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Abstract
In this paper, we obtained the Poincare return maps for the planar piecewise linear differential systems of the
type focus-focus. Normal forms for planar piecewise smooth systems with two zones of the type focus-focus and
saddle-saddle, separated by a straight line and with a center at the origin, are obtained. Upper bounds for the
number of limit cycles bifurcated from the period annulus of these normal forms due to perturbation by polynomial
functions of any degree are established.
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1. INTRODUCTION

Piecewise-smooth differential systems have applications in various fields, such as automatic control, neural networks,
electrical engineering, economics, and ecosystems. In the last decade, vast research has been done on bifurcations of
such systems induced by discontinuity loci. The study of the bifurcation of limit cycles for planar piecewise smooth
differential systems, from period annulus as well as from equilibrium point, are attracting many researchers. In [23],
authors derived the first-order Melnikov function for a planar piecewise smooth Hamiltonian system, which can be
used to study the number of limit cycles for such systems. The First-order Melnikov function for planar piecewise
smooth integrable systems is derived in [11], and it is used to find the number of limit cycles bifurcated from the
period annulus of a planar piecewise smooth integrable differential system with a cusp singularity when the system
is perturbed in the class of polynomial functions. In [7], a lower bound for the maximum number of limit cycles in
the focus-saddle and node-saddle cases is obtained. A piecewise linear differential system with two zones when one
of the linear differential systems has a center, either real or virtual, has at most two limit cycles; for instance, see
[8]. The number of crossing periodic orbits for the saddle-focus dynamics is discussed in [16]. In [6], the problem of
the maximum number of limit cycles of a piecewise linear system of focus-focus type is studied. In this paper, we
present the Poincaré full return maps for piecewise differential systems of the types focus-focus, center-center, and
center-focus.

A survey of known bifurcations for a family of Filippov systems is presented in [3], with bifurcations and qualitatively
different phase portraits of equilibria into zones are discussed. In [4], piecewise planar systems with crossing limit
cycles are studied through canonical forms.

The maximal number of limit cycles for planer piecewise linear refracting systems studied in [5, 9, 10, 13, 18-20].
According to Lum-Chau’s conjecture, a planar continuous piecewise differential system placed in two zones and a
straight line functioning as a separation boundary can have at most one limit cycle, that, if it exists, can be attracting
or repelling. A new simple proof of Lum-Chau’s conjecture is presented in [22].
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Using the Picard-Fuchs equations, the upper bound for the number of limit cycles that bifurcate from the period
annulus is obtained in [12]. In [21], the authors studied the canonical forms of an n-dimensional piecewise linear
system.

In this article, we discuss normal forms of piecewise linear differential systems of the types focus-focus and saddle-
saddle. Moreover, we have obtained an upper bound for the number of limit cycles that are bifurcated from the period
annulus due to polynomial perturbation.

The paper is organized as follows:

In section 2, some preliminary results are presented. Section 3 characterizes piecewise linear (PWL) systems (2.2)
of the Focus-Focus (FF) type with having a period annulus. Section 4 is about the normal forms of piecewise smooth
(PWS) systems (2.1), having origin as a center and hence a period annulus around the equilibrium point (0, 0). Section
5 discusses the number of limit cycles bifurcated from the period annulus of the normal forms derived in section 4 as
a result of perturbation in the class of polynomial functions.

We derive the first-order Melnikov functions when the system is perturbed. The number of limit cycles for the
perturbed system is equal to the number of zeros of the first-order Melnikov function. Upper bounds on the number of
zeros of the first-order Melnikov function can be computed using the Chebyshev criterion or Picard-Fuchs equations.
Moreover, upper bounds for the number of zeros are obtained, and these bounds are strict.

2. PRELIMINARIES

We briefly present some preliminaries of a piecewise smooth planar differential system Z(x,y) with a straight line
separation boundary ¥ = {(z,y) € R?*: y = 0}.

If Z*(2,y) = (Z7 (2,9), Z5 (x,y)) is a smooth vector field on the upper half plane ©* = {(z,y) € R?: y > 0} and
Z=(z,y) = (Z] (z,9), Z5 (z,y)) is a smooth vector field on the lower half plane ¥~ = {(z,y) € R?: y < 0}, then a
planar piecewise smooth differential system Z is defined as

Zt(z,y), ifyeXtul,
Z(a:,y>={ )

! (2.1)
Z (z,y), ifyeX U

In particular, a piecewise linear differential system (PWL) with a straight line separation boundary X, is given by

atz +bTy +at, ctz+dry+8%), if (z,y) e XT UL,
Z(z,y) = {( ) if(z,9) (2.2)

(aTz+by+a ,cat+dy+p7), if (z,y) €T UX.

