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LIMIT CYCLES IN UNIFORM ISOCHRONOUS CENTERS OF
DISCONTINUOUS DIFFERENTIAL SYSTEMS WITH FOUR ZONES

JACKSON ITIKAWA!, JAUME LLIBRE?, ANA C. MEREU? AND REGILENE D. S. OLIVEIRA!

ABSTRACT. We apply the averaging theory of first order for discontinuous differential
systems to study the bifurcation of limit cycles from the periodic orbits of the uniform
isochronous center of the differential systems & = —y + 22, ¢ = = + zy, and & =
—y + 2%y, ¥ = = + xy?, when they are perturbed inside the class of all discontinuous
quadratic and cubic polynomials differential systems with four zones separately by the
axes of coordinates, respectively.

Using averaging theory of first order the maximum number of limit cycles that we
can obtain is twice the maximum number of limit cycles obtained in a previous work for
discontinuous quadratic differential systems perturbing the same uniform isochronous
quadratic center at origin perturbed with two zones separately by a straight line, and 5
more limit cycles than those achieved in a prior result for discontinuous cubic differential
systems with the same uniform isochronous cubic center at the origin perturbed with
two zones separately by a straight line. Comparing our results with those obtained
perturbing the mentioned centers by the continuous quadratic and cubic differential
systems we obtain 8 and 9 more limit cycles respectively.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

Suppose that ¢ € R? is a center of a polynomial differential system in R?. Without
loss of generality we can assume that ¢ is at the origin of coordinates. Then ¢ is an
isochronous center if there exists a neighborhood U, of ¢ such that all periodic orbits
in U, have the same period. An isochronous center is uniform if in polar coordinates
x = rcosf, y = rsinf it can be written as 7 = G(6,r), 0 = k, k € R\ {0}, for further
details see [10]. A singular point ¢ is a weak focus if it is a center for the linearized system
at ¢ and this singular point is not a center.

Consider the planar polynomial differential system of degree n

x:—y—l—xf(x,y), y:x—i—yf(x,y), (1>

where f(x,y) is a polynomial in  and y of degree n — 1 and f(0,0) = 0. This differential
system has only one singular point at the origin, which is a center for the linear part of
the system. Moreover, the solutions of (1) move around the origin with constant angular
speed and therefore, the origin is either a uniform isochronous center or a uniform weak
focus.

[sochronicity is important in many fields such as physics, chemistry, biology and
engineering. Moreover, isochronicity is relevant in stability theory because a region filled
of the periodic solutions is Lyapunov stable if and only if the periodic solutions are
isochronous, further details on these topics can be found in [7]. In the last decades the
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bifurcation of limit cycles from uniform isochronous centers has attracted attention of
several authors, see for instance [1, 11, 12, 16, 18].

In this paper we investigate the birth of limit cycles from a uniform isochronous center
of discontinuous piecewise quadratic and cubic differential systems with four zones formed
when the plane is divided by two perpendicular straight lines. To the best of our knowledge
this is the first work that analyzes the bifurcation of limit cycles under these conditions.

More precisely, we split the plane in four quadrants by the straight lines + = 0 and
y = 0. Let Q;,i = 1,...,4 denote the quadrant i, that is, Q; = {(x,y) € R* : z,y >
0}7Q2 = {(l’,y) ceR*:x < O7y > 0}7Q3 = {(x,y) cR?: T,y < 0} and Q4 = {(%,y) €
R?: 2 >0,y < 0}.

Applying the averaging theory of first order we investigate the number of limit cycles
which can bifurcate from the periodic orbits of the uniform isochronous center of the
following quadratic and cubic differential systems

&=—y+a*, §=zx+uy, (2)
i=—y+a’y, y=z+azy’ (3)

when they are perturbed inside the classes of the following discontinuous quadratic and
cubic polynomial differential systems

Xj(z,y) =Y} (x,y) if (z,y) € Q;, (4)
with ¢ = 1,...,4 denoting the quadrant );, and for j = 2 the quadratic case, and for
J = 3 the cubic case. That is

i o —y+ a2t +epi(a,y)

; | —y+ 2Py +eri(z,y)
Yy(z,y) = ( T+ xy? +es'(z,y) )7

where ¢ is a real small parameter, and
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In what follows we state our main results.

Theorem 1. For || # 0 sufficiently small there exist discontinuous piecewise quadratic
polynomial differential systems (4) with j = 2 having at least 10 limit cycles bifurcating
from the periodic orbits of the uniform isochronous center of system (2), using the averaging
theory of first order.

