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ABSTRACT. In order to understand the dynamics of the differential
systems the limit cycles play a main role, but in general their study
is not easy. These last years an increasing interest appeared for
studying the limit cycles of some classes of discontinuous piecewise
differential systems, due to the rich applications of this kind of
differential systems.

Very few papers studied the limit cycles of the discontinuous
piecewise differential systems in spaces different from the plane R2.
Here we study the limit cycles of a class of discontinuous piecewise
differential systems on the cylinder.

1. INTRODUCTION AND STATEMENT OF THE MAIN

Consider the following differential equation on the cylinder (r,0) €
R x St

(1) % = ag(0) + a1(0)r + as(0)r* + ... 4+ a, (0)r".

All the functions a;(f) are continuous and 27-periodic in the variable
0. Equation (1) with n = 1 is a linear differential equation having at
most one limit cycle, see for instance [4]. While for n = 2 it is a Riccati
equation with at most two limit cycles, see [6]. For n = 3 it is an Abel
equation. If az(f) > 0 Pliss [9] proved that the Abel equation has at
most three limit cycles (see also [3, 8]). For n > 4 a constant sign in the
leading coefficient a,, is not sufficient to bound uniformly the number
of limit cycles (see [6, 8]). Lins Neto in [8] gave a example with at least
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n + 3 limit cycles for suitable functions a and f, for the Abel equation

% = cf(0)2® + a(0)2* + du,

where |0| is small, a(f) is a trigonometric polynomial of degree 1, and
f(0) is a trigonometric polynomial of degree 2n. Calanchi and Ruf [2]
proved that if in equation (1) n is odd, the leading term is fixed and
the remaining terms are small enough, then the number of limit cycles
Is at most n.

In [1] Bakhshalizadeh and Llibre considered the discontinuous piece-
wise differential systems of the form

t=ag(0)+a1(0)z+---+a,(0)z", f0<0<m,

2) T ="bo(0) + b1 () + -+ by,(0)x™, if0<60<2nm,

where ag(0),a1(0),- - ,a,(0) and by(0), b1(0), - - - , b, (0) are 2m-periodic,
and gave exact bounds for the maximum number of limit cycles. On
the lines of discontinuity z = 0 and # = 7 of systems (2), the flow
is defined following the rules of Filippov [5]. In the rest of the paper
always the flow on the lines of discontinuity is defined according with
Filippov. The objective of this paper is to extend the results on the
maximum number of limit cycles obtained in [1] for the discontinuous
piecewise differential systems on the cylinder with two straight lines of
separation, to the discontinuous piecewise differential systems on the
cylinder with an arbitrary number of lines of separation.

Let C be the cylinder {(0,z) € S* x R}. Consider the discontinuous
piecewise differential systems on the cylinder

T = i ay(@)x!, if0<60<2n/n,
=0

i = an(@)a!, if2r/n<6<2-2/n,
=0

b= an(0)a!, if2r(k—1)/n <0< 2%kn/n,
=0

T = % an(0)z!, if2m(n—1)/n <6 < 2m,
=0
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where a(0), for k = 1,---n and [ = 0,1, - ,my, are 2m-periodic
functions in the variable §. Then H(my,---,m,) denotes the maxi-
mum number of limit cycles that the discontinuous piecewise differen-
tial systems (3) can exhibit.

Theorem 1. The discontinuous piecewise differential systems on the
cylinder C' of the form

& =aop(0) +a1(0)z, if 0 <6 <2m/3,
(4) T =0bo(0) +b1(0)x, if2m/3 <0 <4dn/3,
T =co(0) +c1(0)x, ifdr/3 <6 <2,

where a;(0),b;(0) and ¢;(0) for i = 0,1 are 2w-periodic functions in the
variable 0, have at most one limit cycle, i.e, H(1,1,1) = 1.

Corollary 2. The discontinuous piecewise differential systems on the
cylinder C' of the form

T =ap(d)+an@)z, if0<0<2n/n,
T =ag(0)+an(@)x, if2r/n<0<2 2r/n,

b = aro(0) + am (0)z, if 27(k — 1) /n < 6 < 2km/n,

T = ano(0) + an1(0)z, if 2m(n—1)/n <6 < 2,

where ago(0) and ag1(0), for k = 1,---n, are 2w-periodic functions in
the variable 0, have at most one limit cycle, i.e., H(1,--- 1) = 1.

