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Abstract. Due to the wide interdisciplinary use of discontinuous piecewise differential systems and
the main role of the periodic solutions in understanding and explaining many natural phenomena,
scientists developed many methods and tools for studying the periodic solutions of such differential
systems, like the averaging theory of given order. In this paper, by using the averaging theory up
to seven-order for computing the periodic solutions of discontinuous piecewise differential systems,
we prove that five is the maximum number of limit cycles that can bifurcate from the discontinuous
piecewise differential systems formed by an arbitrary linear focus or center and an arbitrary cubic
uniform isochronous center separated by a straight line.
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1 Introduction and statement of the main results

The classification of the center’s problem of planar polynomial differential systems and the study
of their cyclicity are two well-known and challenging problems in the qualitative theory of planar
polynomial differential systems. We recall that the cyclicity problem asks for the maximal number
of limit cycles that can bifurcate from either the center that we called in the literature the Hopf
bifurcation or from some of the periodic orbits around this center (for more details see [15]). The
problem of bifurcation of limit cycles is related to the 16th Hilbert’s problem, which is still an open
problem until now.

We know that one of the fundamental open problems of polynomial differential systems is the
identification of their maximum number of limit cycles and their possible positions in the plane.
The bifurcation of limit cycles in continuous planar differential systems has recently attracted the
attention of numerous publications (see [4,11,12,17] and the references therein). But in the real world
many phenomena are described by using discontinuous differential equations (see, e.g., [6,18] and the
references therein). Discontinuous piecewise differential systems have been widely used in recent years
to describe many natural phenomena in mechanics, electronics, economics, neuroscience, etc., due to
their significant importance and extensive application (see, e.g., [6,14,16]). The bifurcation of limit
cycles of discontinuous piecewise differential systems becomes an interesting topic of research. There
are a lot of papers that focus on the study of such classes of piecewise differential systems using the
averaging method at such orders (for more information see [7,9,10,13]).

Recently, many papers studied the bifurcation of limit cycles in planar differential systems that
have a uniform isochronous center (see [1,8]). Isochronicity is significant in physical applications as
well as stability theory, bifurcation issues, the uniqueness and existence of solutions for many boundary
values, and so on. Moreover, the attraction to this issue has also been rekindled due to the expansion
of powerful computational methods.

In this paper, our main objective is to study the limit cycles that can bifurcate from the discon-
tinuous piecewise differential systems separated by the straight line y = 0 and formed by a linear
differential system having a center or focus of the form

t=Ar+By+C, y=-Bx+ Ay+ D, (1.1)

in the half-plane y > 0, where A, B,C, D € R, and by an arbitrary uniform cubic isochronous center
in the half-plane y < 0, characterized in the following lemma.

Lemma 1.1. A cubic polynomial differential system has a uniform isochronous center at the origin
if and only if after an affine change of variables and a rescaling of the independent variable it can be
written as

t=—y+af(z,y), y=z+yf(zy), (1.2)

where f(x,y) = ax + by + cx? + dry — cy?, and satisfies a’c — b*c + abd = 0.

The last result is due to Collins [5], who classified the cubic polynomial uniform isochronous
centers. For other proof of Lemma 1.1, see Section 2 of [2].

The averaging theory described in Section 2 allows us to study analytically the existence of limit
cycles of a non-autonomous differential system by studying the simple zeros of the averaged function.
Here, we use the averaging theory up to the seventh order to study a number of limit cycles that can
bifurcate from the discontinuous piecewise differential systems formed by (1.1) for y > 0, when we
perturb it inside the class of all polynomial differential systems of degree 1 as follows:

7 7
T = ZPli(x,y)ei, Y= Z Qui(z, ),
i=1 i=1

and by the differential system (1.2) for y < 0, when we perturb it inside the class of all polynomial
differential systems of degree 3 as follows:

7 7
T = ZPgi(l‘,y)Ei, Y= ZQSi(xvy)€i~
i=1 i=1
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Here, € > 0 is a small parameter, i = 1,...,7, P;; and Q1; are real polynomials of degree 1 in the
variables x and y, and Ps;, (Q3; are real polynomials of degree 3 in the variables x and y.

The following theorem states the main result of our paper, which deals with the maximum number
of limit cycles using the averaging theory up to the seventh order.

Theorem 1.1. For |e¢| # 0 sufficiently small, the mazimum number of limit cycles of the piecewise
differential system separated by the straight line y = 0 and formed by systems (1.1) and (1.2) is at
most five.

Theorem 1.1 is proved in Section 3.