Theorem 2. For || # 0 sufficiently small there exist discontinuous piecewise cubic
polynomial differential systems (4) with j = 3 having at least 12 limit cycles bifurcating
from the periodic orbits of the uniform isochronous center of system (3), using the averaging
theory of first order.

We remark that the lower bounds for the number of limit cycles provided in Theorems 1
and 2 were obtained using the averaging method of first order. These results could possibly
be improved using higher orders of the averaging theory for piecewise discontinuous
differential systems, for further details see for instance [16].
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The limit cycles that bifurcate from the origin of system (1), for some polynomials
f(z,y), when it is perturbed inside some classes of continuous polynomial differential
systems have been intensively investigated, see [6] and the references therein. Using
results from Bautin [2] in [5] it is proved that at most 2 limit cycles bifurcate from the
periodic orbits of the uniform isochronous center of the quadratic differential system (2).
Applying the averaging theory in [4] it is showed that at least 2 limit cycles bifurcate from
the periodic orbits of that center, when it is perturbed inside the class of all polynomial
differential systems of degree 2. For the cubic polynomial differential systems (3) in [13]
it is proved that the maximum number of limit cycles bifurcating either from the periodic
orbits, or from the uniform isochronous center itself is 3 using the averaging theory of
order 1 or 6, respectively.

A large number of phenomena can be modeled by discontinuous differential equations,
for instance see [3] and the references therein. Hence the study of limit cycles of dis-
continuous piecewise differential systems has been significantly increasing in recent years.
In [18] it has been proved that at least 5 limit cycles bifurcate from the periodic orbits
of the uniform isochronous center (2) when it is perturbed inside the class of all discon-
tinuous quadratic differential systems with the straight line of discontinuity y = 0. In
[13] it is showed that using the averaging theory of order 6, the maximum number of
limit cycles that can appear in a Hopf bifurcation at uniform isochronous center of a
cubic polynomial differential system (1) is 5, and this number can be reached. In the
same work the authors proved that for system (3), using the averaging method of first
order, the maximum number of limit cycles that can bifurcate from the periodic solutions
surrounding the center is 7, and this number can be reached. In both cases studied in [13],
the considered discontinuous systems were formed by two cubic polynomial differential
systems separated by the straight line y = 0.

In other words in some sense we extend the works presented in the last two paragraphs
for continuous and discontinuous quadratic and cubic polynomial differential systems
perturbed inside of the class of the discontinuous piecewise differential systems with two
pieces to discontinuous piecewise differential systems with four pieces. We recall that
the largest number of limit cycles achieved in these previous works were 5 for quadratic
differential systems and 7 for cubic differential systems, both in the case of discontinuous
polynomial perturbations. Therefore our work provides results which double the number
of limit cycles obtained in previous results for quadratic systems and increase in 5 the
number of limit cycles achieved in prior results for cubic systems with a uniform isochronous
center.

In short, the results on the number of limit cycles that can bifurcate from the periodic
orbits of the uniform isochronous center of the quadratic differential system (2) and of
the cubic differential system (3) when these systems are perturbed respectively inside
the class of all continuous and discontinuous quadratic and cubic polynomial differential
systems are summarized in Table 1.

This work is part of a general program for investigating the dynamics of polynomial
piecewise discontinuous vector fields in which computer algebra is combined with singula-
rity theory of mappings and numerical techniques, for further information see for instance
[21].

We remark that there exist some works that address the problem of estimating the
number of limit cycles from the periodic orbits of a uniform isochronous center of planar
quartic polynomial differential systems, see for instance [15].
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Case Number of limit cycles for
system (2) [ system (3)
Continuous 2 3
Discontinuous with 2 zones 5 7
Discontinuous with 4 zones 10 12

TABLE 1. Number of limit cycles for continuous and discontinuous
quadratic and cubic differential systems

2. PRELIMINARY RESULTS

In this section we present the main results that we shall use to investigate the discontinuous
piecewise quadratic and cubic differential systems (4). The next result is well-known.
Further details about it can be found in [14].

Proposition 3. [14] Suppose that a differential polynomial system of degree n in R? has
a center that can be placed without loss of generality at the origin of coordinates. Then
this center is uniform isochronous if and only if by applying a rescaling of time and a
linear change of variables this system can be written as

where f(x,y) is a polynomial in x and y of degree n — 1, and f(0,0) = 0.

We recall that from Proposition 3 and from the fact that

(—y+af(z,y) + (@ +yflz.y)’ = @+ )1+ f(,y) >0 if (z,y) # (0,0)
it follows that the uniform isochronous center at the origin of coordinates is the only finite
singular point of systems (2) and (3) (in fact this result is valid for any system (1)) and
hence we only need to analyze the bifurcation of limit cycles from the periodic orbits of
such center in those differential systems.