Note that Z is multivalued on . Hence, we cannot define a solution (z(t), y(t)) of the system (2.1), when (2(0), y(0)) €
Y. If a solution of the system (2.1), which starts at a point in ©* or ¥, remains in the same region forever, then it
is a full orbit of ZT or Z~, respectively. To define an orbit that arrives at ¥, we can have a vector field

Z,(2,0) = pZt (2,0) + (1 — p)Z (2,0), 0< p < 1. (2.3)

According to the Filippov convention, the vector field (2.3) on ¥ is formed by a convex combination.
We partition Y into two parts:

(1) Crossing region: ¢ = {(x,0) € ¥: Z; (z,0) - Z; (x,0) > 0},

(2) Sliding region: ¥ = {(z,0) € £: Z; (z,0) - Z; (z,0) < 0}.
If (x,0) € ¢, then both of the vector fields Z* and Z~ are transversals to X, with their normal components having
the same sign and an orbit of Z passing through (z,0) is obtained by concatenating orbits of ZT and Z~ in a natural
way. If (x,0) € X%, then either the normal components of vector fields ZT and Z~ at (x,0) have opposite signs, or

at least one of them vanishes. In this paper, we assume that the orbit slides along ¥ according to the Filippov vector
field (2.3). Therefore, the normal component of the vector field Z, on £° is zero. Hence, we have

wZF (2,0) + (1 — ) Zy (z,0)) = 0 for all (x,0) € X*.

(=)=
E)NE
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Thus, for all (z,0) € X%,
_ Zy (z,0)

Zf (x,0) — Z5 (x,0)’
Z#(x,O) _ <Zfr(x,0)22(:1:70) — Z;(IyO)Z;(CC,O)? 0) ,

25 (2,0) = Z5 (,0)
when Zy (x,0) # Z; (x,0).
If Zf (x,0) = Z; (x,0), then Z (x,0) = Z; (z,0) = 0, so that

Zy(w,0) = (nZy (2,0) + (1 = w)Zy (x,0),0),

and

p(w)

which is not uniquely determined.
Assume that each of the vector fields Z+ and Z~ has a single equilibrium point, say (¢, yd) and (25,95 ),
respectively. We have the following situations, according to the locations of equilibrium points (x(jf, yoi):
(1) Both Z* and Z~ have the same equilibrium point, i.e., xg =1z, and yo+ =Y -
(2) Either Z* or Z~ have an equilibrium point on X, i.e., ysr =0ory, =0.
(3) Both Z* and Z~ have a real equilibrium point but not on boundary ¥, i.e., yar >0 and y, <0.
(4) Both Z* and Z~ have virtual equilibrium but not on boundary 3, i.e., yar < 0andy, >0.

Equilibrium points (z5, yi) for Z* are one of the types: Focus or center (F), Saddle (S), or Node (N).

System (2.1) is classified into six types according to the type of equilibrium points in two zones;

FF,FS,FN,SS,SN and NN.

Poincare full-return map P of Z can be obtained from the composition of half-return maps Pt and P~ of Z+ and
Z~, respectively, is given by P(p) = P~ o PT(p),pe I C X.

If P(p) = p for all p in some interval I, then all orbits passing through the points (p,0), p € I, are closed, so that
the orbits are periodic, and hence the system (2.1) has a period annulus.

3. PIECEWISE LINEAR SYSTEM OF TYPE FOCUS FOCUS

In this section, first, we will discuss the half-return maps of a linear system with a focus on (xg, yo) defined on some
region on the x-axis.
Let a,b,c,d, o and 3 be constants, and let u =a+d, § = ad — bc and A = 46 — p?. If § # 0 and A > 0, then the
linear system
(Z,9) = (ax + by + o, cx + dy + B), (3.1)

has a focus or a center at

( ) b3 —da ca—af3
€T =
0,40 ad —bc’ ad —bc )’
and does not have any other equilibrium point. Further, if g = 0, then (z¢,yo) is a center. The orientation of orbits
of system (3.1) is determined by the signs of constants b and ¢, for instance, see [17].
At the point (zo + €,yo), the vector field (3.1) is given by

(&,9) = (azo + byo + v + ag, cxo + dyo + B + ce) = e(a, ¢).