2 Preliminary results

To compute the limit cycles of discontinuous piecewise differential systems that we analyze in this
work, we introduce the fundamental results that relate to the averaging theory up to the seventh
order and the Descartes Theorem.

The next result is a summary of an improvement of the classical averaging theory for computing
limit cycles of planar discontinuous piecewise differential systems which goes back to Itikawa, Llibre,
and Novaes in [9].

Let us define the discontinuous differential systems in polar coordinates of the form

7
Ft(r,0,¢) = ZF;_(H’T’ €)e' + RY(0,7,¢)ed,
r(0) = = (2.1)
F(r,0,€) = > F;(0,r,)¢' + R™(0,7,€)e",

i=1

where € # 0 is a sufficiently small parameter, § € S which is the unite circle, and r € D, where D is
an open subset of RT.

Now, we give the functions vy (t,) with i = 1,...,7 defined in [9] as follows:
t
() = [ FEGsr) s
0
t
VE(tr) = [ (2F5(sir) + 205 (5,1} ) d,
0
t
() = [ (7 (5r) + 60FS oot (17) + 302 (5.1 )i 5u1)2 4+ 3OFE (5, 1) i (521)) s,
0
t
yi(t.r) = / (24Ff(8,7‘) + 240F5 (s, 1)y (5,7) + 120°F5 (s,7)yi (5,7)° + 120F5 (s,7)y3 (s,7)
0

+ 120°Fy (s, r)yy (s, 7)y5 (s,7) + 40°Fy (s, 7)y; (s,7)% + 43F1i(8’7‘)y3i(8,7“)) ds,
t
ygt(t,r) = / (120F5i(s,7°) + 1208F4i(s,r)yft(s,r) + 6082F3i(s,r)y1i(s,r)2
0
+ 600F5 (5,7)y5 (5,7) + 6002 F5 (5, 7)yi (5,7)y5 (5,7) + 2003 F5 (s, 7)yi (5,7)3
+ 208F2i(s, r)ygt(s, r)+ 2082F1i(s, r)yli(s, r)ygf(s, r)+ 1582F1i(5, T)yQi(s, 7")2

+ 300y (s,7)y1 (5,7)%y5 (5,7) + 5O FY (5,7)y1 (s,7)" + 53F1i(877“)yf(577")) ds,
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t

yGi(t,r) = 720/ (Fﬁi(s,r) + ani(s,r)yf(s,r) + %82}72:(5, r)yli(s,r)2

0
43 OFF (5, 7)y (5,7) + 5 OFF 5,7y (5,7 (5,7) + 5 O3 (5, )y (5,7
3 O EE (5, (5, )y (5,) g OFF (5,70 (5,7) + 5 0PF5 (5, )i (5,7
b G OFE (5, s,y ) + 3 5 s,y ()P0 (o)
+ i OFE (s, r)yE(s,7) + = 83Fi(87 i (s,7)y5 (s,7)
+ 130 P o)+ 135 O FE i '

1
s OPFE (5, 1)y (5703 (5,7) + 0P FE (s, 1)y (5, )05 (5.)) s,

where the i-th partial derivative of the function Fii(s,r) with respect to the variable r has been
denoted by &*FF(s,r) with i = 1,...,7. From [9], the (upper/lower) averaged functions fi(r) for
1=1,...,7 are

T
o) = [ B an,
0
T
) = [ (B + oFf (i) dn,
0
r 1 1
F) = [ (FEr) + OB (6 () + 5 P FE o ()7 + 5 OFF (6 (6) )
0
’ 1 1
i) = / (F&(67) + OFF )y (6 r) + 5 OB ()i (t.1) + 5 OFF (8, 7)yis (t.7)
0

1 1 1
3 O FEETE (L )yE (tr) + 5 O FE (L )y (6r)° + 5 OFF (6 )y (47))

T
1 1
) = [ (FEr) + OFE (g (6r) + 5 OB (600" + 5 OF () (67)
0

1 1 1
5 OPF (6 )yt (6 r)ya (6 7) + 5 O F5 (6 )y (t7)° + 5 OFS (tm)y3 (£ 7)

1 1 1
+5 OPFE(t,r)yE (8, r)ys (t,r) + 3 DPFE(t, r)ys (t,7) + 1 PFE(t, ryyE(t,r)?