Theorem 3. The discontinuous piecewise differential systems on the
cylinder C' of the form

T =ag(0) + a1(0)x + ag(0)z?, f 0 <6<,

(5) = bo(0) + b1 (0)x + ba(0)2?, if T <60 < 2m,

where a;(0) and b;(0), for i = 0,1,2, are 2w-periodic functions in the
variable 0, have at most two limit cycles, i.e., H(2,2) = 2.
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Corollary 4. The discontinuous piecewise differential systems on the
cylinder C' of the form

T = ay(0) + a1 (0)z + apx?,  if 0 <0 < 27/n,

i = ax(0) + a1 (0)x + agex?, if 2m/n <0 < 2-2m/n,

T = aro(0) + ar(0)x + ape®,  if 27(k —1)/n <0 < 2kw/n,

T = ano(0) + an1(0)x + apex?®,  if 27(n —1)/n < 0 < 2,

where ago(0), ar1(0) and axa(0), for k = 1,---n, are 2w-periodic func-
tions in the variable 6, have at most two limit cycles, i.e., H(2,--- ,2) =
2.

Theorem 5. The discontinuous piecewise differential systems on the
cylinder C' of the form

T = ao(ﬁ) + al(e)x, sz < 0 < 271'/3,
(6) i =bg(0) + b1 (0)x + bo(0)x?, if 27/3 < 0 < 4rw/3,
T =co(0) + c1(0)x, if 4w /3 < 0 < 2,

where a;(0),0;(0) and ¢;(0), fori=0,1 or 2, are 2mw-periodic functions
in the variable 0, have at most two limit cycles, i.e., H(1,2,1) = 2.

According to the above Theorems 1, 3, 5 and Corollaries 2, 4, we
can conclude the following corollary.

Corollary 6. The discontinuous piecewise differential systems on the
cylinder C of the form (3) with max{my,--- ,my,} < 2 have at most
one limit cycle if my = ---=m, =1, i.e., H(1,--- 1) = 1, otherwise
H(mq, -+ ,my,) =2.

Theorem 7. For every positive integer k there are discontinuous piece-
wise differential systems on the cylinder C' of the form

T =a(f)z, if 0 <60 <2n/3,
(7) @ = by(0)x? + ebz(0)x3, if 2m/3 < 0 < 47/3,
= c(f)z, if 4w /3 < 60 < 2,

where a(0),c(0) and b;(0) for i = 2,3, are 2m-periodic functions in
the wariable 0, having at least k limit cycles on the cylinder, i.e.,
H(1,3,1) = +c0.

According to the above Theorem 7, we can conclude the following
corollary.



LIMIT CYCLES OF THE PIECEWISE DIFFERENTIAL SYSTEMS 5

Corollary 8. The discontinuous piecewise differential systems on the
cylinder C' of the form (3) with max{m,--- ,m,} > 3 have at least k
limit cycles for any positive integer k, i.e., H(my, -+ ,my,) = +00.

2. PROOF OF THE MAIN RESULTS

In this section we will prove the main results as stated in Theorems
1, 3, 5, 7 and Corollaries 2, 4, 6.

Proof of Theorem 1. Consider the discontinuous piecewise differential
systems (4). The solution of the first equation of (4) satisfying z(0) = p
is
) +p) e,

—K1 (s

OL\ u
=

The solution of the second equation of (4) satisfying z(27/3) = z1(27/3, p)
Is
22(0, 21(7/3, p)) = (L2(0) + 21(7/3, ) ef20),
L) = [ tu(s)e s,
27

Ksy(s) = ZS by (w)dw,

a7
3

and the solution of the third equation of (4) satisfying x(47/3) =
wa(4m (3,127 /3, p)) s

3(0, $2<4770/37 21(27/3,p))) = (I3(0) + x2(47/3, 2,(27/3, p))) 539,
I3(0) = L co(s)e K3 s,

3

Ks(s) = / cr(w)dw.
77(
Define the function

I1i(p) = w3(2m, w2 (4m /3, 21(27/3, p))) — p

— 6K;3(27r) (6K1(27T/3)+K2(4ﬂ/3)[1(271'/3)+€K2(47r/3)]2(471'/3)+13(27T))
_|_(€K1(27T/3)+K2(47F/3)+K3(27T) —1)p.

Thus the periodic orbits of the discontinuous piecewise differential sys-
tems (4) are associated with the zeros of the linear equation II;(p) = 0.
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Clearly there is at most one zero. Thus the discontinuous piecewise
differential systems (4) have at most one limit cycle. O

The proof of Corollary 2 is similar to the proof of Theorem 1.

Proof of Theorem 3. Consider the discontinuous piecewise differential
systems (5). On the two bands of the cylinder with # € [0, 7] and
0 € [m,27] we have a Riccati differential equation.

