NON-EXISTENCE AND UNIQUENESS OF LIMIT CYCLES FOR
A CLASS OF 3-DIMENSIONAL PIECEWISE LINEAR
DIFFERENTIAL SYSTEMS

TING CHEN!, LIHONG HUANG!2 AND JAUME LLIBRE?

ABSTRACT. In this paper we study the non-symmetric limit cycles for a family
of 3-dimensional piecewise linear differential systems with three zeros separated
by two parallel planes. For a class of these differential systems we study the
non-existence, existence and uniqueness of their limit cycles.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

As we know, the continuous and discontinuous piecewise smooth differential
systems play an important role inside many disciplines, such as control theory,
electrical engineering, mechanics, biology and economics, see for instance the papers
[1, 5, 12, 13, 15] and the references quoted there.

The maximum number of limit cycles, i.e. the periodic orbits isolated in the
set of all periodic orbits, for differential systems is the second part of Hilbert’s
16th problem. In the last decades there have been extensively studied on the limit
cycles of continuous and discontinuous piecewise differential systems in R?, see
[2,3,4,6,8,9,10, 11, 14, 16]. Recently the authors of [17, 18, 19, 21] considered the
limit cycles in several cases of the 3-dimensional (3D) piecewise linear differential
systems. Freire et al. [7] considered the birth of limit cycles in 3D piecewise
linear systems for the relevant case of symmetrical oscillators with the three zones
separated by two planes. Llibre et al. [20] studied a one-parameter family of
symmetric 3D piecewise linear differential systems, and proved that it has at most
2 limit cycles. But there are no results about the non-symmetric limit cycles in 3D
piecewise linear differential systems with three zones.

Consider the piecewise linear differential systems

Xx=Ax inP;UR,
(1) x=Bx inP_ UCUPy,,
x=Cx inLUP_,
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in R3, so that we have x(t) = (x(t),y(t), 2(t)) € R3. And systems (1) are divided
into three zones L, C and R separated by the two parallel planes P., where

L={(x,y,2) eR3: 2 < -1},
C={(r,y,2) ER?: -1 <z <1},
R={(z,y,2) e R3: 2 > 1},
Py ={(z,y,2) e R3 : z = +1}.
In this paper we consider a three—parametric family of piecewise linear differential

systems (1), with one continuous parameter o € R and two discrete parameters r,
s € Z. More precisely, we consider the three—parameter family of systems (1) with

-6 -1 0 01 0
2) A= 1 0o -1|, B=[0o0o0
-6 0 0 0 0 O
and
l+r+s)a -1 0
(3) C=| (r+s+rs)a®> 0 -1

rsa® 0 0

Therefore the eigenvalues of A are —1, —2 and —3, while the eigenvalues of C are
a, ra and sa.

The equilibrium points of systems (1)—(3) are the strip {(z,0,2)|z € [-1,1]} if
rsa # 0, and the strip {(«,0, z)|x € [—1,1]} union the half plane {(z, (1 + r +
s)az, (r + s + rs)a’z)|x € (—oo, —1]} if rsa = 0. The differential system % = Bx
has no limit cycles, because it is linear in its domain of definition P_ UC' U P4 and
has no pure imaginary eigenvalues. Hence one limit cycle must intersect the three
zones L, C' and R, and has at least two points on the plane Py.

Our main result is to study the non-symmetric limit cycles in the class of piece-
wise linear systems (1)—(3) by the algebraic approach, which is based on the closing
equations for periodic orbits, for more details see [1]. In fact we determine for
every value of @ € R the non-existence and the uniqueness of limit cycles having
two points in the plane P, , as studied in the following results.

Theorem 1. For r = 2 and s = 3 the piecewise linear differential systems (1)
satisfying (2) and (3) have no limit cycles for all o € R.

Theorem 2. Forr =2 and s = —3 the following statements hold for the piecewise
linear differential systems (1) satisfying (2) and (3):

(a) If @ < an, =~ 2.936 systems (1) have no limit cycles having ezactly two
points in the plane Py .

(b) If an, < a < an, = 3 systems (1) have one non-symmetric limit cycle
having exactly two points in the plane Py .

(¢) If @ > a, systems (1) have no limit cycles having exactly two points in the
plane P,.

The above results are proved in Section 3, where algebraic expressions of deter-
mining the non-existence and uniqueness of the limit cycles are provided. From The-
orem 2 we obtain that the non-symmetric limit cycles are organized in one branch
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which exist for different ranges of parameter «. However, this three—parametric
family of piecewise linear differential systems (1) is not yet complete. We conjec-
ture that in this bifurcation there also appear limit cycles for other values of r and
s, as the following.

Conjecture For all o € R and (r — 1)(s — 1)(r — s) # 0 for all r,s € Z such that
the non-symmetric piecewise linear differential systems (1)—(3) satisfying o =0 or
rs > 0 have no limit cycles, and satisfying rs < 0 have a unique non-symmetric
limit cycle.