A quadratic polynomial differential system with a uniform isochronous center can
always be written under the form (2), after a rescaling of time and a linear change of
coordinates, see [20].

For the case of cubic differential systems with a uniform isochronous center, there is
the following result due to Collins [9].

Theorem 4. [9] A cubic polynomial differential system in R? with a uniform isochronous
center that can be placed without loss of generality at the origin can be reduced to one of
the two following expressions.

i=—y(l—2%), y=z(1+y%), (5)
b =—y+ a2+ A%y, y=z+zy+ Az’ (6)
where A € R is a parameter.

We remark that using these previous results we were able to study the bifurcation of
limit cycles from the periodic orbits of any quadratic differential system with a uniform
isochronous center, and of every cubic differential systems with a uniform isochronous
center which can be reduced to the form (5) after a change of coordinates and a rescaling
of time.

The following result is the first-order averaging theory for discontinuous piecewise
differential systems developed in [17].
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Let D C R? be an open subset and S' = R/T for a period T' > 0. Furthermore let (.S,)
be a finite sequence of open disjoint subsets of S! x D, with n = 1,..., M. We assume
that the boundaries of each S, are piecewise C¥—embedded hypersurfaces, for & > 1.
In addition we suppose that all S,, together cover the set S' x D, and we denote by X
the union of all boundaries of S,,. Finally, consider A C S! x D and let xa(,z) be the
characteristic function defined as

1 if (t,x) € A,
Xaltz) = { 0 if (t,1) ¢ A.

Theorem 5. [17] Consider the following discontinuous piecewise differential system

7' (t) = eFy(t,x) + *R(t, x,¢), (7)
with
M .
Fi(t,x) = xs,(to)F (t,2),
=1
M
R(t,z,e) =Y x5t 2)R(t ),
=1
where F? :S'x D — R4 RI - S' x D x (—e9,60) = R for j = 1,..., M are continuous

functions, T—periodic in the variable t and D is an open subset of R?.
We define the averaging function fi : D — R? as

fl(z):/o Fi(t, z)dt. (8)

Moreover, assume the following hypotheses.

(HC) There exists C C D an open bounded subset such that for each z € C the curve
{(t,2) : t € S'} reaches transversely the set ¥ and only at generic points of
discontinuity.

(Hal) For j=1,..., M the continuous functions Ff and R? are T'—periodic with respect
to t and locally Lipschitz with respect to x. In addition the boundaries of S;, for
j=1,....M, are piecewise C*—embedded hypersurfaces, k > 1.

(Ha2) For a* € C with fi(a*) = 0, there exists a neighborhood U C C' of a* such that
f1(2) # 0 for all = € U\ {a*} and the Brouwer degree of fi at 0 is dg(f1,U,0) # 0.

Then for |e| # 0 sufficiently small there ezists a T—periodic solution x(t,e) of system (7)
such that x(0,¢) — a* as € — 0.

We note that if the map f; of Theorem 5 is C' then it is sufficient to see that the
Jacobian of f; at a* is not zero for concluding that dg(f1,U,0) # 0, for more details see
[19].

We also remark that in this paper the set X referred in Theorem 5 is given by the
inverse image of zero by the function w(z,y) = xy, i.e., © = w=1(0).

Consider a planar differential system

&= P(z,y), y=0Q(zy), (9)
with P, Q : R? — R continuous functions and suppose that this system has a continuous
family of period solutions {I'y} C {(z,y) : H(x,y) = h,hy < h < hy}, where H is a first
integral of (9).
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Now suppose that we perturb (9) as follows

i = P(z,y) +ep(z,y), 9¥=Q(x,y)+eq(z,y), (10)

with p,q : R* — R continuous functions. Then for |¢| # 0 sufficiently small, in order to
study the bifurcation of limit cycles in (10) applying the averaging theory, it is necessary
to write this system into the normal form (7). The next result provides a method to do
that.

Theorem 6. [4] Consider the unperturbed system (9) and its first integral H. Assume that
for all (x,y) in the period annulus formed by the ovals {T'y}, we have xQ(x,y)—yP(x,y) #

0. Moreover, for all R € (v/hi,vhy) and all 6 € [0,27), let p : (v/hi,vVhs) X [0,27) —

[0,00) be a continuous function such that
H(p(R,0)cosf, p(R,0)sinf) = R*

Then the differential equation which describes the dependence between the square root of
the energy R = v/h and the angle 0 for the perturbed system (10) s

AR __p(@® +y*)(Qp — Pq)
o 2R(Qz — Py)

where x = p(R,0)cosf, y = p(R,0) sin@, and p = p(x,y) is the integrating factor
corresponding to the first integral H of (9).