Suppose that we have a periodic solution z(0) = x,(0)|scjo,:1UZq(0)|oc[r,27]-
Then doing the change of variable x — X where

1
MO =
we write the first differential equation in (5) with 6 € [0, 7] as
dX
(8) —5 = —02(0) = (202(0),(0) + a1 (0)) X,

Then the solution of the linear equation (8) with 6 € [0, 7] is written
as

X1(0) = (]\21(9) + X1(0)) M@,
Ni0) = [ —aals)e s,

M;(0) = /0 — (2az(w)zp(w) + a1 (w)) dw.

Undoing the change of variables we obtain that the solution of the first
equation of (5) satisfying z(0) = p is

_ A0) + Bi@)p

TR RO
where
A1(0) = zp(0)e @ (1 — 2, (0)N1(6)) — ,(0),
By(0) = 2, (0) N1(0)eM @ + 1,
(6)

C1(0) = O (1 — 2,(0)N,(0)),
D1(9) = 6M1(9)N1(¢9).

Similarly we write the second differential equation of (6) in 6 € [, 27|
as

9 T2~ 0) — (20a(6)2,(6) + B(0) X

doing the change
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Both changes of variables the change of variables x+ — X; when x €
[0, 7] and the change of variables  — X, when x € [, 27] coincide on
the periodic orbits intersection with the straight lines x = 0 and =, so
the structure of the discontinuous piecewise differential systems (5) is
preserved. Indeed,

] 1
Xm»=Xﬂ%*=ﬂmImm»:x@mfw4%V
Xi(m) = Xo(m) = 2(m) — 2, (m) - z(m) — xg(m)’

because z(0) = z(27), 2,(0) = z,(27) and x,(7) = z,(7) on the peri-
odic orbits.

Then the solution of the differential equation (9) is
Xo(0) = (N2(0) + Xa(rr)) e,
9
N) = [ —(s)e s,

My(s) = /S — (2by(w)zq(w) + by (w))dw.

Undoing the change of variables we get the solution of the second equa-
tion of (5) satisfying x(7) = z1(m, p) is

Az(0) + Bs(0)z1 (T, p)

00 = C0) ¥ DalByaa(m, )
Cy(m)As(0) + A (m)B2(0) + (D1(m)As(0) + Bi(m)Ba(0))p
~ (Ci(m)Ca(0) + Ai(m)Ds(6) + (Bi(w)Ds(6) + Dy () Da(0))p’
where

Az(0) = 24(0)eM=? (1 — 2 () N2 (6)) — 4(7),
By(6) = 24(0) Na(8)eM2® + 1,
Co(0) = = (1 — 2y (m)No(0))
D2(9> = €M2(9 NQ(Q)
Define the function Ily(p) = x2(27, z1(m, p)) — p, which is
AyCy 4+ A1By + (A3 Dy + B1By — C1Cy — A1 Dy)p — (B1Dy + D1 Ds)p?
C1Cy + A1 Dy + (B1Dy + D1Ds)p 7
with Al = Al(ﬂ'),Bl = Bl( ) Cl == Cl( ) 1 = D1< ) and AQ =
Ay(2m), By = By(2m),Cy = Cy(27m), Dy = Dy(2m). Thus the periodic

orbits of the discontinuous piecewise differential systems (5) are asso-
ciated with the zeros of the equation Ily(p) = 0. It follows that the
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discontinuous piecewise differential systems (5) have at most two limit
cycles. O

The proof of Corollary 4 is similar to the proof of Theorem 3.

Proof of Theorem 5. Consider the discontinuous piecewise differential
systems (6). On the second band of the cylinder, i.e., 6 € [27/3,4m/3],
we have a Riccati differential equation.

Suppose that there is a periodic solution x(6) = x,(6)|scjo,2r/3 U
25(0)|oc2n/3,4n/3) U ©4(0)|ocan/s.2m- In what follows for studying the
limit cycles on the cylinder of systems (7) we will do three changes of
variables, in each strip of cylinder defined by the straight lines 8 = 0,
0 = 2w /3 and 0 = 47 /3. Later on we will show that these changes
of variables coincide on the three straight lines § = 0, § = 27/3 and
0 = 4w /3. Then doing the change of variable x — X,., where

1
X, (0) = ———,
NI REA()
we write the first differential equation of (6) with 6 € [0,27/3] as
dX,
(10) 5 = —m(0)X,.

Then the solution of the linear equation (10) with 6 € [0, 27 /3] with
an initial value X, (0) is written as

X, (0, X,(0)) = X,(0)eF1),
6
KI(H)Z/O (—ay(s))ds.