We note that if we fix the integers r and s then we can prove this conjecture. For
instance in the above theorems we prove the conjecture for some cases r = 2 and
s=3,orr=2and s = —3. The arguments are given in that proof can be used for
proving the conjecture for other values of r and s, but of course the computations
increase when r and s increase. On the other hand, we can prove that systems
(1)—(3) satisfying (r — 1)(s — 1)(r — s) = 0 have no limit cycles for all & € R. Since
solving the polynomial equations based on the closing equations becomes extremely
complex in this case, we do not provide it here.

2. PRELIMINARIES
In this section we provide the algebraic procedure which helps us to determine
the limit cycles for the 3D piecewise linear differential systems (1)—(3).

The solution (z(t),y(t), 2(t)) of systems (1) satisfying (2) in the region Py U R
starting at the point (1,yo, 29) when ¢t = 0 is

(4) (2(1), y(t), 2(6))" = (1,90, 20) ",
where
1-8u+9u?  (u—1)(—1+3u) (u—1)2
5) A= 0-wQmu-5) —5+16u—9%> (1—-uw)(Bu->5) |,
6(u—1)3u—1) 6(u—1)? 2(3 — 3u + u?)

and u = e~*. Note that for all positive values of ¢ we will have 0 < u < 1.

Regarding the solution (x(7), y(7), z(7)) of systems (1) satisfying (2) in the region
P_UC U Py starting at the point (1,yo,29) when 7 = 0, and it satisfies

(6) (X(T)7Y(T)v Z(T))T = eBT(layO’ZO)T'
In other wards, any points (1,yg,zo) of system (1) in P, will map to the point
(—1,y0,20) in P_.

While the solution (X (T'),Y(T), Z(T)) of systems (1) satisfying (3) in the region
P_ U C starting at the point (—1, Yy, Zy) when T' = 0 satisfies

1
(7) (X(T),Y(T), Z(T))" = e®T(~1,Yo, Zo)".

Assuming that there exists one of the periodic orbits for systems (1)—(3) having
two points in the plane Py. Let (1,y0,20) € P4 be the point where this periodic
orbit exists the zone C enter the zone P, U R and let (1,Yp, Zy) € Py be the point
where this periodic orbit enters into the zone C'. Then this periodic orbit will enter
into the zone L U P_ through the point (—1,Yy, Zy) € P_. Let t be the time for
this periodic orbit in going from the point (1,yo, z0) to the point (1,Yp, Zp), and
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y—z
(=1, Y(T), Z2(T)) (1, 90, 20)
< 0 \ x
(_17Y07ZO (Ly(t)’z(t))
r=-—1 r=1

FIGURE 1. The periodic orbits passing through the points
(1,90, 20) and (1,Yy, Zp) in the plant Py.

let T be the elapsed time for this periodic orbit to go from the point (—1, Yy, Zy)
to the point (—1,yo, 20), see Figure 1. Hence we have the closing equations

@) (2(),y(),2(t) = (1,Y0,2Z0),  (X(T),Y(T), Z(T)) = (—1, 90, 20)-

The specific case o = 0 of systems (1)—(3) will be considered with the above way.
Now we assume a # 0 and we can integrate backwards in time the solution from
the point (—1, yo, 20) to (—1, Y, Zp) within L U P_, by defining

(9) (X(=T),Y(-1), Z(-T)" = e~ “"(~1,y0.20)".

We have that the exponential e~ €7 is the matrix

1 bi1 bz bis
(10) 5| bar b2 bas |,
(r=1)(r—s)(s— 1o by bay bas
where

b =((r — s)v+r2"(s — 1) + (1 — r)s?v®)a?,

big=—((r—s)v+(s=1rv" + (1 —r)sv’)a,

bis =(r—s)v+ (s —1)v" + (1 —r)v°,

bor =((r% — s*)v + (5% — 1)r20" + (1 — r?)s%v%)a?,
(11) boy =((s* — r*)v + (1 — s*)rv" + (r? — 1)sv®)a?,

boz = — (s> = r?)v + (1 = s%)v" + (r* — 1)v*)ay,

bs1 =((r — s)v + (s — 1)ro" + (1 — 7)sv®)rsa’,

by = — ((r — s)v+ (s — 1)v" + (1 — r)v®)rsa?,

bys = — ((s — r)rsv + (1 — 8)sv” + (r — 1)rv®)a?,

and v = e~ T, Hence we must have (X(-T),Y(-T),Z(-T)) = (-1, Yo, Zy).
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y—z
(_17:1]0,20) (17:‘]07270)
< 0 \ x
(-LY(-T),Z(-T)) (Ly(t), 2(t))
r=-1 r=1

FIGURE 2. The periodic orbits passing through the points
(1,90, 20) and (1,Yp, Zp) in the plane P;.

Therefore the periodic orbits that we are looking for must satisfy the following
four equations

(12) z(t)—-1=0, X(-T)+1=0, yt)-Y(-T)=0, z(t)—Z(-T)=0,

see Figure 2. Then we change the variables (¢,7") by the variables (u,v), through
t=—Inu>0and T = —(Inv)/a > 0, the four equations (12) become

(13) ei(yo, z0,u,v) =0 fori=1,2,34.