+ O(£?) (11)

In order to determine the number of zeros of the averaging function (8) we shall apply
the following result, for a proof of it see for instance Lemma 4.5 of [8].

Proposition 7. Let I be an interval of R and let fy, ..., fn : I — R be analytic functions
linearly independent, that is, if Zf:o a;fi(s) =0 then oy = ... = ap = 0. Assume that
one of the functions f; does not change sign in I. Then there exist si,...,s, € I and

Aoy - -y A € R such that for every j € {1,...,n} we have f(s;) = Z)\ifi(sj) =0 and
i=0
f'(s5) # 0.

In other words, there exist values of A\g,..., A\, € R and sq,...,s, € I such that f, which
is a linear combination of n + 1 linearly independent functions, has n simple roots.

3. PROOF OF THEOREM 1

We recall that the period annulus of a center ¢ is formed by the largest set of periodic
orbits surrounding ¢, and having ¢ itself as its inner boundary.

Consider the first integral H = (2% + y*)/(1 + 3?) and its corresponding integrating
factor 1 = 1/(1 + y)? in the period annulus of the uniform isochronous center of the
quadratic differential system (2). This system has the invariant straight line y = —1, and
therefore the minimal distance between the outer boundary of the period annulus of the
center and the center itself is 1.

Setting hy = 0, hy = 1 and taking p(R,0) = R/(1 — Rsinf), for 0 < R < 1, 6 € [0, 27),
the hypotheses of Theorem 6 are satisfied. Therefore applying Theorem 6 we can write
system (2) as

dR  Ai(0,a,b)R + Bi(0,a,b)R* + C'(0,a,b)R?
o~ 2(1 — Rsin )

+0(e?), (12)
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for R=R(z,y) € Q',0< R<1,i=1,...,4 and where
AY(0,a,b) =al,cos® 0 + (2ah, + b,) cos O sin 6 + b, sin® 6,
B'(0,a,b) =(ab, — biy) cos® 0 — (aly, — al, + by, — by) cos® §sin f—
(2ah, — ab, + 2b', — b%,) cos Osin® § — (2b), — b, ) sin® 6,
C'(0,a,b) = — bhyy cos O + (b, — bl,) cos® Osin O + (b, — by — bly)
cos? Osin® 0 + (b}, — b%,) cos Osin® § + (b, — bl,) sin® 0,
j

The hypotheses of Theorem 5 are satisfied by the discontinuous differential system (12).
Hence we shall study the zeros of the averaging function f: (0,1) — R.

with a = (a;k)j+k:1’2, b= (b k:)j+k:1’27 and ¢ = 1, c. ,4.

4 / A'(6,a,0)R + B'(6,a.0)R* + C'(0,a. )R

i=1

Calculating these integrals we obtain

f(R) = Z%’gav (13)

with

g :%(ail +afy + 5aj;, — 3ay; + byy — byy + by — by + 5b3y — 5bgy — 3b3g + 3bgy),

"2 :%(ah + a%o - 6L(l)2 +aj; - ago + a(2)2 — 24, — ago + ag2 + a%o - a§2 — by + béo_
oo + by + 3o — By + by — 203 + 2bg; — b)),

73 :é(ﬁ(aio —ay; + a%o —af; + 5a:{’0 —5a; — 3a4110 +3a; + b(ln - 3550 + b(1)2 + b?)l_
3b§0 + ng + 5b81 - 15b§0 + 5b82 - 3@31 - 3b30 + béz)) + 4a(1)1 + 2“50 - 2a(1)2—
dagy — a5, + 2ag, + 2ag; + a5y — agy — 2ay; — ay + agy + 2bjg — 2by; — 2bTp+
2b7, + blg — by — bip + by,

V4 :%(_b%o - b(ln + b%l - béo + b(1)2 + b%o - 531 - 531 - bgo + b(2)2 + b?o + 2b81_

bYy + 203 — 265, — biy + b1y),

1
V5 = — =m(ay; + afy + byy — by + by — biy),

2
1
V6 :§7T<a%1 +afy + 2byy — byy + 2b50 — bgy),
1
V7= — Eﬁ(b%o + b3y),

78 :ah - a%l + a:i)l - a4111 + b%o - b(1)2 - bgo + bgz + bgo - ng - bgo + bgz»
Yo = —ay, +aj; —ajy + ay; — 2byy + byy + 2039 — by — 265 + by + 203 — by,
Yo = — agy + afy — by + bgy + b3y — b,