1 1
Ui (1) 5 OVFE (6 )yt (1) 4 o OFF (6,7)0 (7)) di,
T
/ (F& () + OFF (L) + 5 8F4 (¢, Py (tr) + - 82F4 (8, r)yi(t,7)?
0

1 1
+3 L OFE(t ) (L) + 5 O3 (6 )y (tr)ys (6 ) + 2 0P (6 r)yi (1)
1 1 1
+ o7 OFS (t,r)ys (t,1) + 5 DXL (t, )y (8, r)ys (t,7) + ~ a3F2i(t Yyt r) 2y (t,r)

1 2 + 2 i 4 - =+
b SOEE (6 () + 5 O FE (i () + oo OFF (6, (1,7)
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1 1
t 5 O F (L r)yr (6w (8 7) + 35 O F (8 ) (£ )y (¢7)
1 1
+ E 83Fli (t, 'r)yit (tv T)Qy?it (t7 T) + E 84F2:t (t7 T)yit (t7 T)3y§t (tv 7“)

1 1
+ ) agFli (t> r)yit (t, T)yét (tv T)2 + 120 65F1i (t, T)yit (tv T)5) dt,
T

1 1
) = [ (B + 0FE (i (6) + 5 OFE ()i (6r) + 5 P FE ()i 1)
0

1 1 1
+ 6 6Ff (t7 r)y?,i (ta T) + 5 82F4JE (t7 r)yli (t7 74)92i (t, 7“) + 6 83szE (ta T)yli (t, 7“)3
1 1
+ 21 8F3i(t, r)yf(t, r)+ g 62F3i(t, r)yf(t, r)ygt(t, T)
1 1 1
3 O F (6 )y (6) e (67) + 57 OUF (6 )y (67)" + £ 0P (t )y (£ )

1 1
+ Jog OFE (65 (6,7) + 57 O°F5 (6, )y (1 )y (1)

1 1.
ST O°F5 (6, r)yi (t,7)°y5 (8,7) + 3 OPF5 (tr)yr (tr)ys (t,r)?
1
120

1 1
+ E 82F2:t (ta T)yQi(ta T)Z/ét (tv T) + % aFli (t, T)yét (tv T)

1 1
+ 3og O FE (6 )y (6 7)s (1 7) + 52 O°F (60wt (8,7) %3 (8 7)

1 1
+ 55 O FT (63 (613 (8 7) + 50 0" (1 1)y () yi (£ 7)

1
+ o O (L )yt (1) 3 (6 r) + o5 O Fy (6 r)yy ()

1 1

+ ﬁ 82Fli (t, 'r)yét (tv T)Q + @ aSFli (tv r)yit (t7 T)4y§: (t7 T)
1 1

+ T6 84F1i (t’ r)yit (tv T)Qyét (tv T)Q + @ asFli (t> r)yf (t7 T)S

1 1
+ ﬁ 83F’ljz (ta r>y1i (t7 r)yét <t7 T)y?)i (t7 ’I") + % a61—7‘1i (t7 ’I")) dt.

Now, we call each function of the form

fi(r) = £ (r) = f; (r)
an averaged function of order j. The averaging theory for studying the periodic solutions of discon-
tinuous piecewise differential systems works as follows. Suppose that the average functions f;(r) =0
for j=1---kand fr(r) # 0 for some k € N. If v* is a simple zero of fi(r), then there is a limit cycle
denoted by (8, €) of system (2.1) such that r(0,7*) = r* 4+ O(e) (for more details see [9]).
In order to prove our results concerning the number of zeros of a real polynomial, we need to state
the Descartes Theorem.

Theorem 2.1 (Descartes theorem). Consider the real polynomial r(z) = a;, ™ + a;,x%2 + - - -+ a;, "
with 0 =141 <ig <--- <1, and a;; # 0 real constant for j € {1,...,r}. When a;; 04,4 <0, we say that
a;, and a;,,, have a variation of the sign. If the number of variations of signs is m, then r(x) has at

most m positive real roots. Moreover, it is always possible to choose the coefficients of r(x) in such a
way that r(x) has exactly r — 1 positive real roots.

For more details, see [3].

3 Proof of Theorem 1.1

Now, we provide the maximum number of limit cycles that can bifurcate from the discontinuous
piecewise differential systems separated by the straight line y = 0 and formed by two differential
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systems. In the half-plane y > 0, the linear differential center has a weak focus of form (1.1) and in
the other half-plane y < 0, the cubic differential system has a uniform isochronous center (1.2).