For every periodic orbits having two points (1, 4o, 20) and (1, Yy, Zp) in the plane
Py we can associate one solution (yo, 20, u,v) of equations (13) with 0 < u < 1
and v > 1 (0 <v<1l)ifa <0 (a>0). Alsosince & = —6 —y when = =
1, the two conditions —6 — yg > 0 and —6 — Yy < 0 must be fulfilled. In fact
the parameterization z(u) is a cubic polynomial in its parameter, then the cubic
equation x(u) = 1 can not have four roots with yo and zo given. Thus these periodic
orbits can not have at least other two points in Py, i.e. they have two unique points
in P,. Similarly to Proposition 2 of [20] we give the following result to establish
an equivalence relation between solutions of equations (13) and periodic orbits of
systems (1)—(3) with two points in P;.

Proposition 3. Let (yo, z0,u,v) be one solution of corresponding equations (13)
and let Yo = y(t), Zo = 2(t) computed from (4). If « < 0 (a > 0) and the four
conditions —6 —yo > 0,—6—-Y; <0, 0<u<1landv>1(0<v<1) are fulfilled,
then systems (1)—(3) have a periodic orbit passing through the points (1,yo,20) and
(17 Yba ZO) Of P+‘

3. THE PROOF OF THEOREMS 1 AND 2

Now we study the non-existence, existence and uniqueness of limit cycles for the
piecewise linear systems (1)—(3) in the cases @ = 0 and a(r — 1)(s — 1)(r — s) # 0,
as the following subsections.

3.1. The case o = 0. For the solution (x(t),y(t), 2(t)) of systems (1)—(2) in the
region P, U R passing through the point (1,yo,20) with yo < —6, we have that
£ = —6 —yo > 0. Then we remain for a time ¢ in the right zone until arriving
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at (1,Yp, Zy), where from (4) we have (1,Yy, Zo)" = e®*(1,y0,20)T. The solu-
tion (X(T),Y(T), Z(T)) of systems (1) in the region L U P_ starting at the point
(—1, Yo, Zo) iS

X(T) ~1 1 -T Z ~1
(14) Y(T) | =T Y5 |=[0 1 =T Yo
Z(T) Zy 0 0 1 Zy

Using the flow in the left zone and starting from (—1, Yo, Zp), after a time T we
have a periodic orbit if the equations

(15)  (1,Y0,20)" = e (1,90, 20)"s  (=1,90,20)" = €T (=1, Y5, Zo)"

hold. After eliminating Yy = yo + 207 and Zy = zp, by using the last two equations
of (15), we obtain the algebraic equations
(16)

—2yo— Tz =0, 2+ u+9u? + (—u+ 3u?)yo + (—u +u?)z = 0,

—3u+ 9u? + (=3u + 3u?)yo + (1 — 2u + u?)z = 0,
— 5u + 32u? — 27u® — (2 + 5u — 16u® + 9u®)yo — (2T + 5u — 8u? + 3u®)zy = 0,

where u = e~ *. From the first equation of (16) we have T' = —2yo/29. Then

we observe that the second and third equations of (16) are linear in the variables
(Y0, 20) and do not depend on 7. And the determinant of this linear system is
—(u — 1)%2u # 0, so it has one solution yo = (2 — u + 5u?)/((1 — u)u) and 2y =
6(1 + u?)/(u — 1)2. Therefore substituting T, yo and 2 in the forth equations of
(16) we have 4(u — 1)?/u = 0, but this is in contradiction with 0 < v < 1. Hence
we get no solutions from the algebraic equations (16). This proves the parts of
Theorems 1 and 2 when o = 0 and the conjecture when o = 0.

3.2. The case a(r—1)(s—1)(r—s) # 0. Equivalently, we can get a dual approach
to write the closing equations. We define the solution of systems (1)—(3) in the
region P, U R backwards in time starting from the point (1, Yy, Zy) when ¢t = 0 as

(17) ((t), y(1), 2(1)" = e (1, Yo, Zo)",

where the matrix e~A? has the same expression that eA* in (5) if we change u by
U = 1/u = e'. Then we can take y(t) = yo and z(t) = 2o to write the closing
equations in the four unknowns (Yy, Zo, U, V)

(18) Zt)—1=0, X(T)+1=0, yit)-Y(T)=0, =z(t)—Z(T)=0,

where (X(T),Y(T), Z(T))T = e€T(1,Yy, Zy)T. The matrix e” comes from e~C7
in (10) by V=1/v=eT. Wewill have U > 1 forallt >0and 0 <V <1 (V > 1)
for « <0 (> 0) and T > 0.

Remark 4. We can obtain four equations of the form e;(Yy, Zo,U, V') = 0, which
are exactly the same that in (13) if we take U = 1/u = e’ and V = 1/v = €T,
from equations (18). Thus, if for a(r —1)(s — 1)(r — s) # 0 there exists a periodic
orbit with two points (1,y0,20) and (1,Yy, Zo) at Py, then both (yo,z0,u,v) and
(Yo, Zo,U, V) are solutions of equations (13).

From Remark 4, note that if (u,v) are both different from zero and satisfy the
polynomial systems (13) for a given (r, s, ), the same is true for the pair (1/u, 1/v).
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By doing the changes u — 1/U and v — 1/V, we can get Yy and Zjy from gy and
Zp, respectively.