Y11 :a&l - a?l + 2b;0 - b(1)2 - 26%0 + nga
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_ 13 1
712 —bzo - bzov

713 :béo - bgo + bgo - b%Oa

1
Y14 :E(G%O - a(l)z - ago + a32 - bh + bi)a
1
Y15 :i(_aéo + ago + bh - bi)a
1
V16 25(430 — agy — azy + agy — b}y + biy),
1
ks 25(_@0 + aéo + b?l - bi)a
_ 1 =1 R = R?
gl_R’ go = 1, g3 = ) g4 = )
1 R R2

R3 R R3 1+ R
J12 = —m arctan (—1 — RQ)’ gi13 = —m arctan ( —1 — R)’
In(1— R) In(1+R)
R ’ R ’
All the calculations were made using the software Mathematica. We identify the following
relations among the coefficients of f.

G4 = gis = RIn (1 — R), 16 = gi7=RIn(1+ R).

Y5+v%+v =0, yo+yi+r2=0, s+ +3=0,

3
Y1 — 27’(”72 +’Y5 - Z’}/g — 271"}/10 + 277"714 — 271"}/16 =0.

Taking into account these relations, the function f can be written as.

f(R) =11G1 + 12G2 + 13G3 + 74Gy + 1G5 + %6Ge + 13G7 + %9Gs + 110G + 111Gro+
4G + 715G12 + 117Gas,

where
1
Gi=g1+ 5916 Gy =092 — g16, G3 = gs, G4 = Ga,
1 3
Gs = g5 — g7 + 5916 Ge = g6 — 97, Gr =98 — g13 — 3916 Gs = g9 — g13, (14)
Gy = 910 — 912 — G16; G = 911 — G12, Gn = 914 + 16, Gio = 915,

Gz = gi7-

Moreover applying the trigonometric identity
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2 arctan ﬂ — arctan L _T
1-R Vi—RrR2) 2’

for 0 < R < 1, we identify the following linear combinations

gG5 —9G, + Gy =0, gGG — 2G5+ Gy = 0.

The 11 functions G; : (0,1) — R, i € {1,2,3,4,5,6,7,8,11,12,13} given in (14) are
linearly independent. Indeed we have the following Taylor expansions in the variable R,
around R = 0, for these functions
G—1+1 R+R2 R3+R4 R5+R6 R7+R8_R9+R10_
""R"or 4x "6r 87 107 127 14w 167 187 207 22«
}%11 1%12 ]%13 ]%14 ]%15
to—— ot o — o= T O(RY),
24w 26m 28 30w 327

R RQ RS R4 R5 R6 R? RS R9 Rl() Rll Rl?

RO (13 LN RS (17T 1 g RS
Tar 128 167 187 “\ 7256  20m 227
9 1 R B RU
- _ Rll - = R13 I
(1024 * 247r> T ( 2048 287?) T
057 1
e R15 O R16
( 32768 327r> +O (1),
RS R R 5R TR 2IR® 33RY

-p_ _ o o O Rlﬁ
Go=R— 5 =5~ 16 15 26 1021 20ss TOE)
T 1 3 07 5R? 3 5w 37TR* 1 3«
= (2T R 2 (2 0T Re =T R
G 4R+8+(16+8) Y +<32 32> 120 +(16 64)
19F° (3 13m\ o BE (3 17n) ., 21617
120 \64 512 504 \80 1024 27720
1 A9m\  2ATIR® (3 Tom\ L, A05RM
32~ 1096 360360 | \112 _ 8192 3008
(25 31073 7+ 0 ().
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TrRYM  64R'™  217RY™  128RM™  337RY

_ _ _ 16
1024 3465 4096 9009 8192 +0(RY),
R3 R5 R7 RQ Rll RlS R15
Gy=—-R—— - — = = — — O (R
1 2 3 4 5 6 7 s T (R*),
G _RZ_R_3_£4_R_5_R_6_R_7_R_8_R;9_RIO_Rll_R12_R13_
=" T 3 4 5 6 7 8 9 10 11 12
R14 R15 16
G_RQ_R_3+R_4_R_5+R_6_R_7+R_8_R_9+R10_R11+R12_R13+
BT 9 Ty 4Ty 6 7 8 T 9 1011 12
R14 R15
= 1O (RY).
13 14 (R™)

From the above Taylor expansions we construct the 11 x 11 matrix M, which is the
coefficient matrix of the variables R’, i = —1,...,10. After that, using the Mathematica
command RowReduce we computed the reduced row echelon form of M resulting in the
identity square matrix of order 11. Mathematica also provided the rank of M, which is
11 as expected.

