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A new result on averaging theory for a class
of discontinuous planar differential systems
with applications

Jackson Itikawa, Jaume Llibre and Douglas D. Novaes

Abstract. We develop the averaging theory at any order for comput-
ing the periodic solutions of periodic discontinuous piecewise differential
system of the form

dr . [ Ft(0,re) if 0<60<a,
dQ_T_ F=(0,re) if a<6<2nm,

where FE(0,r,¢) = ZleeiFii(Q, r) 4+ " 1RT(0,r,¢) with 0 € S! and
r € D, where D is an open interval of R, and € is a small real parameter.

Applying this theory, we provide lower bounds for the maximum num-
ber of limit cycles that bifurcate from the origin of quartic polynomial
differential systems of the form & = —y+xp(x,y), v =z+yp(z,y), with
p(z,y) a polynomial of degree 3 without constant term, when they are
perturbed, either inside the class of all continuous quartic polynomial dif-
ferential systems, or inside the class of all discontinuous piecewise quartic
polynomial differential systems with two zones separated by the straight
line y = 0.

1. Introduction and statement of the main results

The determination and distribution of limit cycles of the planar differential equa-
tions is one of the main open problems in the qualitative theory of such differen-
tial systems, see for instance [13]. Thus, in recent years the bifurcation of limit
cycles using averaging theory in continuous planar differential systems is being
largely studied, see for instance [6], [10], [11], [21], [22], [27]. But in the real
world many phenomena are described using discontinuous differential equations,
see for example [5], 28] and the references therein. These last years a big interest
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appeared for studying the limit cycles of discontinuous piecewise differential sys-
tems. Thus in [23] the averaging theory is extended up to order 1 for studying the
periodic solutions of systems of the form 2/ = e(F(t,z,¢) + sign(h(x))G(t, z,¢))
using techniques of regularization. In [19] the averaging theory has been extended
to order 2 for a big class of discontinuous piecewise differential equations of the
form 2’ = eFy(t,z,¢). And in [20] this theory has been improved for analyzing
the periodic solutions of discontinuous piecewise differential equations of the form
o' = Fy(t,z) +eFi(t,x,e).

Our main goal in this paper is to develop the averaging theory at any order for a
particular class of discontinuous piecewise differential systems, see subsection 1.1.

This averaging theory provides a straightforward calculation method to deter-
mine the number of limit cycles which can bifurcate from the periodic orbits of
the regarded particular family of differential systems. The relevance of this lies
in the fact that one of the main issues regarding the estimation of the number of
limit cycles of differential systems is the computational constraints involved. In
general the calculations require powerful computerized resources and in the case of
the averaging theory, the higher the averaging order is, the more complex are the
computational operations to calculate it. Then, as an application of this theory,
we present in subsection 1.2 the bifurcation of limit cycles of quartic polynomial
differential systems of the form & = —y+ap(x,y), ¢ = x+yp(x,y) when they are
perturbed, either inside the class of all continuous quartic polynomial differential
systems, or inside the class of all discontinuous piecewise quartic polynomial dif-
ferential systems with two zones separated by the straight line y = 0. Here p(z,y)
is a polynomial of degree 3 without constant term.

We remark that, using the averaging theory developed in this paper, we were
able to improve previous results in [14], where the bifurcation of limit cycles in
cubic polynomial differential systems is studied. The improvement is due not only
because in the present work we study polynomial differential systems one degree
higher than in that previous one, but also because the efficiency of the averaging
method developed in Theorem 1 of this paper allowed us to obtain results up to
the fourth order.

1.1. Results in averaging theory

Usually the discontinuous differential systems in the plane are studied for a straight
line of discontinuity. Here we want to study the periodic solutions of discontinuous
differential systems having the line of discontinuity composed by two half-straight
lines starting at the origin and forming an angle . Thus we develop the averaging
theory at any order for computing the periodic solutions of periodic discontinuous
piecewise differential systems of the form

dr , {F"’(H,r,e) if 0<6<a,
F

(1.1) a0 - “(O,re) i a<O<2m,

where

£(0,r,¢) ZezFi 0,r) + FTLRE (G, 7€),
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and ¢ is a real small parameter. The set of discontinuity of system (1.1) is ¥ =
{0 =0}U{f=a}if0<a<2r Here FX: S' x D = R for i = 0,1,...,n,
and R* : S' x D x (—gg,69) — R are C**! functions, where D is an open and
bounded interval of (0,00), and St = R/(27). This last convention is equivalent to
say that the functions involved in system (1.1) are 27-periodic in the first variable.

We point out that taking o = 27 system (1.1) becomes continuous. So the
averaging theory developed in this section also applies to continuous differential
systems.

Fori=1,2,...,k, we define the averaged function f;: D — R of order i as
+ —
Y (o, p) —y; (o —2m,p)
(12) (o) = D 0 .
The functions yzjE :S!'x D =R, fori=1,2,...,k, are defined recurrently as

yE(0, ) = /F (6, p) do,

1
+ _ *(
(1.3) yi 0,p) = Z!/o (F () +ZZ byl byl 21b2 .. 1 10

=1 S

OVFE (6, p Hyj (6. ) )d¢-

Here 0L G(¢, p) denotes the derivative of order L of a function G with respect to
the variable p, and S; is the set of all I-tuples of non-negative integers (b1, ba, . .., b;)
satisfying by 4+ 2bs + -+ +1b; =1, and L = by + ba + - - - + b;. For sake of simplicity,
in expression (1.3), we are assuming that F = 0.

