Bo(zr,y) =0, and DBs(z,y) = —20z1y1.

Then,
Bi(z,y) T2Yz + T3Y2
B(z,y) = | Ba(z,y) | = 0 :
Bs(z,y) —2Bx1y1

where @ = (21, 22,23) and y = (y1, Y2, y3). Proceeding, it is clear that C(z,y,z) =
(C1(z,y,2),Co(z,y,2),C3(z,y,2)) = 0. Consider p, G € C* be such that

AG=1iv2G and ATp= —iv2p. (13)
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With some calculations we get that

V2B —iy/28
g=1 -1 and p= 0

As (p,q) = Zle piGi = 2, in order to have (j,q) = 1 we take p = p and § = 2q.
Thus, (p,q) = 1 and (13) holds. Therefore we can evaluate B(q, ¢) and B(g,q) and
using these results we obtain

i 1 V2,

1
= — —_— = — — —_— d :0_
920 4—&-2(\&_2,), g11 4+ 61’ an g21

In this way, the first Lyapunov coefficient takes the form

1(0) = ﬁ%(igzogn +wgo1) = [YVR

This completes the proof of Theorem 1.1. O

The previous lemma shows that the non—degeneracy condition of the Hopf the-
orem is also valid. Thus, singularity E; is a weak repelling focus (for the flow of
system (3) restrict to the central manifold) and there exists an unstable limit cycle
near to singularity E; for suitable parameter values, i.e., we have a subcritical Hopf
bifurcation. Analogously we obtain the same results for singularity Es.

4. Proof of Theorem 1.2. In this section we study the flow of system (3) at
infinity by analyzing the Poincaré compactification of this system in local charts U;
and V;, for ¢ = 1,2, 3, using the techniques presented in Sec. 2.2. We separate it in
four subsections, depending on the values assumed by the parameters «, 8 € [0, 1].
Consequently, we have proved Theorem 1.2.

Note that the flow in the local chart V; is the same as the flow in the respective
local chart U;, i = 1,2,3, because the compacted vector field p(X) in V; coincides
with the vector field p(X) in U; multiplied by —1. Hence the flow in the local chart
V; is the same as the flow in the local chart U;, for ¢« = 1,2, 3, reversing the time in
a convenient manner. So for this reason here we only study the flow on the local
charts U;, for i = 1,2, 3.

4.1. Case 1: a=p=0.

4.1.1. Compactification in the local chart Uy. As described in Sec. 2.2 system (3)
in the local chart U; is given by

U =w — uw — uv,
0 =w? — uv?, (14)
W = —uvw.

For w = 0 (which correspond to the points on the sphere S? at infinity) system (14)
becomes

0= —uv, O = —uv?. (15)
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This system has the origin as the unique singularity. It is easy to conclude that this
system has uv as a common factor. So, by the Time Reparametrization Theorem,
one can study the system

U= —u, V= —v,
which has the origin as a stable node. So, due to the common factor uwv, the local
behavior of the solutions near to the origin of system (15) is constituted by two

parabolic attractor sectors (in {u > 0} N {v > 0} and {u < 0} N {v < 0}) and two
parabolic repelling sectors (in {u > 0} N {v < 0} and {u < 0} N {v > 0}).

4.1.2. Compactification in the local chart Uy. Again from Sec. 2.2 system (3) in the
local chart U, is given by

= v+ uw — vlw,

v = w? + vw — uvw, (16)

W = w? — vw?.

System (16) restricted to w = 0 becomes
U= v, o =0.
Such a system has the curve v = 0 filled up with singularities.

4.1.3. Compactification in the local chart Us. System (3) in the local chart Us is
described as

U =v— uw?,

b = uw — vw — vw?, (17)

W= —wd.

Observe that system (17) restricted to the invariant uv-plane reduces to
U=, v =0,

which has the curve v = 0 filled up with singularities.
Therefore putting all these informations together we have the phase portrait
presented in Figure 2(A).

4.2. Case 2: « € (0,1] and 5 = 0. Note that, in this case, when o = 1 we have
the Sprott B chaotic system.

4.2.1. Compactification in the local chart Uy. Under these conditions system (3) in
the local chart U; is given by

ﬁ:wfuwfuzv,

b= —au + w? — uv?, (18)
W = —uvw.
For w = 0 system (18) becomes
2 - 2

U= —u"v, U= —au — uv.

This system has the curve u = 0 filled up with singularities.
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4.2.2. Compactification in the local chart Us. Under these conditions system (3) in
the local chart U, is described by the differential equations

U =0+ uw — qu,
0 = —au 4+ vw 4+ w? — uvw, (19)
W = w? — uw?.
System (19) restricted to w = 0 becomes
U=, U= —au.