Since the 11 functions G;, for i € {1,2,3,4,5,6,7,8,11,12,13} given in (14) are linearly
independent, by Proposition 7 there exist a linear combination of these functions with at
least 10 zeros. In addition, the coefficients of the functions G; are linearly independent,
because their Jacobian matrix in the variables a;'-k, b;k, forl1<j+k<2andi=1,...,4
has maximum rank, which is 11. Thus there exist R, € (0,1),1 =1,...,10 and coefficients
Al Ui, 1< j+k<2,i=1,...,4 such that f(R) =0forl=1,...,10.

In summary there exist discontinuous quadratic polynomial differential systems (4)
with 7 = 2 having at least 10 limit cycles which bifurcate from the periodic orbits of the
uniform isochronous center of system (2), applying the averaging theory of first order for
discontinuous piecewise differential systems. This completes the proof of Theorem 1.

4. PROOF OF THEOREM 2

The proof of this theorem follows the steps of Theorem 1 presented in Section 3. In
the period annulus of the uniform isochronous center of the cubic differential system (3),
consider the first integral H = (22 + y?)/(1 — 2?) and its corresponding integrating factor
p = 1/(z* —1)% Setting hy = 0, hy = 1 and taking p(R,0) = R/(1 + R*cos*0), for
0 < R < 1,0 € [0,2r) we fulfill the hypotheses of Theorem 6. Therefore applying
Theorem 6 we change system (3) into the form

an - ' ' 2 ‘ 3 ‘ 4
= ? g 7 D’L
40~ 2(1 + R2cos?6) (A"(8,a,b)R + B'(0,a,b)R* + C*(#,a,b)R* + D*(0,a,b) R*+ )

E'(,a,b)R%) + O(£%),
for R = R(z,y) € Q", with 0 < R<1,i=1,...,4, and where
A'(0,a,b) =a’, cos® 0 + (ab, + bly) cossin b + bl sin® 0,
B'(0,a,b) =v1+ R%cos?6 [abg cos® 0 + (i + bhy) cos® Osin b + (af, + bi;) cos §sin® 6+

bi, sin® 6} ,
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C'(0,a,b) =(2a}, + aky) cos™ O + (2af; + aby + bl + bhy) cos® Osin b + (ajy + afy + by + bhy)
cos? Osin® 0 + (al, + ahs + b,) cos fsin® O + b, sin* 6,
D'(0,a,b) =V'1 + R?cos? 0 [a}, cos® 0 + afy cos* Osin @ + (ahy + ag,) cos® @ sin® 6+
al, cos? 0 sin® 0 + ab, cos fsin? f],
E0,a,b) =(a', + a,) cos’® 0 + (ah, + ab,) cos® Osin 6 + (al, + ab, + aly,) cos® Osin? O+
(aby + aby + aby) cos® Osin® 6 + a', cos® @ sin® § + ajy; cos §sin® 6,
with a = (aé-k)j+k:17273, b= (b;"k)j-&-k:l,l?)a and 7 = ]_, PN ,4.
We remark that the differential system (3) has the invariant straight lines z = +1, and

therefore the minimal distance between the outer boundary of the period annulus of the
center and the center itself is 1.

Since the hypotheses of Theorem 5 are fulfilled by the discontinuous differential system
(15), we shall study the zeros of the averaging function f: (0,1) — R.

4 s
t3

— 1 i 7 2 % 3
f(R> - Zl/(z—l)QZCl + R2 COSQ 0) (A (Q,CL, b)R+ B (Q,CL, b)R +C (07a7b)R + (16)

1=

D'(0,a,b)R* + E'(,a,b)R”) df.

Proceeding in a similar way as in Section 3 for the proof of Theorem 1, that is, integrating
(16) and finding all the linear combinations among the coefficients of the resulting functions
in R we obtain an expression for f(R) in terms of the coefficients a?k, ;k, 1<74+k <3,
1=1,...,4 and R.

FR) =) ulal, b )U(R).

The first m(aék, ;k) for 1<j+k<3,i=1,...,4 are the following.