Assume 0 < € < 1. An orbit of a system (3.1) is oriented anticlockwise if and only if the orbit through (o + €, yo)
must forward above y > yo so that the component along the y-axis of the tangent vector €(a, c) is positive. When we
evaluate the vector field (3.1) at a point (zg, yo +€), the orbit is oriented anticlockwise if and only if the z-component
of the tangent vector (b, d) is negative. Note that the solutions of the system exhibit rotation if and only if be < 0,
and the sense of rotation is determined by the sign of ¢ or b. Thus, the solutions of the system exhibit rotation if and
only if bc < 0 and are oriented anticlockwise if and only if either ¢ > 0 or b < 0, for instance, see [17].

In the following lemma, we find an expression for the half-return map for the system (3.1) with the center. The
expression for the half-return map obtained is independent of the orientation of orbits when yy = 0.

(&)
ENE
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Lemma 3.1. In (3.1), let u =0, § > 0. Suppose that P defines a half-return map for the system (3.1), which maps
the point (p,0) to the point (P(p),0). Then

2 b

_ W:-p—i—Qmo, if yo = aff — ca =0,

P(p) = g7+ | (3.2)
—p—?z—p—&-Q(ﬂ?o—%yo), if yo = af —ca # 0.

a b

Proof. Let A = L d} , f(t) = cos(v/6t), and g(t) = sin(v/6t). Then eigenvalues of A are +i\/§. Suppose v =

o . . . ) v v
vy + vy is an eigenvector of A associated to the eigenvalue iv/§, where v; = [vll] and vy = [021] € R2. So that,
12 22

(A —iV6I)(vy +ivy) = 0 and hence,

1
— A= [—Ug, 1}1][1}1, 1}2]71.

V5

Then the general solution of (3.1) is given by

0] = Gl + 0o [ 2]+ 5 |

where ¢; and ¢ are arbitrary constants. Applying the initial conditions 2(0) = p and y(0) = 0, we get

o) = (5] 5[ 25])

Hence, an orbit (a solution), I'(p), of the system that starts at (p,0), is given by

o] = vor st (] -5 |2 745]) o5 2

bB + ac
ca—afl’

ca —af ca —af
_ g(t) P 1168+ ax 1168+ ac
~(rore )= (i) -5 [ 53]) <5 [ 7] 0
Let T be the smallest positive time required for I'(p) to reach the point (P(p),0) from (p,0). Then,
P(p) 1(bf+aa| g(T) ol 1[bB+aca
) -5 feti] - (o 2 )+ (-5 i) 50
Thus,
Plp) — a0 =1 (T)(p — 20) + 9(T) L=EI=0 g
yo =—f(T)yo + g(T)W-
If yo = 0, then g(T") =0, f(T) = £1 and hence P(p) — z¢o = £(p — x0), which implies that
2(b8 —
P(p)=por P(p)=—p+ %
Hence,
2(b8 —d
P(p)=—p+2x9=—p+ %-

Assume that yo # 0. The system of Equations (3.4) is linear in f(7T) and g(T) with determinant of its coefficient
matrix,
c(p = x0)* + 2ayo(p — o) — by

D= :
Ve

(=)=
E)NE
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Yy =10
UU)
Py T = Iy
(P(p),0) (0, %0)
o x S v
(5.0) P(p).0) | (p,0)
(a) yo = 0. (b) yo # 0.