As we shall see the averaged functions f;’s control the existence of isolated peri-
odic solutions of system (1.1). Since these functions are obtained directly from y;t
using (1.3), we give in the Appendix the explicit formulae of yii’s up to i = 7.
Recently in [24] the Bell polynomials were used to provide an alternative formula
for the recurrence (1.3). This new formula can make easier the computational
implementation of the averaged functions (1.2).

Our main result on the periodic solutions of system (1.1) is the following.

Theorem 1. Assume that, for some £ € {1,2,...,k}, fi=0fori=1,2,...,4—1
and fr # 0. If there exists p* € D such that fe(p*) = 0 and fj(p*) # 0, then for
le] # 0 sufficiently small there exists a 2m-periodic solution r(0,¢) of (1.1) such
that r(0,e) — p* when € — 0.

Theorem 1 is proved in section 2.

The assumption D C R is not restrictive. In fact, if one consider D as being
an open subset of R™ the conclusion of Theorem 1 still holds by assuming that
the Jacobian matrix J f;(p*) is nonsingular, that is det(Jf;(p*)) # 0. In this case
the derivative 9*G(¢, p) is a symmetric L-multilinear map which is applied to a
“product” of L vectors of R™, denoted as Hle y; € R (see [21]).
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1.2. Periodic solutions in planar differential quartic systems with a uni-
form isochronous center-focus type singular point

Assume that a differential polynomial system in R? has a center at the point ¢ € R?,
then without loss of generality we can suppose doing a translation that ¢ is at the
origin of coordinates. A center ¢ is an isochronous center if it has a neighborhood
such that in this neighborhood all the periodic orbits have the same period. An
isochronous center is uniform if in polar coordinates x = rcosf, y = rsinf, it can
be written as 7 = G(0,7), 0 =k, k € R\ {0}, for more details see Conti [9].

The study of the analytic uniform isochronous centers has increased in the
last decades. These systems have a unique singular point, which is the uniform
isochronous center, and up to a linear change of coordinates they can be written as

where p is an analytic function and p(0,0) = 0.

The present big interest in studying the uniform isochronous centers is due, on
one hand to their importance in the general problem of isochronicity. On the other
hand, system (1.4) in polar coordinates © = r cosf,y = rsin f becomes

7= Zpk(cos 0, sin 0)rF 1, 6=1,
k>1

where pj is a homogeneous polynomial of degree k. These differential systems can
be transformed into generalized Abel differential equations of the form

Z pr(cos B, sin §)rF+L,

E>1

dr 7
15 —_— = = =
(1.5) 07
Then equation (1.5) gives information about system (1.4), and vice versa. For
more details see [3], [1].

The bifurcation of limit cycles in planar differential polynomial systems of the
form (1.4) of degree n has been intensively studied, see for instance [7], [9], [12]
and the bibliography therein.

Consider a planar differential polynomial system and ¢ € R? a singular point
of this system. We say that ¢ is a weak focus if it is a center for the linearized
system at q.

The next result is well known, and a proof for it can be found in [15].

Proposition 2. Assume that a planar differential polynomial system & = P(x,y),
U= Q(x,y) of degree n has a center at the origin of coordinates. Then, this center
s uniform isochronous if and only if by doing a linear change of variables and a
rescaling of time it can be written under the form (1.4).

Algaba, Reyes, Ortega and Bravo [2], in 1999, and Chavarriga, Garcia and
Giné [8], in 2001, independently provided the following characterization of non-
homogeneous quartic polynomial systems with an isolated uniform isochronous
center at the origin.
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Theorem 3. Consider p(z,y) = Zle gi(x,y) where g;(x,y) fori=1,2,3 are ho-
mogeneous polynomials of degree i, g3+ g3 # 0 and g3 # 0 such that (1.4) is a quar-
tic polynomial differential system. Then system (1.4) has a uniform isochronous
center at the origin if and only if it is reversible. In this case, modulo a rotation
and a rescaling of the independent variable, system (1.4) can be written as

& =—y+a(Aix + Boxy + Ci2® + C’3:Ey2),

(1.6) ) 5 )
y= z+y(Aiz+ Boxy + Cra® + Ciay”).

where Ay, By, C1,C3 € R.

In the case of homogeneous uniform isochronous centers, Conti [9] proved the
following theorem in 1994.

Theorem 4. Let p(z,y) = 3, ;4 gi;x'y’ be a homogeneous polynomial of
degree n — 1. Then system (1.4) has a uniform isochronous center at the origin if
either n is even, or if n is odd and

n—1 2m
Z [gn,l,wj/ cos" 17" @sin” 0 d@} =0.
v=0 0

By Theorem 4 the homogeneous quartic polynomial systems of the form (1.4)
always have a uniform isochronous center at the origin.

A classification of the global phase portraits of the planar quartic polynomial
differential systems of the form (1.6) is provided in [15].