This system has the origin as the unique singularity which is of center type because
the respective Jacobian matrix has eigenvalues +i\/a and h(u,v) = au? + v? is a
first integral (restrict to the local chart Us).

4.2.3. Compactification in the local chart Us. System (3) in the local chart Us is
given by
0 =v—uw?+ au2v,
O = uw — vw — vw? + auv?, (20)
W= —w> + auvw.
Observe that system (20) restricted to the invariant uv—plane reduces to
= v+ au’v, 0 = auv?,
and such a system has the curve v = 0 filled up with singularities.
As a result we arrive at the phase portrait presented in Figure 2(B).

4.3. Case 3: a =0 and g € (0,1]. Note that, in this case, when 8 = 1 we have
the Sprott C chaotic system.

4.3.1. Compactification in the local chart Uy. In this case system (3) in the local
chart Uy is given by
U =w— uw — uv,
b= —B+w® —uw? (21)
W = —uvw.
For w = 0 system (21) becomes

= —u’v, 0= —f—u?.
This system does not have singularities.

4.3.2. Compactification in the local chart Uy. System (3) in the local chart Us is
given by
U =0+ uw — qu,
0 = vw + w? — fu? — uvw, (22)
W =w?— uw27

which restricted to w = 0 becomes

This last one has the origin as the unique singularity, which is clearly a nilpotent
singularity. Applying the Nilpotent Singular Points Theorem (Theorem 3.5 from
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[3]) we conclude by item (3) — (i7) of such a theorem that (0,0) is a cusp type
singularity, since we have F(u) = —Bu? and G(u) = 0.

4.3.3. Compactification in the local chart Us. System (3) in the local chart Us is
U =v—uw?+ pfud,
0 = uw — vw — vw? + fuv, (23)
W= —w® + pulw,

which restricted to the invariant uv—plane reduces to
W =v+ fu’, v = Buv.

This system has the origin as the unique singularity. The linear part evaluated

at this singularity is described by a nilpotent matrix. So, applying the Nilpotent

Singular Points Theorem (Theorem 3.5 from [3]) we conclude by item (4) — (i#i3) of

such a theorem that (0, 0) is a repelling node, since F(u) = —3%u® and G (u) = 43u>.
Therefore we have the phase portrait presented in Figure 3(A).

4.4. Case 4: «a,f € (0,1]. This case presents a very rich behavior at infinity.

4.4.1. Compactification in the local chart U;. Now system (3) in the local chart Uy
is given by
U =w— uw — uv,
0= —8—au+w? — uw?, (24)
W = —uvw.
For w = 0 system (24) becomes

= —u’v, 0= —8—au—uw?.

This system has the singularity (—3/c, 0). As the respective eigenvalues are +/3//a,
by Hartman—-Grobman Theorem we conclude that this singularity if of saddle type.

4.4.2. Compactification in the local chart Uy. System (3) in the local chart Us is
given by

= v+ uw — vw,

v = —ou + vw + w? — fu? — uwvw, (25)

W = w? — ww?.

System (25) restricted to w = 0 becomes
=, 0= —au — fu’. (26)

This system has (0,0) and (—«/f,0) as singularities, but only the origin interests
us. We point out that the origin is a center type singularity, because the linear part
of system (26) has eigenvalues +i\/a and h(u,v) = v? + au? + 28u3/3 is a first
integral (restrict to the local chart Us).
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4.4.3. Compactification in the local chart Us. System (3) under these conditions in
the local chart Us is described by the following differential equations

U= v —uw? + au’v + fud,
0 = uw — vw — vw? + auv? + Puv, (27)
W= —w® + auvw + fulw.
Observe that system (27) restricted to the invariant uv—plane reduces to
= v+ au’v + Bu’, 0 = auv? + Buv.

This system has the origin as a singularity. The linear part evaluated at (0,0) is
given by a nilpotent matrix. So applying the Nilpotent Singular Points Theorem
(Theorem 3.5 from [3]) we conclude by item (4) — (4i73) of such a theorem that (0, 0)
is a repelling node, since F(u) = —3%u® + af?u” and G(u) = 48u? — 4afu’.

In conclusion, we have the phase portrait presented in Figure 3(B).

5. Proof of Theorem 1.3. The proof of this theorem follows from several results,
which are described according to the values of parameters «, § € [0, 1].

Proposition 2. System (3) does not possess algebraic invariant surfaces for o =
B8 =0.