Correspondingly we obtain the solution of the first differential equation
of (6) with 6 € [0,27/3] satisfying z(0) = p is

2,.(0)ef1 9 — 2,(0) p
x1(0, p) = cK1(0) eK1(0)

Note that on the cylinder with 6 € [27/3,47/3] we have a Riccati
differential equation. Then doing the change of variable x — X, where
1
z(0) — x5(0)’
we write the second differential equation of (6) with 6 € [27/3,4m/3]
as

X.(0) =

(11) djgs = —by(6) — (2b2(0)4(0) + by (0)) X..
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The solution of the linear equation (11) with 6 € [27/3, 47/3] is written
as

X(0) = ((6) + X, (2n/3)) 52,
1,(6) = / —by(s)eKxC)ds,

3

Ks(s) = /8 — (2ba(w)xs(w) + by (w))dw.

2m

3
Undoing the change of variables the solution of the second equation of
(6) satisfying x(27/3) = x1(27/3, p) is

A(6) + B(6)p

(12) z9(0, p) = )+ D@)

where
A<0) = xs(0)€K2(0) (€K1(2ﬂ-/3) - IQ(Q)xT(O)> - I’T(O)
B(0) = 12(9)x5(0)6K2(9) +1,
C(9) = 2O (K1C7/3) — [,(6),(0)) ,

D(6) = I,(0)ek2®),

Similarly, doing the change of variable x — X;, where

1
Xi(0) = ———
t( ) .’13’(9>—Q3t<9)’
we write the third differential equation of (6) with 6 € [47/3,27] as
dX
(13 B o).

Then the solution of the linear equation (13) with an initial value
Xi(4m/3) is written as

Xt(eu Xt(47r/3)) = Xt(47T/3)eK3(9)7
0
Ky(0) = / (—ex(s))ds.
0
Correspondingly the solution of the third differential equation of (6)
with 6 € [47/3, 27 satisfying x(47/3) = xo(47/3, p) is

_ 2(0)e"5 D 4 zy(47/3, p) — (47 /3)
(14) x3(0> P) - cK3(0) :
Note that we need to check that the change of variables x — X, when
x € [0,27/3], the change of variables © — X, when x € [27/3,4m/3],
the change of variables x — X; when = € [47/3, 27| coincide on the
periodic orbits intersection with the straight lines § = 0,27/3 and
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47 /3, and consequently the structure of the discontinuous piecewise
differential systems (6) is preserved. Indeed,

1 B 1
z(0) — 2,(0)  z(27) — z(27)’

1 1
X, (27/3) = X(27/3) = 2(27/3) - z,(27/3) - z(27/3) N rs(2m/3)’

X,(4n/3) = X, (47/3) = w(47/3) — 2. (47 /3)  x(dn/3) — x,(d7/3)’

because z(0) = z(27),z,(0) = x4(27) and z,(27/3) = x,(27/3) and
xs(4m/3) = x4(47/3) on the periodic orbits.

Define the function I3(p) = x3(27, p) — p. Then by (12) and (14) we
obtain

Xr(o) = Xt<2ﬂ—) =

E(27) + F(27)p — eX32™ D(47/3) p?

3(p) = efs2m) (C(4m/3) + D(47/3)p)

where
E(0) = (2,(0)e™3 — 2,(47/3))C(47/3) + A(47/3),
F(0) = (2,(0)e®3©) — 2,(47/3))D(47/3) + B(4n/3) — X3 C (47 /3).

Thus the periodic orbits of the discontinuous piecewise differential sys-

tems (6) are associated with the zeros of the equation Il3(p) = 0.
Clearly there is at most two zeros, and therefore the discontinuous
piecewise differential systems (6) have at most two limit cycles. U

Proof of Theorem 7. We consider the discontinuous piecewise differen-
tial systems

t=a(@)zr, if0<6<271/3,
(15) & = by(0)2?, if 27/3 < 0 < 47/3,
T=c@)zx, ifdr/3 <60 <2m.

The solution of the first differential equation of (15) with 6 € [0, 27/3|
satisfying x(0) = p is

0
z1(0, p) = pe®, J1(0) = / a(s)ds.
0

On the other hand the solution of the second differential equation of
(15) with 6 € [27/3, 47 /4] satisfying x(27/3) = x1(27/3, p) is

pel127/3) 0
z2(0,p) = 1 — peh®e/3) Jy(0) Jo(0) = o ba(s)ds.

3
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Eventually the solution of the third differential equation of (15) with
0 € [4m /3, 27| satistying x(47/3) = zo(47/3, p) is

p6J1(27T/3)+J3(9) 0
3(0:0) = T ey (4 3 ‘%W%:A cls)ds.