We study the limit cycles that bifurcate from the origin of the planar differential
quartic polynomial systems of the form (1.4).

More precisely, let H.(n) denote the maximum number of limit cycles that
bifurcate from the origin of system (1.4), when it is perturbed inside the class of
all continuous polynomial differential systems of degree n, and Hy(n) denotes the
maximum number of limit cycles that bifurcate from the origin of system (1.4),
when it is perturbed inside the class of all discontinuous piecewise polynomial
differential systems of degree n with two zones separated by the straight line y = 0.
We provide lower bounds for H.(4) and H;(4) in both cases when the origin is either
a uniform isochronous center, or a weak focus. The method used for obtaining these
lower bounds is based on the averaging theory.

To the best of our knowledge, this is the first work that provides an estima-
tion of Hy(4). Estimations for H.(4) have been studied for particular cases. For
instance, in [1], the authors prove, using a different method than ours, that a sys-
tem (1.4) with p(x,y) = Pi(x,y)+ Py (x,y), where P; is a homogeneous polynomial
of degree i, i € {1,m}, Py P,, # 0 might have [m/2] 4+ 1 limit cycles. By setting
m = 3 we have a quartic polynomial differential system, and the number of limit
cycles to this particular case is 2.

This work extends previous results in [14], where we studied the bifurcation of
limit cycles in cubic polynomial differential systems of the form (1.4).
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When the averaged functions are polynomial a good tool to estimate the number
of their simple zeros is the Descartes theorem (see [4]), which in this case provides,
for |e| # 0 small, lower bounds for the number of limit cycles of the system.

Theorem 5 (Descartes theorem). Consider the real polynomial r(x) = a;;z™ +
ai2xi2 + -4 ai,,,xi"' with 0 = i1 <y < -+ < i, and ay, % 0 real constants for
Jje{l,2,...,r}. When a;a;; ., <0, we say that a;; and a;;,, have a variation of
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.

When the averaged functions are more general functions there are other tech-
niques to deal with the problem of estimating the number of their zeros. See for
instance the theory of Chebyshev systems [18], [25].

We consider the following family of continuous systems

4
T = -y +£cp(:£,y) + Zs’pi(x,y),

(1.7) -
g= z+yple,y)+ Y o),

=1

where
p; = 056 + oﬂix + agy + a§x2 + aixy + aégf + aéx?’ + oﬂ%ﬁy + agng + o%y3
+afgrt + af oy + adye’y? + adyay’ + aquyt,
4; = B + Ble + Biy + Bia® + Blay + Bly® + B’ + By + pley® + By’
+ Bloxt + Bl 12’y + Blaa®y® + Blawy® + Bluy’,

being a{ and ﬁf, fori=0,...,14and j = 1,...,4, real constants. We also consider
the discontinuous systems

T\ | Xi(z,y) i y>0,
(1.8) ( J ) = ¥(@.v) _{ Xo(z,y) if y<O,

where . _
_ " iy
Xo(z,y) = ( y+ap(ny) + Sy c pi(z,y) )
r+yp(x,y) + > €'qiz,y)
_ LA
Xo(z,y) = ( yo+ap(@y) + Sy il ) )
x+yp(w,y) + > eviz,y)
uj = 7 + iz + vy + v + viwy + vy? +xd + vialy + dwy +vdyd
+ vt + v 28y + 12y + sy + vyt
vj = 8 + 0o + 63y + dha? + Flay + Sy? + 5had + Hay + dlay® + 8y’
+odort + 61,2y + 61,277 + 61wy + 61,0,
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being ’yf and 6{, fori=0,...,14 and j = 1,...,k, real constants, and k € {4, 7}.
In both cases, the continuous and the discontinuous one we have to consider either

(1.9) p(z,y) = tiox +tory +taox® +ti1ay +tooy” +t302” +tor 2y + tiozy® +tosy®,
with t;; € R, i+ 7 =1,2,3, 13, + 3, + t3, + 35 # 0, or

(1.10) p(z,y) = tiox + ti1zy + t30z” + tiozy?,

with 2, + 3, # 0, or

(1.11) p(x,y) = tsox® + to1@%y + tiaay” + tosy®.

We remark that the polynomials p(z,y) in (1.10) and (1.11) are used to study
the cases of quartic polynomial differential systems with a uniform isochronous
center at the origin, either having a non-homogeneous nonlinear part (using (1.6)
of Theorem 3), or a homogeneous nonlinear part (see Theorem 4), respectively.
On the other hand, since (1.9) is a general cubic polynomial in = and y without
constant term, we can use it for studying the bifurcation of limit cycles in both
cases when the origin is either a uniform isochronous center or a weak focus.

In what follows we state our results. We remark that in their statements we are
referring the order of averaging we are using. Since we are providing lower bounds
for the numbers H,. and Hy, the results could be improved using higher orders of
the averaging Theorem 1.

Theorem 6. Using averaging theory of order 4 we obtain, for |e| # 0 sufficiently
small, Hy(4) > 6 for the differential system (1.8) with p(x,y) of the form (1.9)
(i.e., system (1.8) has a weak focus or a uniform isochronous center at the origin).

Theorem 6 is proved in section 3.