Proof. Suppose f = 0 be an algebraic invariant surface of degree n > 1 for system
(3) with cofactor k = ko + k12 + koy + ks z, being ko, k1, k2, k3 € R not all zero. Let
us write f as a sum of its homogeneous parts, there is, f = >  f;, where f; is a
homogeneous polynomial of degree i. As f satisfies the partial differential equation
(from now on we will summarize writing PDE)

of of  of _

considering the terms of degree n + 1 in (28) we have
o
s

Solving this equation we obtain

= (kl.’t + kzy + kgz)fn

k'1132

1
fn(xvyaz) = €exp <yz < 2 + kQIy + kgIZ)) C(y,Z),

where C' is a C! function of variables y and z. Then for f, be a homogeneous
polynomial of degree n we should have k1 = ko = k3 = 0 and so f, = fn(y, 2).
Computing the terms of degree n in (28) we get

afn—l 8fn o
which implies that
% _ ko fo— yz Ofn—
oy x—-y'" x—y Or
As f,, does not depend on z, we also should have aai; = 0 (therefore, f, = fn(2))
and of. k k.
nol M, M
G = = g (2),
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where g, (2) = fn(2)/z. So ko = 0, otherwise f,,—1 would not be a homogeneous
polynomial of degree n — 1. Thus k = 0, which contradicts our hypotheses over
k. OJ

Proposition 3. System (3) does not possess algebraic invariant surfaces for =0
and o € (0,1].

Proof. Asin Proposition 2, suppose f = 0 be an algebraic invariant surface of degree
n > 1 for system (3) with cofactor k = ko + k1 + koy + k32, being ko, k1, ko, k3 € R
not all zero. We write f = Z?:o fi, where f; is a homogeneous polynomial of degree
1. As f satisfies the PDE

of of of

yz%Jr (xfy)a—y +(1 fazy)g = (ko + k1x + koy + k32) f, (29)
considering the terms of degree n + 1 in (29) we have
z% - aasyaf" = (k1w + koy + k32) fn. (30)
Ox 0z

Using the method of characteristical curves (see for instance chapter two of [1]), the
solution of PDE (30) is

ko arctan (ﬁi

El

) Cly,2* + az?),

ksx  kilz
fu(@,y,2) = exp %+ 2] |

ay Va

where C' is a C! function of variables y and 22 + ax?. So, for f,, be a homogeneous
polynomial of degree n we should have ky = ko = k3 = 0.

1 1
Thus in PDE (29), as a # 0, taking (z,y, z) = <\/5’ ﬁ, 0> and using that f # 0,
we have kg = 0. Therefore k = 0, a contradiction. This proves Proposition 3. [

The following lemma will be fundamental for the proof of Proposition 4. This
result was motivated by Lemma 3.4 of [2].

Lemma 5.1. Consider the differential system

j’: = P(x7y7 2)7 y = Q(x7y7 z)? Z = R(aj7y7 Z)? (31)
where P,Q, R € Cy,[x,y, 2], the set of all complex polynomials of degree at most m
in the variables x,y and z, with m the degree of the respective vector field. If system
(31) possesses an invariant algebraic surface of degree n, say f = >_"_, fi, then the
linear factors (including the complex ones) of f,, are the linear factors of the term

which has degree m + 1.

Proof. Let v = rx + sy + tz be a linear factor (possibly complex) of multiplicity p
in f, and let k € C,,_,[z, y, 2] the quotient, such that

fn(@,y,2) ="k (32)
As f is an invariant algebraic surface for system (3), there exists a cofactor L €
Cp—1[z,y, 2] such that

f= ot + fyg+ f22 = [L. (33)
Note that the greatest order terms in (33) provide, by (32),

kP (rd + sy + t2) + AP (ko + kyy + ko 2) = APkL,
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there is
pk’Ypfl(TPm +5Qm + tRm) + 'Yp(kxpm + kme + szm) = 7pkL7

where P,,,Q,, and R,, are terms of degree m in P, @ and R, respectively. Thus, v
is a linear factor of rP,, + sQ,, + tR,, and, consequently, v is a linear factor of

y({er + SQm + tRm) = (Tx + Y + tZ)Qm - TQO - tZQm + Tme + tyRm

and, as this last one is equal to (rz+ sy +t2)Qum + 7 (YPm — 2Qm) + t(yRm — 2Qm),
we have that « is a linear factor of yP,, — zQ,, and also of yR,, — zQ,,, thus 7 is
a linear factor of the (m + 1)-degree terms

as we wanted to show. O

The next proposition is the last case to be considered about the non—existence
of algebraic invariant surfaces for system (3).