Now we compute the four equations e;(yo, 20, u,v) (i = 1,2,3,4) from (12). By
removing the factor (u — 1)/2 in the equation e; = 0, we obtain the new first
equation e; = 0, where

(19) &1 =2+u+9u%+ (—u+ 3u?)yo + (—u + u?) 2.
The second equation, after multiplying it by a?(r —1)(s —1)(r — s) becomes €5 = 0,
where
Ga=(r—s+r’(s—1)—(r—1)s*+ (—r+s)v —r*(s — 1)v"
(20) + (r —1)s*0*)a? + ((—r +8)v —r(s — Dv" + (r — 1)sv®)yoa
+((r=s)v+(s—Dv"+ (1 —r)v’)z.
To obtain a simplified third equation we define the polynomial €5 = 3(r — s)a(es +
(13 —9u)aer /6 +2(r+s)ex/((—1+7r)(r — s)(—1+ s)a)) that the equation becomes
e3 = 0, where
a(13(r — )+5(7‘78)U+6(T75)u +3(—r* 4+ s%)a
(21) + 3<T2UT v)a) + ((s = r)u — 3rv” + 3sv°)yor
+((=r+ s)ua + (r — s)ula 4 30" — 3v°) 2
Finally to simplify the fourth equation we have
es =(r—5)(3eqs+ (5 —3u)ey + 3rséex/((r—1)(r — s)(s —1)))
=10(r — 8) + 8(r — 8)u + 6(r — s)u® + (3r(r — s)s — 3rs(rv” — sv°))a?
+ (4(r — s)u — 3rs(v” — v)a)yo + (4(r — s)u + (—r + s)u® + 3sv”

— 3rv®)zp.

(22)

We obtain that the above equations €; (i = 1,2,3,4) are linear in yy and zo.
Furthermore €7 is a quadratic polynomial with respect to v and independent on
v, € is the polynomial with respect to v and independent on u, while e3 and ey
are both the polynomials with respect to v and v without mixed terms of the form
u™v"™. From the two equations e; = €3 = 0 we have

(23) Yo =

where F; (i = 1,2,3) are polynomials in the variables u and v. Substituting yo and
2o into e3 = e4 = 0 we obtain the polynomial expressions of E;(u,v) for j = 3,4 in
function of the variables v and v. Since we do not directly these expression in the
proof, we do not list them here.

Note that since we are assuming that a(r —1)(s — 1)(r —s) # 0, u = e~* and
v=r¢e" witht > 0and T > 0, we have u € (0,1) and v € (0,1) U (1, +0o0).
We claim that the polynomial system FEs3(u,v) = E4(u,v) = 0 in the open square
W = {(u,v) : v € (0,1),v € (0,1) U (1,400)} with F5(u,v) # 0 has at most one
solution satisfying Proposition 3. If our claim holds than the conjecture will have
a positive answer.
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We have proved this claim for the following values of (r, s) = (2,3), (2,4), (2, 10),
(3,4),(2,-3),(2,—4), (3, —2). Here we provide all the details for the case (r,s) =
(2,3) and (r,s) = (2, —3), all the other cases follow in a similar way.

The proof of Theorem 1: The polynomials E5(u,v) and E4(u,v) for (r,s) = (2,3)
are

B3 =(1 —v)v(=bu + 11u? + 6u* 4+ 2v% + wv? + 9u*v?) — u(u — v)v(12 + 3u
— 5u® 4 3v — 1duv + 1500 — 50% 4 15uv?)a + (u — 1)u(2u® — 5v + uv
+ 110% 4 9u?v? + 60*)a?,
By =6(u — Du(1 +u?)(v — 1)v + v(6u + 11u* — 5u* — 18uv — 33uv + 15u'v
+ 6v% + 3uv? 4 27u*v? — 20% — wv® — 9u*v®)a — u(—6u? 4 2u® — 6v
+ 18uv — 3uv + udv — 27u*v? + 9uPv? — 110 4 33uv® + 5v* — 15uv?)a?
+6(u — Du(v — Dv(1 +v?)a?,
and the numerators and denominator of yy and zg in this case are
Fi=2+u+9%*) (1 —v)v— (u—1Du2+v+ 9?2,
Fy = — a2+ u+9u?)v(—1 4 3v) + u(—1+ 3u)(2 + v + 90?)a?,
Fs =uv((—1+3u)(v—1)+ (v — 1)(—1 + 3v)a).

By computing the resultant polynomial of the elimination of a from the equations
E3 =0 and E4 = 0, we get a long expression in the form 4(u — 1)u?(u — v)(v —
1)v2p(u,v)q(u, v), where p(u,v) is

p(u,v) = — (1 —30)%v +u(—1+v — T+ 90%) + 9u®(—1 + v — Tv? + 9?)
+u?(6 + v(—=7 + 48v — 63v?)),
and ¢(u,v) is given in Appendix 1. If u = v we have
B3 =(v — 1)v*(=1 4+ 3v)(5 + 20 + 50) (=1 + a)(1 + a),
By =6(v — 1)*0* (1 + v (1 + a)(1 + a?).
The equations F3 = E4 = 0 have only one common solution a« = —1, but the

denominator F3 = 0 when v = v and « = —1. Then we need to analyze the
solutions of p(u,v) and ¢q(u,v) with (u,v) in the open rectangle W.