Theorem 7. Using averaging theory of order j we obtain, for |e| # 0 suffi-
ciently small, Hq(4) >5 for the differential system (1.8) with p(x,y) either of the
form (1.10) or (1.11) (i.e., system (1.8) has a uniform isochronous center at the
origin).

Theorem 7 is proved in section 4.
Theorem 8. Using the averaging theory of order 7 we obtain, for |e| # 0 suf-
ficiently small, Hq(4) > 6 for the differential system (1.8) with p(x,y) of the
form (1.10) and oy = B =~ =6} =0,5=1,...,7.

Theorem 8 is proved in section 5.
Theorem 9. Using the averaging theory of order 4 we obtain, for |e| # 0 suf-

ficiently small, H.(4) > 2 for the differential system (1.7) with p(x,y) of the
form (1.9).
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Theorem 10. Using the averaging theory of order 4 we obtain, for |e| # 0 suffi-
ciently small, H.(4) > 1 for the differential system (1.7) with p(xz,y) either of the
form (1.10) or (1.11).

Theorems 9 and 10 are proved in section 6.

To prove Theorems 6 and 7 (respectively Theorems 9 and 10) we shall use the
averaging theory of order 4 for discontinuous (respectively continuous) differential
systems, together with a rescaling of the variables. In these proofs we can see,
using Descartes Theorem, that the lower bounds which appear in the theorems are
actually upper bounds for the averaging theory of order 4, too.

In Theorem 6, due to Descartes theorem, an upper bound for the maximum
number of the limit cycles is 6 for system (1.8) with p(x,y) of the form (1.9),
which can be obtained applying the averaging theory of order 4. We remark that
in this case we can have either a weak focus or a uniform isochronous center at
the origin. In Theorem 7 we study system (1.8) with p(z,y) of the form (1.10)
and (1.11), and hence we have a uniform isochronous center at the origin. In
this case an upper bound for the maximum number of limit cycles which can be
obtained using the averaging theory of order 4 is 5, which is one less than in the
general case studied in Theorem 6. Hence in Theorem 6 if a differential system
presents the maximum number of limit cycles bifurcating from its singular point
obtained using the averaging theory of order 4, which is 6, this singular point is a
weak focus, since by Theorem 7 if it was a uniform isochronous center this number
would not exceed 5. Similar reasoning holds for the continuous case, discussed in
Theorems 9 and 10.

In the case of limit cycles bifurcating from ovals of the period annulus of a uni-
form isochronous center, there are examples of quartic polynomial systems which
has at least 8 limit cycles, see [16].

All calculations were performed with the assistance of the software Mathematica.

2. Proof of Theorem 1

The next lemma is a key result to prove Theorem 1. It has been proved, for a more
general context, in [21], [22]. For sake of completeness we shall give a abridged
version of its proof.

Lemma 11 ([21], [22]). Letr* (-, p,€): [0,0,) — R be the solution of v’ = F*(0,r,¢)
with (0, p,e)=p, and being [0,0,) its interval of definition. If 0,> 2w, then

k
+ 0 _ 'Lyz:t(gvp) O k+1
r(0,pe)=p+Y e g tOoET),

i=1

where yii(e,p) fori=1,2,...,k are defined in (1.3).
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Proof. First we see that the solution r* (6, p, ) reads

k t
Q) e =+ Y [ Rlsrtpe)ds +OE).
i=0 0

The above remainder O(gk*1) is easily obtained from the continuity of the solution
and of the system, and from the compactness of the domain [0, 27| x D x [—¢&1, £1].

For |e| # 0 sufficiently small the function F.= (t,7%(6, p,¢)), fori = 0,1,...,k—1,
can be written in power series of € as

FE(t,r%(0,p,2)) = FF(0,p)

(22) el o :
< F:I: + k—i+1 )
27 (gaFirt@pen)|  +OE

Using the Faad di Bruno’s formula (see [17]) to compute the [-derivative of
Fii(t,ri(ﬁ p,e))ine, fori=0,1,...,k — 1, we have

ot . !
WF (t r (97/775)) €=Oizs: b1!b2!2!b2"'bl!l!bl
(2.3) l :
(OFFEErt0.0.0) | []=570.0)"
e=0 j=1
Here S; is the set of all I-tuples of non-negative integers (b1,bo, ..., b;) which are
solutions of the equation by + 2by + -+ +1bj =1, L = by + by + --- + b, and
o7
+ _
(2.4) 500 = (577 009)|
Using the expression (2.3), (2.2) becomes
k- gl
+ + _ + (
Fi (S’T (s?p7€))7 F S p Z b 'b2'2'b2' 'bl!l!bl
(2.5) =1

l
aLFiSpH SpJ—I—O(kH_l),

fori=0,1,...,k— 1. Moreover, for i = k we have that
(2.6) Ff (5,15 (s, p,€)) = Fy (s,0) + O(e).
Now, substituting (2.5) and (2.6) into (2.1) and doing a change of index we get

09+ 5[ [0 + £ 8 st

(2.7) - OFFE (s,p) H D + O,

Jj=1
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From (2.4) and (2.7) we conclude that the functions z5(6, p), for i = 1,2,..., k,
can be computed recurrently as