Proposition 4. System (3) does not have algebraic invariant surfaces for o € [0,1]
and € (0,1].

Proof. Let f = Y"1, f; = 0 be an algebraic invariant surface of degree n > 1 for
system (3) with cofactor k = ko + k12 + koy + ksz, being ko, k1, k2, k3 € R not all
zero. By definition we have that

" of, " of, NS Ofi "
yz; 5 T@=Y) 25y +(1—azy—pz ); oz —(k0+k1$+k2y+k32);fz~
(34)
The terms of degree n + 1 in (34) are
Ofn Ofn
yza—]; — (azxy + ﬂxQ)a—J; = (k1z + kay + k32) fr. (35)

Using the notation of Lemma 5.1, we get
y(Ps + Ry) — (x4 2)Q2 = y(yz — awy — fz?),
SO we can write
folz,y,2) = y" 2™ (yz — axy — fz*)™, m € NU{0}.

In this way, taking the partials derivatives of f,, with respect to x and z and replacing
in (35) we obtain

— my(axy + ayz + Ba’ + 20x2) = (kyx + koy + k32)(yz — axy — Bz?).  (36)
As a, 8 €[0,1] from (36) we get ky = ko = ks = m = 0. Thus f, = y™ and k = k.

1 1
Note that, taking (z,y,z) = , ,0 | we have that ky = 0, contra-
8 (.5.2) (m Ve > 0
diction. This proves Proposition 4. O

The following results discuss about the non—existence of polynomial first integral
for system (3).

Proposition 5. When o« = 8 = 0 system (3) does not possess polynomial first
integral.
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Proof. Suppose that exists f = >_"'  f; be a polynomial first integral for system
(3). Without loss of generality, assume that f,, 0. Thus f satisfies the PDE
af of ~of

yz%wL(xfy)a—y 5, = 0. (37)

Computing the terms of degree n + 1 in (37) we have

Ofn

Solving this equation we conclude that f,, = f,,(y, 2). Now computing the terms of
degree n in (37) we obtain

8fn—l
ox

2 _,

which implies that

dy y—x O
Since f, does not depend on the variable  (the same happens for its derivative)

%_ Yz afn—l

we must have Ofn _ 0 and Ofn-1 _ 0, that is,
dy Ox
fn = fn(z) and fn—l = fn—l(y7 Z) (38)
Once more, computing the terms of degree n — 1 in (37) we get
8fn—2 afn—l 8fn
Zin—2 )2zt L 2In
va—gs + (@ —vy) oy + 2, ,

and this implies that
Ofn—2 _y—20fn1 1 0fn

Jx yz Oy yz Oz

Integrating with respect to the variable z and using (38), we obtain

X .132 8fn—1 x afn
Sk = At

where C(z) is a function of the variable z. Using (38) and the fact that f,_o is
a homogeneous polynomial, we must have 9f,/0z = 0, which yields f, to be a
constant, contradicting the fact that f,, is a homogeneous polynomial of degree n.
As a result we conclude that does not exist a polynomial first integral for system

(3). O

The next proposition together to Lemma 5.2 are important results in the proof
of Proposition 7.

Proposition 6. The linear differential system

T a —b 0 x
g |=(b a 0 v,
z 0 0 ¢ z
with abe € R\ {0}, has two first integrals of the form
(22 + y2)° exp (Qa arctan (E))
F1($7y7Z)ZT, F2($>y72): L (39)

2 (562 +y2)b
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and, if a =0, such a system has two first integrals of the form
Fi(z,y,2) = 2* +y?, Fa(z,y,2) = exp (fc arctan (ﬂ)) 2b. (40)
x

Both first integrals in (39) and (40) are functionally independent, there is,
oF, 0F, O0F,

ox dy 0z

rank =2
oF, O0F, O0F,
or Oy 0z

at all points (z,y,2) € R3 where they are defined, with the possible exception of a
Lebesgue null set. The linear system in question is said completely integrable (see
[8] for more details).

Proof. Tt is immediate. O

Lemma 5.2. The linear differential system
—z
Va+p’
y=ux-y, a+pB>0, (41)
_axr+ay+2px
T ars

does not have polynomial first integral.