1
o 1 1 1 2 2 2 3 3 3 4 4 4 1
Ha _—(2((101 +ay; — ap3 — ag — ag; + gz + agy + Ay — gy — Aoy — Ay + agg + byt

8
bsg — biy — by — b3 + by + bl 4 b3y — by — bl — bgg + bily) + m(ag, — agy + 3aj,+
afy — a3y + 3aiy + afy — ady + 3ad, + afy — agy + 3ai, + by + by — 3bjs + byy + b3, —

3bgs + by + b3, — 3bis + boy + b, — 3bgs)),

1
Loy 1 2 2 3 3 4 4
2 —Z(%o — Qgg — gy + Aoy — Aog + Ay + Ay — Apy),
o 1 1 1 2 2 2 3 3 3 4 4 4 1
s —g(ﬂ(alo T Q3o+ Ayp + a7y + A3 + Ay + Ajg + A3 T Ajg + Ajp T+ Agp T+ ay,) + 2(%1"‘
1 1 2 2 2 3 3 3 4 4 4
gy — Qg3 — Ay — Gy + Agg + gy + a5y — agz — Aoy — Gy + agz)),
1
Ly 2 3 4 1 1 2 2 3 3 4 4
i _Z(all +ayy — ayy — ayy + byy — byy + by — by — by + by — by + b)),
1
o 1 1 2 2 3 3 4 4 1 1 2 2 3 3
s —Zﬂago — ayy +azy — afy + azg — @y + azg — a1y — by + bgz — by + Doz — by + bgz—

by + bs)-
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We do not explicitly provide all the expressions of y; for [ = 1,...,13 because they are
too long. The coefficients y; are linearly independent since the Jacobian matrix of these

coefficients in ), 0%y, for 1 <j+k < 3,4 =1,...,4 has maximum rank, which is 13.
The expressions of the U;(R), I =1,...,13 are the following.
inh R
U, =R, U, = R?, Us = R, U= VR +1- 2,
VR?Z4+1-1
U, = %, Us— RVRZ+1, Ur=RVR+1, Us= RarcsinhR,
1 log (R +1
Uy = <§ — R3) arctanh R —1, Ujp=R (R2 + 1) arctanh R, U;; = %,
Uiz = Rlog (R* +1), Uiz = R’log (R* +1) .
(17)
From the Taylor expansions in the variable R, around R = 0, of the functions U;, ¢ =
1,...,13 given in (17) we construct the square coefficient matrix N of the variables R',
1 =1,...,13. The expressions of the Taylor expansions of these functions are very long

so we omit them. Since the reduced row echelon form of N is the identity square matrix
of order 13 we conclude that the 13 functions U; are linearly independent. We also
calculated the rank of NV, obtaining 13 as expected. All the calculations were made using
Mathematica.

By Proposition 7 there exist a linear combination of the functions U;, i = 1,...,13
with at least 12 zeros. Hence there exist R; € (0,1), 1 =1,...,12 and coefficients a}, b,
1<j+k<3,i=1,...,4such that f(R)=0forl=1,...,12.

In short, applying the averaging theory of first order for discontinuous piecewise differential
systems, there exist discontinuous cubic polynomial differential systems (4) with j = 3
having at least 12 limit cycles which bifurcate from the periodic orbits of the uniform
isochronous center of system (3). This completes the proof of Theorem 2.

5. CONCLUSION AND FUTURE WORKS

Applying the averaging theory of first order for discontinuous differential systems we
improved previous results about the number of limit cycles that bifurcate from the periodic
orbits of the uniform isochronous center of systems (2) and (3).

More precisely, we perturbed the differential systems (2) and (3) respectively inside all
discontinuous quadratic and cubic differential systems with the straight lines of discontinuity
r = 0 and y = 0. Comparing our results with previous results for discontinuous quadratic
and cubic differential systems with one straight line of discontinuity we obtained in each
case 5 more limit cycles surrounding the origin, and comparing with the continuous
quadratic and cubic cases we obtained 8 and 9 more limit cycles respectively, see Table 1.

Due to the lack of a clear pattern in the functions obtained in the cases of one and
two straight lines of discontinuity in the studied systems it is unclear that it is possible
to obtain a general result relating the number of lines of discontinuity and the number
of limit cycles for discontinuous polynomial differential systems in the plane, using the
averaging theory.

In future works we intend to study discontinuous differential systems with more straight
lines of discontinuity.



LIMIT CYCLES FOR UNIFORM ISOCHRONOUS CENTERS 13

ACKNOWLEDGEMENTS

The first author is supported by a FAPESP grant number 2015/07612-7. The second
author is partially supported by a MINECO grant number MTM2013-40998-P, a AGAUR
grant number 2014SGR 568 and a FP7-PEOPLE-2012-IRSES grant number 318999. The
third author is supported by a FAPESP grant number 2012/18780-0 and a CNPq grant
number 449655/2014-8. The forth author is supported by a Projeto Temético FAPESP
number 2014/00304-2 and a Projeto Universal CNPq number 472796/2013-5. The second
and forth authors are also supported by a FP7-PEOPLE-2012-IRSES grant number
316338 and a CAPES CSF-PVE grant 88881.030454/2013-01 from the program CSF-
PVE.