2E(0,p) = /Fi b, p) do,

: 1
+ _ . +
(2.8) % (0:p) = “/0 (F (¢’p)+lz:;b1!b2!2!b2-~-bl!l!bl
=1 S
l

COLFE (6, p H )

Moreover, the recurrences (1. 3) and (2.8) are the same. Since 2z (6, p) = (6, p)
we conclude that z; (9 p) =Y; (9 p), for i =1,2,... k, and therefore

+ _ vi(0, p) k1
r (97p,€)—p+ze S A0,

i=1
This completes the proof of Lemma 11. O

Proof of Theorem 1. First of all we have to show that there exists g sufficiently
small such that for each p € D and for every ¢ € [—&g, o] the solutions 7* (0, p, €)
are defined for every 6 € [0,T]. Indeed, by the ezxistence and uniqueness theorem
of solutions (see, for example, Theorem 1.2.4 of [26]), 7% (6, p, ) is defined for all
0 <60 <inf (T,d/M*(¢g)), for each = with |r — p| < d and for every p € D, where

k
ME(e) 2 | 3O FE(6,p) + £ RE (0, p,2)|
i=1
Clearly ¢ can be taken sufficiently small in order that inf(7,d/M*(e)) = T for

all p € D. Moreover, since the vector fields F*(#,r, ¢) are T-periodic, the solutions
(6, p,€) can be extended for f € R.
We denote
f(P,E) = 7"+(05,P,5) - Tﬁ(a =T,p, 5)'
It is easy to see that system (1.1) for ¢ = & € (—¢p,€0) has a periodic solution
passing through p € D if and only if f(p,&) = 0.
From Lemma 11 we have that

k
F(p.e) = Zgi yi(0, p) ;yi(gvp) k+1 ZE filp k+1)

i=1
where the function f; is the one defined in (1.2) for ¢ = 1,2,..., k. From the
hypothesis of the statement of Theorem 1 we have

Flpe) =< felp) + -+ + " filp) + OE"1).

Since fy(p*) = 0 and f;(p*) # 0, the implicit function theorem applied to the func-
tion F(p,e) = f(p,e)/e’ guarantees the existence of a differentiable function p(e)
such that p(0) = p* and f(p(e),e) = e*F(p(c ),e) = 0 for every |e| # 0 sufficiently
small. Then the proof of the theorem follows. O
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3. Proof of Theorem 6

Consider system (1.8) with p(z,y) of the general form (1.9). In order to analyze
the Hopf bifurcation for this system, applying Theorem 1, we set a« = 7 and we
introduce a small parameter ¢ doing the change of coordinates x = X, y = €Y.
After that we perform the polar change of coordinates X = rcosf,Y = rsinf,
and by doing a Taylor expansion truncated at the 4" order in & we obtain an
expression for dr/df of the form (1.1), with & = 7. The explicit expression is quite
large so we omit it.

System (1.8) is a polynomial system, so the functions FijE (0,7) and Rf(@, r,€),
i =1,...,4 are analytic, and consequently, locally Lipschitz. Moreover, since the
variable 6 appears through sinus and cosinus, system (1.8) in the form dr/df is
2m-periodic. It suffices to take D = {r : 0 < r < 1o}, where the unperturbed
system has periodic solutions passing through the points (0,r) with 0 < r < rg.

We obtain each y:r and y; ,¢ = 1....,4 applying expression (1.3) respectively
for X7 and X5 of system (1.8), after the changes described in the first paragraph
of this section. Then we calculate the averaged functions f;,i = 1....,4 using
equation (1.2). Hence, by Theorem 1 we have the averaged function of first order

fl(r) - Al?" + AOa

1
A= Sm(3tor(ag +79) + o1+ B3 + 71 + 02 — 3to(Bg + b)),

2(B3ad + (o) ?tor — By (agtio + B1) — %563 — (16)*to1 + 85 (Yot + 61)
+ 55— 63).

N
S
I

The rank of the Jacobian matrix of the function A = (Ag, A1) with respect
to the variables to1,t10,, at, B3, B, Ba, 78,71, 06, 01,65 is maximal. Then the
coefficients Ay and A; are linearly independent in their variables.

Clearly f1(r) = 0 has at most one solution in D. Thus applying Theorem 1 it
is proved that at most 1 limit cycle can bifurcate from the origin of system (1.8)
with p(z,y) of the form (1.9), using the averaging theory of first order. Solving Ay
for al and Ag for 63 we have f1(r) = 0, and we can apply the averaging theory of
order 2. Its corresponding averaged function is

fa(r) = B3r® + Bor® + Byr + By,
where
Bs = 2 (to2 + t20),
By = %(*4)(3%1(20«%10 — a3 + 4y5ti0 +73) — 8toa(ag — Yg) — agtao — g — f

— 2B} + 691t10 + Yota0 + 1 + 65 + 268 + 3t5, (B — 65) — 3Botio
— 1563t2, + 3Bat10 + 30at10 + 4684t — 408t11),
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By = %T(—Sa%,ﬁé + 8085 = Btor (tro(—agyo + 1580 + 8(p)” + 8(8)”