FIGURE 1. Half-return map for center.

which is a quadratic polynomial in p and its discriminant, —4y24, is negative. Hence, the system of Equations (3.4)
has a unique solution,

c(p — x0)(P(p) — w0) + ayo((P(p) + p — 210)) — byg)

(f(T)> _ c(p —x0)? + 2ayo(p — xo) — byg ‘ (3.5)
9(T) YoV (=P(p) +p)

(c(p — x0)% + 2ayo(p — x0) — byg)
Now substituting z¢g = b,B—i—Taa,yo =2 ; af and 6 = —a? — be in (3.5), we get

_ Pbp+ (Pa’p+ B(P+p)b—a?) e+ ((P+p)a’ +2aa +b5) B

#(1) : ,
bp2c? + (a?p? 4+ 2bBp — a2)c+ 2 (a2p +aa + 75) 8
and g(T) — (af — ca)) (P — p) v —a? — be

(p (cp+2B) a2 + 2Baa + (cp+ B)° b — ca2) .
Since f2(T) + g*(T) = 1, we have
(b8% + (2P(p)a® + 2Pbc + 2ac) B + ¢ (P*(p)a® + P*(p)bc — o?))
(bﬁ2 + (2a2p + 2bcp + 2aa) B+c (a2p2 + bep? — a2))
= (bB* + (2a%p + 2bcp + 2aa) B + ¢ (a®p* + bep® — a2))2 . (3.6)
Solving the Equation (3.6) for P, the Poincaré half-return map is given by

ﬁ a
D

In the following lemma, we obtain an expression of the half-return map defined on the z-axis when (zo, yo) is a focus
but not a center of the system (3.1). We assume that the solutions of the system (3.1) are oriented in an anticlockwise
direction, and the equilibrium point (z, yo) of the system (3.1) does not lie in the lower part of the plane, i.e., yo > 0.
If the solutions of the system are clockwise oriented, then by a change of variable, ¢ to —t, we can transform the system
(3.1) such that solutions are anticlockwise oriented, and we get the same expression of the half-return map. We find
an expression of the half-return P which maps the point (p,0) to the point (P(p),0), provided p > z¢. Observe that

(&)
ENE



400 N. PHATANGARE, K. MASALKAR, AND S. KENDRE

if yg = 0, we get the simple expression for the half-return map, whereas we get a rather complicated expression for
the half-return map when yq # 0.

Lemma 3.2. In system (3.1), let p=a+d#0, § =ad —bc, A =45 — u?> >0,
be < 0,c>00rb<0, f(t) = e*/2cos(v/At/2) and g(t) = e*/?sin(v/At/2). Suppose that P is the half-return map
for the system (3.1), which maps the point (p,0) to the point (P(p),0). Then, for yo <0, we have

P(p) =m0 — V5 (p — xp), (3.7)
and for yo > 0, p > x¢, we have

(3.8)

P(p) = 20 — 6%(131(/)) 2oV F(Ts) — <e~/Z(P1(P) —x9)(a—d) + 2by0> o(Ts),

VA
(a —d)(p — x0) — 2byo
VA

where Py (p) = xo + (p — xo) f(T1) + < ) g(T1), and T1,T5 are the smallest positive roots of

e V5 yov/A VA wvVA
9g(T5) = ———————, tan | — T | = .
2¢(P1(p) — o) 2 2¢(p — o) + (a — d)yo
+ivA
Proof. Eigenvalues of the coefficient matrix A = {Z 2} of the system (3.1) are %
iV A
Let v = v1 + ivy be an eigenvector of the matrix A associated to the eigenvalue %, where
v = [Ull] , Vg = l:v21:| S RZ.
V12 V22
Then,
iV A
(A — WI) (v1 +iv2) =0
implies that
(A—%I)vl—i——vg:Q and (A—g[)vg— 5 v1 =0
Hence,
2 o _
ﬁ (A — 5[) = [—Ug, 1}1][1}1,7]2]
—d
2 |° b .
éﬁ i La-d| = [—v2, v1]v1,v2] 7.
2
Let
B_ 1 —da+b3|  |xo
ad—bc | cao—aB | |y’
Then the general solution of (3.1) is given by
o] = O] oo 2] 4 5 39)

Let p be any real number. Orbit of the differential system starting at (p, 0) satisfy the initial conditions z(0) = p and
y(0) = 0, so that from (3.9), we get,

{Cl} = [v1, 9] {p - xo] . (3.10)

C2 —Yo

(=)=
E)NE
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Hence, a solution of (3.1) satisfying the initial conditions z(0) = p and y(0) =0 is

)= G+ st it ) [0 5 )
If P is the Poincare half-return map that maps the point (p,0) to the point (P(p),0), satisfy the equations

P(p) — e

PO — (@)1 + D vl ™) [P 700 (5.12)

where T is the least time required for the orbit to reach the point (P(p),0) from the point (p,0). From (3.12), we get,

Plp) — 20 = (p— o) (T) + ((C‘ - d“”;g‘” - 2by°) ¢(T), and
—yo = *yof(T) + (20(/) - xoi/‘%(a - d)ZJO) g(T).