Proof. As in [9], we rewrite (41) as X = AX, there is,

-1
. 0 0
€T Va-+p €T
Y = 1 -1 0 Y
z a+23 o 0 z
va+p Vot
The characteristic polynomial of matrix A is
2
Az O ﬂ/\+2:0,
a+p

which has roots of the form a and b + ic, with @ < 0 and b,¢ # 0 and the corre-
sponding real canonical Jordan form of A has the form

a —b 0
b a 0
0 0 ¢

It follows from Proposition 6 that system (41) does not have polynomial first inte-
gral. U

Proposition 7. When o # 0 and B # 0, system (3) does not have polynomial first
integral.

Proof. Asa, 8 € (0,1], so a+p > 0. We know that system (3) has two singularities,
which are described in (4). By translating E; to the origin, we get the differential
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System
- z
R/ )
y=z-y, (42)

) ox ay 28x
z = + +
va+pB Vet Ja+p
Suppose that exists f = ZiZO fi be a polynomial first integral for system (42),

where f; is a homogeneous polynomial of degree i. We shall prove by induction
over ¢ that

— azy — Bz’

fi=0, Vi>1 (43)

and so we get f = fo = const. contradicting the hypotheses that f is a first integral.
In fact, being f a polynomial first integral, from (42) it verifies

of .of .of
The terms of degree 1 on the variables x,y, and z of (44) verify
—Zz Bfl 8f1 1 afl
_ L 28z)=— = 0. 4
TjLﬂaij(x y)aer TJrﬂ(aferaer pr)5-=0 (45)

Thus, either f; = 0 or f; is a polynomial first integral of linear system (41). By
Lemma 5.2, this last case is not possible. Then f; = 0, and this proves (43) for
i =1.

By induction hypotheses, we assume that (43) holds for i =2,...,n — 1.

So, evaluating the terms of degree n in (44) and using the induction hypotheses we
obtain the PDE

—Z afn afn 1 afn o
TjLﬂ%wL(xfy)anyr TJrﬂ(al’JraerQBx)E*O,

which is a PDE analogous to PDE (45). In this way, using the same argument as
before, we conclude that f,, = 0 and, therefore, (43) holds. Thus, system (42) (and,
consequently, system (3)) does not have polynomial first integral. O

Lemma 5.3. The linear differential system

A
x—\/B,
y=1x—1, B >0, (46)
Z=2VP,

does not have polynomial first integral.

Proof. Here we proceed as described in Lemma 5.2. As in [9], we rewrite (46) as
X = AX, where the characteristic polynomial of matrix A is (A% 4+ 2)(A + 1) = 0,
which has roots —1 and +iv/2. Thus, using the real canonical Jordan form of A
and Proposition 6 we conclude that system (46) does not have polynomial first
integral. O

Proposition 8. When o =0 and 8 # 0, system (3) does not have polynomial first
integral.
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Proof. In this case, system (3) has two singularities

- () - (o)

By translating E; to the origin, we get the differential system

. z
F=yz— —,
VB
y=z-y, (47)
:=2./Bx — .
Proceeding as described in the proof of Proposition 7 and applying Lemma 5.3, we
conclude this proof. O

Lemma 5.4. The linear differential system
z

T =yz— ﬁ,
gy=xz—y, a >0, (48)
z=vax+ oy,

does not have polynomial first integral.

Proof. Tt is enough to proceed exactly as in the proof of Lemma 5.2. O

Proposition 9. When 8 =0 and a # 0 system (3) does not have polynomial first
integral.

Proof. We proceed as in the proof of Proposition 8, using the same arguments as
in the proof of Proposition 7, together with Lemma 5.4. O

In order to conclude the proof of Theorem 1.3 we have only to show that system
(3) does not have an exponential factor and consequently a Darboux first integral.
Let E = exp(f/g) ¢ C an exponential factor of system (3) with cofactor L =
Lo+ Lix+ Loy + L3z, where f, g € Clx,y, 2], with (f,g) = 1. As the system verifies
Theorem 1.3, it follows from Lemma 2.1 that E = exp(f), with f = f(x,y,2) €
Clz,y, 2] \ C. Also, it follows from equation (10) that f satisfies
VoL + @95+ (- amy - )L = Lo+ L+ Lay+ Loz, (49)
where we have simplified the common factor exp(f). Let n be the degree of f, write
[ =>"¢fi, where f; is a homogeneous polynomial of degree ¢ and, without loss
of generality, assume that f,, # 0. Taking n > 1 and evaluating the terms of degree
n+ 1 in (49), we arrive at the following PDE
afn/

Y on

(azy + ﬁﬁ% = 0. (50)

Observe that if PDE (50) admits solution then system (3) admits a polynomial
first integral, contradicting Theorem 1.3. Therefore, system (3) does not have an
exponential factor and consequently, a Darboux first integral.
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