+(10)* = 7(6)*) + 30‘%’73 — 56505 — 4agas — 48585 — 58571
= Bivo + 57185 + 1001 — T2 + 0gdz — 4ag — 475)

+ 3151 (8agBy + 70 (1565 — 765)) + 16t02((g)* + (%)%) + agritao

— 3adyi — 3adds + 163 + 240l Batdy — 3ajdpti,

— 240 Bat10 + 9a3dgtio + agdatio — 16ag 85t + dajay — 48551

+ Bim — 8130 — 1101 + 37385 + 87565 + 35667

— 97285t10 — 7902t10 — YY1 t10 — 169985t + 37172 + 4707

— 0103 — 40565 + 403 + 463 + 477 + 403 — 38153t 1o

+ 2435 B1 1o + 38361 t10 — 24B83t10 + 16(By)*t20 + 16(55)t20),

Bo = —4(—apB301 + agB1 85 + apBoBi — ()5 + tor((ag)* (B — 01)
+ab(3adad + 2BL (4 + 63)) + tio(—688ad8s — (ad)?Ad + (ad)?
—670(3800 + (80) — (89)*)) +70(65502 + 38552 + 65571
— 47185 + 37072 — 8502 + 3ag + 315)) + 370151 (20555
+7 385 — 05)) + toa((7)” — (@)*) + apBy15tT — awBavotio
+ B5(63)* + agaz i + B B101 + apazds + 55505
+ 5%50 + 5051 - aoﬁ% —(a ) ﬁot + Oéoﬁo51t10 - 204(1)%5%7510
+ (ag)?Bat10 — 3agazdytio + agBitio + (ag)?Botan — ap(By) tao
— B5(B1)? — (B3)*B3 + 2857165 + By (11)* + BoBami — (11)°85

10205 = 100105 + 707202 + (%)85 +viaf — 6165
— 8307 + 7175 + 7005 — 68571 55t10 — 2(85)*¥ito
+ BoBivotio + 471 (95)*to — 319729 t10 — Y B5ti0 — (10)*dptnn
+75(60)t20 + 05(85) + 97173 + 020 — 3dpaitio
+ 627 — 30075t10 — 85 + 05 + 955 (85)*t10 + 6(85) 0t T
—3(60) %0 — 3858200t10 — 6850385t10 — 2(85)*d3t10 + 82(6)*t10),

and since the rank of the Jacobian matrix of the function B = (By, By, Ba, Bs)
with respect to its variables is maximal, B;, ¢ = 0,...,3 are linearly independent
in their variables.

Hence fa(r) = 0 has at most 3 solutions in D, see Theorem 5. Applying
Theorem 1 it is proved that at most 3 limit cycles can bifurcate from the origin of
system (1.8) with p(x,y) of the form (1.9), using the averaging theory of order 2.
Solving Bj for tg2, B for a, By for 2 and By for 63 we obtain fa(r) = 0, and we
can apply the averaging theory of order 3, which corresponding averaged function
is of the form

rf3(r) = Cyr* + C31® 4+ Cor? + Oy + Co,
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and C; for i = 0,...,4 are linearly independent in their variables, because the rank
of the Jacobian matrix of the function C = (Cy, ..., Cy) with respect to its variables
is maximal. We do not explicitly provide their expressions, since they are very
long. Therefore f5(r) = 0 has at most 4 solutions in D, by Theorem 5. Applying
Theorem 1 it is proved that at most 4 limit cycles can bifurcate from the origin of
system (1.8) with p(z,y) of the form (1.9) using the averaging theory of order 3.
By conveniently choosing variables to cancel the coefficients C;,i = 0,...,4 we
have f3(r) = 0. Hence we apply the averaging theory of order 4 to obtain the
averaged function of order 4

7f1(r) = Dgr® + Dsr® + Dyr* + Dsr® + Dor® + Dir + D,

Since the rank of the Jacobian matrix of the function D = (Dy,...,Dg) with
respect to its variables is maximal, the coefficients D;, i = 0,...,6 are linearly
independent in their variables. Their expressions are very long so we do not provide
them here. As a result of these calculations, it follows that f4(r) = 0 has at most 6
solutions in D by Theorem 5. Applying Theorem 1 we conclude that at most 6 limit
cycles can bifurcate from the origin of system (1.8) with p(z,y) of the form (1.9),
using the averaging theory of order 4. This result is a lower bound for H;(4), hence
Theorem 6 is proved.

4. Proof of Theorem 7

First we consider the systems of the form (1.8) with p(x,y) of the form (1.10).
According to Theorem 3, the corresponding unperturbed system has a uniform
isochronous center at the origin. In order to study the Hopf bifurcation for this
case, we apply the results obtained in the proof of Theorem 6, by conveniently
vanishing the coefficients of (1.9), used in that proof. More precisely, we take
tor = t2o = to2 = t21 =toz = 0.

We also consider the systems of the form (1.8), with p(z,y) of the form (1.11),
whose corresponding unperturbed system also has a uniform isochronous center
at the origin, see Theorem 4. Again, we use the results obtained in the proof
of Theorem 6, vanishing the appropriate coefficients of (1.9), that is, we take
tor = t1o = tao =11 = to2 = 0.