Proposition 5. The number of solutions of the equations p(u,v) = 0 or q(u,v) =0
in W = {(u,v) :u € (0,1),v € (0,4+00)} appears in Table 1.

Proof. The following computations are based in the root determination of polyno-
mials in only one variable. We can select any value of v in (0,+00) and get the
roots u € (0, 1) of the corresponding polynomials p(u,v) and g(u,v). It is easy get
that the roots of these polynomials are continuous complex functions. By varying
v, the number of real roots of the polynomials p(u,v) and ¢g(u,v) with v € (0,1)
can change only at values of v where the curve p(u,v) = 0 or ¢(u,v) = 0 has a hor-
izontal tangent, a branching point, or one solution escapes through the boundary
of the rectangle W”'.
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FIGURE 3. The zero level set of p(u,v)g(u,v) = 0 in the rectangle
W'. Points pg, p1, p2 are in the boundary of the open rectangle.

TABLE 1. Number of solutions of p(u,v)q(u,v) = 0 in the open
rectangle W',

Range Solutions of p(u,v) Solutions of ¢(u,v) Periodic orbits
O<v<1/3 0 2 0
v=1/3 2 2 0
1/3<v<1 0 2 0
v=1 1 1 0
1<w 1 0 0

Starting at the left edge of the rectangle W', the polynomial p(0,v) = —v(—1+
3v)? has v = 1/3 as the unique solution. Hence we get the point pg. In the right
edge the situation is p(1,v) = 2(v —1)(2 4+ v + 9v?) has one solution v = 1, then we
have the point p;. Similar we have that p(u,0) = —u(—1+ 3u)? has u = 1/3 as the
unique solution, which is a point py of horizontal tangent for the curve p(u,v) = 0.
We also obtain p(u, 1) = 2(u — 1)(2 + u + 9u?), which has no solution in W’.

Then we study other points belonging to the curve p(u,v) = 0 with horizontal
tangent. Taking derivatives with respect to u in p(u,v) = 0, so that these points
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must be satisfied with

(24) p(u,v) =0, Pu(u,v) =0

with p, (u,v) # 0. We compute the resultant of the polynomials p(u,v) and p,, (u,v)
with respect to the variable v. And we have the following polynomial 900(—
3u)3(—1+9u+ u? + 3u?®)3. The factor —1 + 3u gives the values v = 0 and v = 1/3,
but the first is not in W’. We obtain the point p3 = (1/3,1/3) is a branching point,
since then both p, and p, vanish. The other roots of —1 + 9u + u? + 3u? in (0, 1)
are approximately 0.109346, but it has no values for v in the range W’. Hence,
equations (24) have only one solution (1/3,1/3).

On the other hand, at the rectangle W’ we have the polynomials

q(0,v) =207(9 + v + 2v%)?,

q(1,v) =288(—1+v)(1 +v)(1 + v?)(1 + v + v?),
q(u,0) =2u" (9 + u + 2u?)?,
q(u, 1) =288(u — 1)°(1 + u)(1 + u?)(1 + u + u?).

Only the second polynomial has one solution (1, 1) in W’. Then we search for other
points belonging to the curve ¢(u,v) = 0 with horizontal tangent. Similarly the
wanted points must be satisfied with

(25) q(u,v) =0,  qu(u,v) =0

with ¢,(u,v) # 0. Then we compute the resultant of the polynomials ¢(u,v) and
qu(u, v) with respect to the variable v, and we have the following polynomial

Resultant[q(u, v), qu(u, v),v] =A; (u — 1)u0(9 +u + 2u?) (5 + 2u + 5u?)?
(26) X (24 u 4 9u?) (2 + u + 6u® + u® 4 2u*)?
x R34 (u)Rss(u),

where A; is an integer. The factors Roy and Rgg have the degrees indicated in
their subscripts and are not explicitly given for sake of brevity. The factors of (26)
have no roots in (0,1) except Rgs. And the root of Rgs is approximately 0.059872,
which has no solutions for v in the range (0, +00). Therefore, it has no solutions
to satisfy the curves g(u,v) = g, (u,v) = 0.

The first three columns of Table 1 take intermediate values of v in the corre-
sponding range and provide the number of solutions of p(u,v) and ¢(u,v) in (0, 1),
respectively. O

Next we check the sign of a for such solutions. From the polynomials F3 and
E4, we see that in the rectangle W’ the value of « only can vanish in the line v = 1.
Thus the sign of « only can change if v — 1 vanishes. Along the branch of solutions
we have a being negative when 0 < v < 1 and being positive when v > 1, which
is in contradiction with v > 1 (0 < v < 1) if @« < 0 (& > 0). Then we discard all
branches for counting periodic solutions, i.e. systems (1)—(3) has no limit cycles
when r = 2 and s = 3. Therefore we have concluded the proof of Theorem 1.