Define the function
peJl (27r/3)+J3(27r)

1 — per(7/3) (47 /3

y(p) = z3(2m, p) — p = P

Then I4(p) = 0 if we assume
(16) J1(27/3) + J3(27) = Jo(47w/3) =0,

where we choose the functions a(6), by(0) and ¢(6) in order that the
equalities (16) hold. We obtain that the discontinuous piecewise dif-
ferential systems (15) has a continuum of periodic solutions in the
neighborhood of p = 0.

In what follows we consider the discontinuous piecewise differen-
tial systems (7) with a small parameter . The solution of the first
differential equation of (7) with 6 € [0,27/3] satisfying z(0) = p is
x1(0, p) given in (12). Let x5(0, p, ) denote the solution of the second
differential equation with initial value z(27/3, p,e) = x1(27/3,p) =
pet?7/3) = . Then the solution z,(f,Z1,¢) can be expanded with
respect to € as follows

T9(0, %1, €) = 190(0, T1) + 291 (0, Z1)e + O(?),
where
x90(0,71) = x2(0,T1,€)|c=0
and
x91(0, 1) = 0x2(0, %1, €) /02| c=0-

Similarly the solution x3(6, p, ) of the third differential equation of sys-
tems (7) with 0 € [47/3, 27| satisfying x3(47/3, p,€) = x2(47/3,ZT1,€) =
) 18
Z‘g(@, .’f‘g, 8) = .I‘2<47T/3, i‘l, 8)6J3(9).

Then we similarly obtain a function
Ii(p,e) = x3(2m,29,8) — p

= 25(47/3,Ty,€)e¥) — p

= (z90(47/3, Tp)els ) p) + To1(47/3, 1) e + O(£?).
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In order to find the number of zeros of the equation II§ = 0, asso-
ciated with the number of limit cycles of the discontinuous piecewise
differential systems (7), first we have

Jfg(&, Ty, 8) = ‘7.720(0, fl) + x'21(6, Zfl)ﬁ + O<€2)

_ _ 2
= by(0) (220(0, T1) + 321 (0, T1)e + Ogsz)) + ebs(0)
(220(0, 1) + x21(0, T1)e + O(e?))” 4 O(e?).
From this equality we get
(17) T20(0, 1) = ba(0)x50(6, T1),
with the initial value z4(27/3,%;) = pe’1?7/3) and
(18) $21<9, Zf1> = 2b2<9)$20(0, f1)$21 (9, .7?31) + 63(9)1330(9, 1_11),

with an initial value x4, (27 /3, Z1) = 0, where @9;(6, Z1) = 0x9;(0,%1)/00
for i = 0,1. Integrating the differential equation (17) in the interval
27/3,47/3], by (16) we get

Ji1(27/3)

B pe _ h(2n/3)
$20(47T/35p) - 1 — peJ1(27r/3)J2<47r/3) —re ‘

On the other hand we get

o0 (0. 7
bo(8)z20(0,71) = %,

from the differential equation (17). Substituting the previous equality
in (18), we have

% (%) — ()0 (0, 7).

Integrating this differential equation in the interval [27/3,4m /4] and
combining the assumption (16), we obtain

4m

e (473, 81) = aly(dn/3,71) / 7 by (0) 200 (6, 71)d6

27w

3
4am

_ 335023 [° b3(0)
pe /2; 1— p€J1(27r/3)J2(9)d0'

We further obtain
M5(p,e) = (wa0(dm/3,21)e™C™ — p) + ) (47/3, 21)e™ e + O(?)
— €p362J1(27r/3)M(p> +O<€2),

where

[T bs(0)
M(p) = /277 1 p6J1(2ﬂ'/3)J2(0)d6’
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is a Melnikov function. It follows from the Implicit Function Theorem
that the simple zeros of M (p) which are non-zero can be associated with
the simple zeros of the function II3(p, €) distinct from zero. More con-
cretely, if p = py # 0 satisfying M (pg) = 0 and M'(pg) # 0, then there
exists a differential function ¢ such that ¢(0) = py and II5(4(¢),e) =0
for a small enough e.

For any n € N we choose
ba(A) = cos(e”1@™/3), bs(0) = P(sin(e*7/Dg)),

where P is a polynomial of degree n in the variable sin(e”127/3)9). We
introduce the family of analytic functions

an .
sin® ¢

3
Ii(p) = /z; 11— psintdt

where t = ¢/1?7/3)0 and k is a positive integer. By Theorem A of [7]
the maximum number of zeros of M (p) is the same as the degree n of
the polynomial P(sint). O
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