Considering the above restrictions to the coefficients of p(z,y) we obtain the
averaged functions f;,7 = 1,...,4 and since they are similar to those calculated in
the proof of Theorem 6 we do not explicitly present them here. It is interesting to
observe that the same number of limit cycles in each averaging order was obtained
with p(z,y) of the form (1.10) and (1.11).

The following Table 1 summarizes the results obtained in this proof and in the
proof of Theorem 6.

It follows that if system (1.8) has 6 limit cycles up to the averaging theory of
order 4, then it must have a weak focus at the origin.
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Averaging order # limit cycles
Theorem 6 | Theorem 7 with p(z,y) given by (1.10) or (1.11)

1 1 1

2 3 2

3 4 4

4 6 5

TABLE 1. Number of limit cycles for discontinuous differential systems (1.8).

5. Proof of Theorem 8

Consider system (1.8) with p(x,y) of the form (1.10) and take of, = 8] =~} =
(53 =0, for j =1,...,7. In this case the corresponding unperturbed system has a
uniform isochronous center at the origin, see Theorem 3. In order to analyze the
Hopf bifurcation for this case, applying Theorem 1, we set @ = 7w and we introduce
a small parameter £ doing the rescaling x = ¢ X, y = €Y. After that doing the polar
change of coordinates X = rcosf,Y = rsinf and a Taylor expansion truncated at
the 70 order in & we obtain an expression for dr/df of the form (1.1), with o = 7.
The explicit expression is quite large so we omit it. All hypotheses for applying
Theorem 1 to this case are satisfied using similar arguments to those presented for
the proof of Theorem 6.

We obtain each yj and y; ,¢ = 1....,7 applying expression (1.3) respectively
for X; and X5 of system (1.8), after the changes previously described. Then we
calculate the averaged functions f;,7 = 1....,7 using equation (1.2). We remark
that, up to the averaging theory of order 4, the results in this case can be easily
obtained from those already calculated in the proof of Theorem 7, taking into
account the condition o) = 3} =~ =8 =0,7=1,...,7, so we do not explicitly
present the averaging functions from order 1 to 3 here. Starting from the averaged
function of order 4 we have

f4(7“) = R4’I“4 + R37“3 + R2T2 + Ry,

and R; for i = 1,...,4 are linearly independent in their variables, since the rank of
the Jacobian matrix of the function R = (Ry, ..., R4) with respect to its variables
is maximal. We do not explicitly provide their expressions, because they are very
long. Therefore fy(r) = 0 has at most 3 solutions in D, by Theorem 5. Applying
Theorem 1 it is proved that at most 3 limit cycles can bifurcate from the origin
of system (1.8) with p(z,y) of the form (1.10), and of, = 8} =~} = 6} = 0,
j=1,...,7 using the averaging theory of order 4.

The next averaging functions are calculated in a similar way, so we obtain
f5(r) = 557“5 + 547“4 + 537“3 + 527“2 + Sy,
and S; for i = 1,...,5 are linearly independent in their variables,

fo(r) = T67“6 + T57“5 + T47“4 + T37“3 + T27“2 + Thr,
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and T} for j =1,...,6 are linearly independent in their variables,
f2(r) = Usr™ + Ugr® + Usr® + Usr* + Usr® 4 Uar® + Unr,

and Uy, for k = 1,...,7 are linearly independent in their variables. The expressions
of S;,1=1,...,5,T;,j=1,...,6 and Uy, k =1,...,7 are very long so we do not
provide them here.

Thus f5(r) =0, fe(r) =0 and f7(r) = 0 has at most 4, 5 and 6 solutions in D,
respectively, see Theorem 5. Applying Theorem 1 we conclude that at most 4, 5,
and 6 limit cycles can bifurcate from the origin of system (1.8) with p(z,y) of the
form (1.10), and of, = 8) =9} = 0} =0, j = 1,...,7 using the averaging theory
of order 5, 6 and 7, respectively. Therefore Theorem 8 is proved.

The following Table 2 summarizes our results for this case:

| Averaging order | # limit cycles |
1 0

|| O | W N
| OY | W DN =

TABLE 2. Limit cycles for quartic discontinuous differential systems with a uniform
isochronous center at the origin.

6. Proof of Theorems 9 and 10

System (1.1) becomes continuous by taking o = 27 and therefore the averaging
theory developed in subsection 1.1 also applies to continuous differential systems.
First, consider the continuous differential system (1.7) with p(z,y) of the form
(1.9). In order to study the limit cycles for this system we only need the expres-
sions of yf ;i = 1....,4, which were already calculated for studying the previous
cases. Hence, the averaged functions f;,7 = 1....,4 can be obtained by the same
algorithm used for the discontinuous differential systems, by taking o = 2.

The unperturbed continuous differential system corresponding to the perturbed
system (1.7), with either p(z,y) of the form (1.10) or (1.11) has a uniform
isochronous center at the origin, according to Theorems 3 and 4, respectively.
We apply the same arguments as in the previous paragraph, by taking o = 27 and
using the expressions of y;”,i = 1....,4 calculated in the proof of Theorem 7 to
obtain the averaged functions f;,i = 1....,4 for this case. We remark that the
same number of limit cycles was obtained in both cases where p(z,y) is either of
the form (1.10) or (1.11), in each averaging order studied.