O
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The proof of Theorem 2: The polynomials Es(u,v) and E4(u,v) for (r,s) = (2,—3)
are

Es=(1— v)(=5u + 11u? + 6u* 4 8v — 6uv + 58u’v + 12u*v + 6v* — 12uv?
+ 60u*v? + 18uv? 4 4v® — 18uv® + 62u?v® + 24utv® + 20" + wv? + 9u?v?)
— (=18 + 18u — 9u? + 15u® — 10v — 6uv — 9u’v + 15u3v — 1507 4 Juw?
— 9u%0? + 15uv? — 150% + 9uv® — 9u?0® + 15u3v® — 450* + 39uv* — 24uv?
+ 40u3v* 4 3v° — 9uv®) + (u — Du(v — 1)(=9 + 9u? — 30v + 18u*v — 2102
+ 27u%v? — 120°% 4 16003 + 20%)a?,

Ey =6(u — Du(l 4 u®)(v — 1)(1 + 20 + 30% + 40%) + (—18u — 33u® + 15u? + 16v
— 10uv + 72u%v — 33u3v 4 15uv + 6v% — 15uv? + 27u?v? — 33u®v? + 15u*v?
+ 603 — 15uv® + 27u?0® — 33uv® + 150t + 60t — 45uv? + 27u%0* — 88uSv?
+ 40utv? + 605 + 3uv® + 27uv®)a + u(l — v)(2 — 6u — 27u® + 9u® — 12v
+ 36uv — 5du’v + 18uv — 21v% + 63uv? — 81uv? 4 27uv? — 300° + 90uv?
— 48u%v® + 16u*v® — 9v* + 27uv*)a? + 6(1 — w)u(v — 1)(1 + 6v + 6v* + 60°
+ut)ad,

and the numerators and denominator of ¢y and zg in this case are

Fi =(1 = v)((2 +u+ 9u?)(1 4+ 2v + 30° + 40°)
+ (u — Du(9 + 18v + 27v* 4 16v%)a?),
Fy = — a(2 +u+ 9u?)(3 + 3v + 30 + 30° + 8u?)
+u(3u — 1) (v — 1)(9 + 18v + 270 + 16v°)a?,
Fy =u(3u — 1)(v — 1)(1 + 20 + 3v% + 40%)
+ (u — Du(3 + 3v + 302 + 30° + 8vt)a.

The calculation of the resultant of the polynomials Eg and E4 with respect to
the parameter « yields 4(u — 1)u?(—1 4 v)2P(u, v)Q(u,v) where P(u,v) is
Q]Qu, v) = — (3 + 3v + 30 + 303 + 8v")2 + (9 + 18v + 27v? + 260° + 1507
+ 6v° — 305 + 380" + 64v%)u + (—63 — 126v — 18902 — 1920° — 165v*
—1020° — 390°% — 27607 — 448v%)u? + 9(9 + 18v + 27v? + 260° + 150v*
+ 60° — 30°® + 3807 + 640°)u®

and Q(u,v) is given in Appendix 1. Similarly to the proof of Theorem 1 we consider
the solutions of P(u,v) and Q(u,v) with (u,v) in the open rectangle W.

Proposition 6. The number of solutions of the equation P(u,v) =0 or Q(u,v) =0
in W = {(u,v) : u € (0,1),v € (0,+00)} is as displayed in Table 2. If r = 2 and
s = —3 the number of limit cycles of system (1)—(3) with exactly 2 points in the
plane Py is as indicated in last column of Table 2.
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FIGURE 4. The zero level set of P(u,v)Q(u,v) =0 in the rectangle W’'.

TABLE 2. Number of solutions of P(u,v)Q(u,v) = 0 in the open
rectangle W.

Range Solutions of P(u,v) Solutions of Q(u, v) Periodic orbits
O0<v<uws 1 3 1
vy <v<l1 1 3 0
v=1 1 2 0
1<w 1 0 0

Proof. At the left edge of the rectangle W’ the polynomial P(0,v) = —(3 4+ 3v +
3v? + 3v® + 8v*)? has no solutions. For the right edge the situation we get that
P(1,v) = 2(=1+4v)?(1+2v+3v?+40v3)(9+18v+27v2+16v3) has a double root v = 1,
hence we have the point P». Similar we obtain that P(u,0) = 9(—1+4u— Tu?+9u?)
has © = 0.809964 as the unique solution, it corresponds the point P3. We also
obtain P(u,1) = 200(—1 + u)(2 4+ u + 9u?), which has no real solutions in W'.

Now we study the other points belonging to the curve P(u,v) = 0 with horizontal
tangent. Taking derivatives with respect to u in P(u,v) = 0, so that the points
must satisfy with P(u,v) = 0, P,(u,v) = 0 and P,(u,v) # 0. We compute the
resultant of the polynomials P(u,v) and P, (u,v) with respect to the variable v,
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then we have As(3u — 1)%(—1 + 9u + u? + 3u*)® where A, is an integer. The two
factors give no corresponding values v in W’.

Next we consider the solutions of Q(u,v) at the rectangle W’ and have
Q(0,v) = — 2(—=1 +v)v*(4 + 3v + 2v% + ) (16 + 27v + 18v* + 9v?)?,
Q(1,v) = —2880(—1 +v)%(1 4+ v)(1 + v+ v?)(1 + 6v + 6v% + 60> + v?),
Q(u,0) = — u*(—2704 — 2587u — 8173u? + 4011u> + 5232u* + 4149u®

+ 2367u’ + 423u” + 162u®),
Q(u,1) = — 24000(—1 + u)5u(5 + 2u + 5u?)?.