In order to apply the averaging theory of order seven, we have to perturb two differential systems
(1.1) and (1.2), where we developed the parameters of the differential systems until order seven in e.
Concerning the development of B, we must add —1 to guarantee that the origin of system (1.1) is a

center. Then
7 7 7
a = E (Ziﬁz, b= E biGl, Cc = E CZ'E’L, d= E diEl,
i=1 i=1 i=1

i=1

and
7 7 7 7
A=A, B=-1+)Y Bie’, C=)» Ci', D= D
=1 =1 =1 =1

First of all, to apply the averaging theory, we need to write the discontinuous piecewise differential
system, systems (1.1) and (1.2), in the normal form (2.1). Hence we need to perform the polar change
of coordinates (z,y) = (rcosf,rsinf) to transform the differential systems (&,y) onto the normal
form (2.1). Then we take 0 as the new independent variable to move from the differential system
(7, 9) onto the differential equation dr/df, and carrying out a Taylor expansion truncated at seventh
order in €, we obtain the differential equation (2.1).

Now, we only give the functions Fii(r, 0) fori =1,...,4 and omit the ones with ¢ = 5,6, 7 because
of their large expressions,

le+ (’I", 9) = Cl COS(@) + Dl sul(@) + 141,,a7
F (r,0) = 72 <COS(9)(a1 + dyrsin(0)) + by sin(0) + e cos(29)),

Ff (r,0) = % (012 $in(26) + 24072 + 2B, C1r cos(6) + 2Csar cos(8) + 2Dor sm(a)),
By (r,0) = % (2027 cos(6) + 2bar? sin(6) + 221 cos(26) + dor® sin(26) ),
Fif (r,0) = C3 cos(8) + D3 sin()
+ %2 <01 cos(0) (CF sin®(0) + r*(B} + Bz) + rsin(6)(2B,C; + CQ)))
b Agr + % (Co cos(8)(Ch sin(6) + Bur)),
Fy (r,0) = r? ( cos(0)(as + dsrsin(0)) + b sin(0) + c3r cos(20)),

F(r,0) =

e (20{L sin(26) — Cf sin(46) + 8Aur* + 8B3C 1 cos(6) + 8B Cor® cos(h)
+ 16 By BoC17® cos(0) + 8B1 313 cos(0) + 8 ByCor® cos(6) + 8 BsCr® cos(6)
+ 8Cy1® cos(0) + 8Dyr? sin() + 12BiCEr? sin(26) + 16 B, C, Cor? sin(260)
+ 8BoC2r? sin(20) + 8C, C3r? sin(20) + 4C2r? sin(20) + 6B, C3r cos(h)
— 6B1C3r cos(360) + 6C7Cor cos() — 6CECor 008(39)),

1
F, (r,0) = 3 (2a4r2 cos(0) + 2b47? sin(8) + 2¢47> cos(26) + dyr® sin(29)>.
From Section 2, for ¢ = 1, the averaging function of order one is
fl(T) = —2b17’2 + 2D1 + 7'('A17".

Since f1(r) = 0 is a quadratic equation, we find that f; (r) may have at most two positive real solutions
r1 and 7o which means that at most two small limit cycles of radii 1 and ro, respectively, can bifurcate
from the discontinuous piecewise differential system (1.1),(1.2) for e sufficiently small.

Now, in order to apply the averaging theory of second order to the discontinuous piecewise differ-
ential system (1.1), (1.2), we have to eliminate the coefficient of fi(r) by choosing by = D1 = A; =0
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to get f1(r) = 0. Calculating the averaging function of the second order, we get
2 4 2
fa(r) = z@aar — 2bo1* + wAor + 2D5.

The function f2(r) = 0 is a quartic equation, which may have at most three positive real solutions
by Descartes Theorem 2.1. Then till now, the maximum number of limit cycles for the discontinuous
piecewise differential system (1.1),(1.2) is at most three.

In the same way, to apply the averaging theory of the third order, we take b = Ay = Dy = 0 to
eliminate the coefficients of 72, 1, and r°. So, to get fo(r) = 0, we have two different cases a; = 0
and ¢; # 0, or ¢c; =0 and a; # 0. We start with the first case.

Case A: a1 =0 and c¢; # 0. In this case, the resulting averaging function of the third order is
1 5 4 4 2
fa(r) = -3 3m(cady — crda)r” — 3 ascir® — 2bsr® + wAsr + 2Ds5.

Then, by Descartes Theorem, f3(r) = 0 has at most four positive real solutions. Consequently, at most
four small limit cycles can bifurcate from the discontinuous piecewise differential system (1.1),(1.2).
Now, taking do = Czdl ,as =0,b3 =0, A3 = 0 and D3 = 0, we obtain f3(r) = 0. So, we can compute
the averaging theory of the fourth order which has the expression

2
f4(r) = § a3817“4 — 2b4’/‘2 +mAur +2Dy.