[1]

REFERENCES

A. ArLcaBa AND M. REYES, Computing center conditions for vector fields with constant angular
speed, J. Comput. Appl. Math. 154 (2003) 143-159.

N.N. BAUTIN, On the number of limit cycles which appear with the variation of the coefficients from
an equilibrium position of focus or center type, Math. USSR-sb 100 (1954), 3977-413.

M. b1 BErNARDO, C.J. BupD, A.R. CHAMPNEYS AND P. KOWALCZYK, Piecewise-smooth
dynamical systems: theory and applications, Appl. Math. Sci. 163, Spring-Verlag, London, 2008.
A. BUICA AND J. LLIBRE, Averaging methods for finding periodic orbits via Brower degree, Bull.
Sci. Math. 128 (2004), 7-22.

C. CHICONE AND M. JACOBS, Bifurcation of limit cycles from quadratic isochrones, J. Differential
Equations 91 (1991) 268-326.

C. CHRISTOPHER AND C. LI, Limit cycles in differential equations, Birkh&user, Boston, 2007.
A.G. CHOUDHURY AND P. GUHA, On commuting vector fields and Darboux functions for planar
differential equations, Lobachevskii J. Math. 34 (2013), 212-226.

B. CorLL, A. GASULL AND R. PROHENS, Bifurcation of limit cycles from two families of centers,
Dyn. Contin. Discrete Impuls. Syst. 12 (2005), 275-288.

C.B. CoLLINS, Conditions for a center in a simples class of cubic systems, Differential and Integral
Equations 10 (1997), 333-356.

R. CONTI, Uniformly isochronous centers of polynomial systems in R?, Lecture Notes in Pure and
Appl. Math. 152 (1994), 21-31.

F.S. Dias AND L.F. MELLO, The center-focus problem and small amplitude limit cycles in rigid
systems, Discrete Contin. Dyn. Syst. 32 (2012), 1627-1637.

A. GAsuLL, R. PROHENS AND J. TORREGROSA, Limit cycles for rigid cubic systems, J. Math.
Anal. Appl. 303 (2005), 391-404.

J. ITIKAWA AND J. LLIBRE, Limit cycles for continuous and discontinuous perturbations of uniform
isochronous cubic centers, J. Comp. Appl. Math. 277 (2015), 171-191.

J. ITIKAWA AND J. LLIBRE, Phase portraits of uniform isochronous quartic centers, J. Comp. Appl.
Math. 287 (2015), 98-114.

J. ITIKAWA AND J. LLIBRE, Limit cycles bifurcating from the period annulus of a uniform isochronous
center in a quartic polynomial differential system, Electron. J. Differential Equations 246 (2015),
1-11.

J. ITikawa, J. LLIBRE AND D.D. NOVAES, A new result on averaging theory for a class
of discontinuous planar differential systems with applications, to appear in Revista Matematica
Iberoamericana.

J. LLIBRE, A.C. MEREU AND D.D. NOVAES, Aweraging theory for discontinuous piecewise
differential systems, J. Differential Equations 258 (2015) 4007-4032.

J. LLIBRE AND A.C. MEREU, Limit cycles for discontinuous quadratic differential systems with two
zones, J. Math. Anal. Appl. 413 (2014), 763-775.

N. G. LLoYD, Degree theory, Cambridge Tracts in Math. 73, Cambridge, 1978.

W.S. Loubp, Behavior of the period of solutions of certain plane autonomous systems near centers,
Contributions to Differential Equations 3 (1964), 21-36.



14 J. ITIKAWA, J. LLIBRE, A.C. MEREU AND R.D.S. OLIVEIRA

[21] M.A. TEIXEIRA, Perturbation Theory for Non-smooth Systems. Meyers: Encyclopedia of
Complexity and Systems Science, 22 (Perturbation Theory), 6697-6719, Springer New York, 2009.

'DEPARTAMENT OF MATHEMATICS, ICMC USP, SA0 CARLOS, SP 13566-590, BRAZIL
E-mail address: itikawa@icmc.usp.br, regilene@icmc.usp.br

2DEPARTAMENT OF MATHEMATICS, UNIVERSITAT AUTONOMA DE BARCELONA, 08193 BELLATERRA,
BARCELONA, CATALONIA, SPAIN
E-mail address: jllibre@mat.uab.cat

SDEPARTMENT OF PHYSICS, CHEMISTRY AND MATHEMATICS, UFSCAR, SOROCABA, SP 18052-780,
BRAZIL
E-mail address: anamereu@ufscar.br