Since the calculations and arguments are quite similar to those used in the
previous proofs, we omit the explicit expressions of the averaged functions. We
summarize our results in the following Table 3.
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Averaging order # limit cycles
general case | Uniform center
1 0 0
2 1 0
3 1 1
4 2 1

TABLE 3. Number of limit cycles for continuous differential systems (1.7).

We remark that from this proof, it follows that system (1.7) with p(x,y) of the
form (1.9) has a weak focus at the origin provided that it has 2 limit cycles up to
the averaging theory of order 4.

7. Appendix

0
yE(0.p) = / F£ (6, p) dé,
0
yE(0.p) = / (2E(6.p) + 20FE (6, o)yt (6, ) db,

0
yi(0,p) :/0 (6F5(, p) + 60F5E (6, p)yic (6, p) + 30 FE (b, p)yi (6, p)?

+ 30F (6, p) y5 (¢ p)) do,

0
yi (0, p) :/0 (24F (., p) + 240F5 (6, )i (0, p) + 120°F5- (¢, p)yi (¢, p)?

+ 120F5 (6, p)yi (¢, p) + 120°F (8, p)yi" (9, p)y3 (6, )
+ 43 FE (¢, p)yi (9, p)* + 40FF (¢, p)y5 (6, p)) do,

0
yE (6, p) = / (120 (6, p) + 1200F(6, o)y (6. p)

+600°F5" (6, p)yi- (6, p)* + 600F5 (6, p)us (¢, p)
+600°F5 (¢, p)ui (6, p)ys (0, p) + 200° F5 (6, p)yi (¢, p)°
+200F;5 (¢, p)ys (¢, p) + 200°Fi (0, p)yi™ (¢, p)us (6, p)

+ 1507 F{ (0, p)ys (6, p)° + 300°F1- (¢, )yt (¢, 0) 5 (6, p)
+ 50 F (6, p)yi (¢, p)" + BOFT (6, p)ys (6, p)) db,

0
i 0.0) = [ (FOF(609) + T200F (0, (619)

+ 3600°F (6, )yt (6, p)? + B600F (¢, p)ys (¢, p)
+ 1200°F5 (6, p)yi (6, p)° + 36002 F5 (6, p)yi (6, )5 (6, )



LIMIT CYCLES IN A CLASS OF DISCONTINUOUS PLANAR SYSTEMS 1263

+ 1200F55 (6, p)yit (¢, p) + 300*F55 (8, p)yi (¢, p)*
+ 1800%F5= (6, p)yi (6, p)y3 (6, p) + 1200°F5 (6, p)yi- (6, p)y3 (. p)

+900°F5 (¢, p)y3 (6, p)* + 300F5 (6, p)yi (&, p)

+ 600 F (¢, p)ui (6, p)* v (6, p) + 600°F (6, p)yi (6, p)° vz (6, p)
+900°F5 (¢, p)uit (6, p)s (¢, p)* + B0O*F5= (6, p)yi- (6, p)ys (¢, p)
+ 600> Fi (¢, p)ya (6, p)yi (6, p) + 60° Fi (6, p)ui (¢, p)°

+ 6OF (¢, p)yi (¢, p)) dob,

t
yE(tp) = / (5040F (6, p) + 50400F (6, p)yE (6. )

+ 25200°F5 (¢, p)yi (¢, p)* + 25200F5 (6, p)ys (¢, p)
+25200°F (6, p)yi (¢, p)y5 (0, p) + BA00°F5 (6, p)yi (6, p)°
+8400F (6, p)y5 (¢, p) + B400° (9, p)yi (&, p)yz (6, p)
+6300°F5 (¢, p)y5 (¢, p)° + 12600°F5 (6, )yi (¢, 0) 3 (6, p)

+ 2100 F5" (6, p)yif (6, p)* + 2100F5" (6, p)yif (¢, p)

+2100°F5 (¢, p)yi (6, p)yy (¢, p) + 4200° F5° (6, )y (6, p)*v5 (0, p)
+ 4200 F5 (¢, p)yi (6, p)* 3 (8, p) + 6300° F5 (6, p)y (6, p)*vi (0, p)
+420°F5 (¢, p)yi (6, p)° +42032Fi(¢>, P)ys (6, p)y5 (6, p)

+ 42055 (8, p)y3 (¢, p) + 6300°F5 (0, p)ys (6, p)*yi (¢, p)
+T0°F (¢, p)yi (6, 0)° + 1050° Fi (8, )yt (9, p) 3 (9, p)

+ 1400 Fi* (¢, p)yi (¢, 0)°y3 (0, p) + 6300* (6, p)yi" (6, )3 (6, p)?
+1050°Fi (6, p)yi (0, p)*yi (6, p) +420°Fi (6, p)yi (9, p)yz (¢, p)
+4200° (¢, p)yi (0, p)ys (0, p)y3 (6, p)

+1059°F1 (¢, p)ys (¢, 0)° + 1050° F{ (6, p)ya (6, p)yi (65 )

2
+700°F (6, p)yi (¢, p)? + TOF (6, p)yis (¢, p)) dop.
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