The averaging function of the fourth order f;(r) may have at most 3 positive real roots. By considering
az = by = Ay = Dy = 0 and computing the averaging function of fifth order, we have

(3meg)r®

2
) + Zagerrt — 20572 + wAsr + 2D5.
801 3

9
f5(7”) = (C3d1 — Cld3)(§ 7Td1’l“7 +
The equation f5(r) = 0 is a polynomial of degree 7 which may have at most five positive real solutions
according to Descartes Theorem. Then the maximum number of limit cycles for the discontinuous
piecewise differential system (1.1),(1.2) is at most five. To apply the averaging theory of order six,
we need to choose ay = by = A5 = D5 = 0 to eliminate the coefficients of r%, 2, 1 and the constant

coefficient. So, to get f5(r) = 0, we distinguish two different subcases co = d; =0 or d3 = %

Subcase A.1: co = dy = 0. Here, the resulting averaging function of order six is

9 2

fo(r) = — wc3dsr® 4+ = aserr? — 2bgr? + wAgr + 2Dg.
128 3

Clearly, f5(r) = 0 may have at most four positive real solutions. Setting bg = a5 = d3 = Ag = Dg =0,

we get f5(r) = 0. Then we can apply the seventh order averaging theory, which gives

1
fz(r) = 5 277rci’d47" g agerrt — 2b7r2 + wA7r + 2D5.

640

This polynomial may have at most four positive real roots.
Now, we start the computations from f3(r) just before Subcase A.1 taking the second subcase
ags = 0.

Subcase A.2: d3 = % . In this subcase, the resulting averaging function of order six is

3 2
fo(r) = (cady — c1dy) (@ rdir’ + 7;027“ ) + 3 ascrrt — 2bgr? 4+ wAgr + 2Dg.
C1
The equation fg(r) = 0 is a polynomial of degree 7, which may have at most five real positive

roots by the Descartes Theorem. To apply the averaging theory of order seven, we need to choose
as = bg = Ag = Dg = 0 to eliminate the coefficients of 7%, 72, » and the constant coefficient. So, to get
fe(r) = 0, we have two different subcases co = d; =0 or d4 = ‘4‘11 . Starting with the first subcase.
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Subcase A.2.1: co =0 and d; = 0. Under these conditions, the resulting averaging function of
order 7 is

1 2
fr(r) = ~ 640 27rcidyr? + 3 agerr — 2b712 + wA7r + 2D5.

This polynomial may have at most four positive real roots. Now, we go to the second Subcase A.2.2
continuing the computation of the averaging function of order seven.

Subcase A.2.2: dy = % . The next averaging function is

3 dy —c1d 2
7T02<C5 L ! 5) T5 —+ g a661T4 — 2()77“2 + 7TA77‘ + 2D7.

9
fr(r) = — mdy(csdy — crds)r” +

32 861

This polynomial may have at most five positive roots. Now, we go to the second case ¢; = 0 and
a; # 0, but we continue the computations just after fo(r), i.e., we continue from f3(r).

Case B: ¢; =0 and a; # 0. The resulting averaging function of the third order is
1
f3(r) = 3 3meady 7 4 2a1comt — 2b31% + wAsr + 2D;.

Then, by Descartes Theorem, f3(r) = 0 has at most four positive real solutions. Taking ¢y = b3 =
As = D3 = 0, we get f3(r) = 0. Consequently, the averaging function of the fourth order is of the
form

2
fa(r) = 3 aresr® — 2byr? + wAyr + 2Dy

It is clear that since f4(r) is a polynomial, by Descartes Theorem, f4(r) = 0 may have at most three
positive solutions. We consider ¢35 = by = A4y = D4 = 0 and by computing the averaging function of
the fifth order, we get

2
f5(r) = 3 aycqrt — 20512 + wAsr + 2D5.

The polynomial f5(r) may have at most three positive real roots. Then by considering ¢4y = b5 =
As = Ds = 0 and computing the averaging function of order six, we have

2
fe(r) = 3 aycsrt — 2bgr? + wAgr + 2Dg.

The averaging function fg(r) may have at most three positive real roots. If we take ¢5 = bg = Ag =
Dg = 0, the averaging function of order six is

2
fa(r) = 3 arcgr® — 2byr? + 2D7 + AT

In this case, f5(r) = 0 is a quartic polynomial with at most three positive solutions.

In short, in the previous cases we have found that the averaging functions f;(r) for ¢ = 1,...,7,
may have at most 2, 3, 4 and 5 real positive roots. Consequently, using the averaging theory up to
the seventh order, the maximum number of limit cycles is at most five limit cycles. This completes
the proof of Theorem 1.1.
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