The first polynomial Q(0,v) has two solutions v = 1 and v = 0, the corresponding
point P, = (0,1) is in W’ but Py = (0,0) is not in W’. The second polynomial
Q(1,v) has only one solution v = 0 in W', while the solution of the third one
corresponds the point Py = (0.937203,0) in W’. And the polynomial Q(u,1) has
no solution in W'.

Then we study the points belonging to the curve Q(u,v) = 0 with horizontal
tangent. Taking derivatives with respect to u in Q(u,v) = 0, so that the remaining
points must satisfy with

(28) Q(u,v) =0, Qu(u,v) =0 and Q,(u,v) # 0.

To study the solutions of (28) we compute the resultant of Q(u,v) and @, (u,v)
with respect to the variable v. And we have the following polynomial As(u —
1)¥u7(5 4 2u + 5u?)R2, (u) R144(u) where Aj is an integer. The polynomials Rsy
and Ri44 have the degrees indicated in their subscripts. The root of Rs4 in (1,0)
are approximately 0.208334, 0.294286 and 0.840437. We must guarantee that the
corresponding point is in W’ for these values of u. After checking these values
we conclude that it has no points of the curve Q(u,v) with horizontal tangent in
W’. The root of Rys4 in (1,0) are approximately 0.122432, 0.283114, 0.389696 and
0.399156. Similar we obtain no points of the curve Q(u,v) with horizontal tangent
in W',

Now we have to check whether all the solutions of Proposition 6 satisfy with
Proposition 3 to guarantee that a solution of P(u,v)@Q(u,v) corresponds to a pe-
riodic orbit with only two points in Py. First we check the sign of a for such
solutions. From the polynomials Eg and E4, we see that the common factor of
terms of degree zero in « is v — 1. Hence, for a branch of solutions the sign of «
only can change if this factor vanishes. Accordingly, in the rectangle W’ the value
of a only can vanish in the line v = 1. Along the branch of solutions from Py to P;
we have « being positive. And we have that « being negative for all the branches
from Py to Py, P, to P3 and P, to P4. On the other hand, o being positive for all
the branch from P» to finite. In short only the branch from Py to P;, the sign of «
is consistent with v > 1 (0 <v < 1) if @ <0 (a > 0).

To prove the second statement of Proposition 6 we need to show the inequalities
—6 — yo > 0. We start by looking for possible values of (u,v) in the branch from
Py to Py, where such inequality is not true any longer, that is

H(u,v,0) = — (2 +9u) (v — 1)(1 + 2v + 3v% 4+ 40®) — 6u(3 + 3v + 302 + 303

29
(29) + 8vh)a + u(v — 1)(9 + 18v + 27v* + 160°)a’.
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Computing the resultants of the polynomials Es and H , E4and H , respectively,
then we have the following polynomials
(30)
hy (u,v) =Resultant[Es, H, o] = 2u?(—1 4 v)?P(u, v) My (u, v),

ho(u,v) =Resultant[Ey, H, o] = 2u?(—1 4 v)?(1 4 20 + 30? + 40%) P(u, v) My (u, v),
where the expression of P(u,v) is as displayed in (27) and
My (u,v) = —2(v — 1)*(3 + 4v + 30%)? + u(414 + 4824v + 138240v> + 217480°
+ 22685v* + 14616v° + 6106v° + 63607 — 1530%) + 4u? (72 + 4320
+ 1071v% + 188003 + 21100 + 1488v° 4 6230° + 2407) — 6u>(18
+ 120v + 297v? + 5200% + 580v* + 3920v° + 1650° + 8v7) — 4u?(1 + 2v
+ 30 + 40°)(9 + 18v + 27v* + 16v%) + v’ (1 + 2v + 3v? + 40%)(9 + 18v
+270% + 16v°),
Moy (u,v) =4(v — 1)(=2 + 120 + 210% + 300° + 9v*)? + 12u(—48 + 624v + 20700>
+ 2690v% + 17890 + 11430° + 14760° 4 246007 + 18450° + 35107)
+ 3u?(—3168 — 14400 4+ 19728v* + 31856v> + 27109v* — 28170°
— 59700°% 4 76207 + 162090° + 41310°) + 6u*(—162 — 486v — 137702
— 15150° + 840v* 4 51120° 4 66710° 4 459707 4 7200%) — 12u° (v
—1)(9 + 18v + 27v% + 160°)% 4+ u®(v — 1)(9 + 18v + 2702 + 160°)2.

It is easy to get that P(u,v) # 0 on the branch Py-P;, see Figure 4. By com-
puting the resultant we eliminate v between polynomials M; and M, then we
obtain a polynomial in u whose roots in the interval W' are 0.00483442, 0.0163653,
0.0995178, 0.194119. Going back with these values to My = 0 and My = 0, we
obtain the points (0.004834,0.221817), (0.016365,0.087319), (0.099517, —1.342034)
and (0.194119, —0.860593). Clearly, only the second point Ps = (0.016365,0.087319)
is in W’ being in fact on the branch Py-P;. The conclusion is that, by continuity,
the sign of H(u, v, «) changes along the branch Py-P;.

We select v = 0.05 and have the values of u &~ 0.010455 and o =~ 2.96596
for the corresponding point on the branch FPy-P;, so that the value of —6 — yq is
approximately 8.55439. Next we select v = 0.1 and compute the values of u ~
0.018116 and « = 2.943606 for the corresponding point, then we obtain the value
of —6 —yp ~ —1.45632. Then we choose v = 0.3 and obtain the values of u =
0.035656 and a =~ 3.00209 for the corresponding point, and the value of —6 — yq is
approximately —8.26739. Hence we conclude from Proposition 3 that all the points
of the branch Py-Ps correspond to periodic orbits of systems (1)—(3). O

We consider the branch from Py to Ps. By continuity the value of a reaches a
maximum positive value and a minimum positive value. These values correspond
to an, and ap,, respectively, which can be calculated by standard procedures with
as much accuracy as possible. Hence the proof of Theorem 2 is complete. O
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4. APPENDIX 1

The polynomials g(u,v):

q(u,v) =2u7(9 4 u + 2u®)? + u (855 — 1626u + 1156u? — 1592u> + 225u* — 178u®
+ 8u8)v + 13 (—2700 + 420u — 198612 + 1707u® + 1510u* + 1796u°
+ 682u® 4 22507 4 74u®)v? + 2u?(—1350 + 5565u — 4791u? 4+ 113523
—10267u* 4 5941u° — 7290u’ + 898u” — 796u® + 18u°)v® 4 2u*(210
— 4791y — 43u? — 68114 + 5518u? — 862u° + 5941u’ + 755u” + 578ud
+ 81u”)v* — u(—855 + 1986u — 22704u? + 13622u® — 32762u* + 31872u°
— 110368 + 20534u” — 1707u® + 1626u°)v°® + u(—1626 + 1707u
—20534u* + 11036u” — 31872u* + 32762u° — 13622u’ + 22704u”
— 1986u® + 855u°)v°® 4 2(81 + 578u + 755u? + 5941u> — 862u* + 5518u°
—6811u° — 43u” — 4791u® + 210u°)v" — 2(—18 + 796u — 898u? + 7290u>
— 5941u* 4+ 10267u® — 11352u® + 4791u" — 5565u® 4 1350u”)0® + (74
+ 225u 4 682u? + 17960 + 1510u* + 1707u’ — 1986u® + 420u”
—2700u®)v? + (8 — 178u + 225u® — 1592u> 4 1156u* — 1626u°
+ 855u®)v'0 4 2(2 + u + 9u?) !

Q(u,v) = — 2(v — Dv3(4 + 3v 4+ 20% + v*) (16 + 27v + 18v* 4+ 9v*)? — wv? (12352
+ 73648 + 13680502 + 171365v° + 138730v* + 68846v° + 167040°
— 79800" — 8490v% — 243007 + 27v'% + 423v'!) — w?v(—16640 — 129584v
— 33292807 — 5785850 — 7319350* — 6777700° — 4582420° — 20636407
— 362400° + 16410v” + 170100 + 125010 4 2367v"?) — w30 (12432
+ 2107900 + 81205402 + 15225350 4 19754950 + 1684186v° + 97691005
+ 30267207 — 268600° — 4912007 — 11268010 4 20250 + 41490'2)
— 2u*(—1352 — 42764v — 26480602 — 6793240 — 1124475v* — 13620110°
—12316970° — 83183307 — 414017v® — 1173250° — 13037v'° 4 155610t
+ 1646402 + 26160'%) + u5(2587 — 65653v — 57141202 — 1665416v°
— 28318250 — 3434849v° — 2891784v° — 190525607 — 11712230% — 86457507
— 6979880 — 375888v! — 8270702 — 40110'3) 4+ u®(1 + v)(8173 4 929820
+ 49256802 4 968910v° 4 12539150 + 128828415 + 11503360° + 128828407
+ 12539150° + 9689100° 4 4925680 + 9298201 4 8173v'?) + " (—4011
— 82707v — 37588802 — 697988v> — 864575v" — 1171223v° — 19052561°
— 2891784v" — 34348490v% — 283182507 — 166541600 — 57141201
— 65653012 4 2587v13) + 2u®(—2616 — 16464v — 1556102 + 1303703
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+ 117325v* + 414017v° + 831833v° + 1231697v” + 13620110° 4 11244750°

+ 67932400 + 2648060 + 4276402 + 13520'3) + u?(—4149 — 20250 + 1126802
+491200° + 268600 — 3026720° — 9769100° — 16841860 — 19754950°

— 152253507 — 81205400 — 2107900 — 124320'%) + w'% (2367 — 12501

— 170100% — 164100° + 362400 + 206364v° + 4582420° + 67777007 + 73193508

+ 5785850 + 3329280 + 1295840 + 166400'?) + u!(—423 — 27v + 24300°

+ 849003 4 7980v* — 1670405 — 688460° — 13873007 — 1713650° — 13680507

— 73648v'% — 123520") + 2u'? (v — 1)(1 + 20 + 3v® + 40%)(9 + 18v + 27v* + 16v°)2.
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