Assume that for yo > 0,p > xg, ¢ > 0 and b < 0. If yo = 0, then ¢(T) = ez sin (\/ZI) =0 and hence, T = 2&

2 VA
and f(T) = —eVa.
Therefore,

p Tk — —
P(p) =zo —eVa(p—x0) = —eVA (P— Z@_ij) + l:i_ij
Next, to obtain an expression of the half-return map for the system (3.1) that sends the point (p,0),p > zo, to
the point (P(p),0), when the solutions are oriented in an anticlockwise direction and its equilibrium point (xq,yo) is
in the lower half-plane, i.e., (xg,yo) is virtual for the system (3.1). If the solutions of the system (3.1) are oriented
in the clockwise direction, then again reversing the orientation using the change of the time variable, t to —t, we get
the same expression of the half-return map. Using the translation z = u + zg,y = v + yo, the Equations (3.1) get
transformed to

(1,0) = (au + bv, cu + dv). (2.1%)

(3.13)

System (2.1*) has an equilibrium point at (u,v) = (0, 0), and its solution is given by u(t) = x(t) — zg, v(t) = y(t) — yo,
where (z(t), y(t)) is a solution of the system (3.1). Similar to the case, when yo = 0 in Lemma 3.2, expression for the
half-return map of (2.1*) will be
P(p) = —e%p, foru=p>0.
Hence, for (3.1),
P(p) =z — e%(p— xg), for x = p > xg.

Now assume that yo > 0. Let T, T and T3 be the times of flights of the trajectories from the initial point (p,0) to
(P1(p),yo), from (P1(p),y0) to (P2(p),yo0), and from (P(p),yo) to the point (P(p),0), respectively (see Figure 2(b).

First, to find an expression for Pi(p), note that (Pi(p),yo) and (p,0) correspond to (t = T,z = Pi(p),y =
yo) and (t = 0, = = p,y = 0), respectively. Applying these conditions to the general solution given by the Equation
(3.12), we get

Pl(P) — 1z = (,0 . xo)f(T1) + ((a — d)(p\;g()) - 2byo) g(Tl), (3.14)
0= —yof(T1) + (Qc(p—xoz/%(a—d)yo>g(Tl)_ (3.15)
From (3.15), we get
(Th) _ yo\/Z

g
tan(T1VA/2) = f(T)  2c(p—x0) + (a —d)yo
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Y Y

Yo
— o o) ) )
(Pa(p), yo) :.\-._.‘_-u..\{ﬁ{pmn] / / R

I Ty T
ww ) / M (P(r).0)
(P(p),0) | (p0) (P(p),0) P, 0)
(a) yo =0, p > 0. (b) yo > 0,p > xo. (c) yo > 0,p < xo.
FIGURE 2. Half-return maps for focus.
Hence,
2 _ YoV A
Ty = ——tan™* . 3.16
VN <%@—@ﬂ+w—®m> (3.16)

Since T} is the time of flight, it is the smallest positive root of the Equation (3.16).

Next, to find an expression for Ps, note that the orbit (a solution) starts at (Pi(p), %), and ends at (Pa2(p),yo) in
time T3, which corresponds to the conditions (z(0) = Pi(p), y(0) = yo) and (z(0) = P2(p), y(0) = yo), respectively.
On similar lines, as in the case when yo = 0, from (3.12), we obtain

Py(p) = 0 — V& (Py(p) — o). (3.17)

Finally, to obtain an expression for P(p), applying initial conditions = Pa(p), y = yo to the Equation (3.12), we can
find the equation of the trajectory starting at (Pa(p),yo) as,

:z:| = (fI—Fg[—’UQ,Ul][’Ul,Uz]il) P2(p)0_ .’Eo— + B.

Since z(T5) = P(p) and y(T5) = 0, we get,

_Pépq = (F(T3)] + g(T3)[~v2, v1][v1,v2] ™Y) PQ(’%‘ ””0] +B. (3.18)

Thus,

P(p) — w0 = (Palp) — w0) F(T3) + ((“ — d)(Palp) —20) - 2”y°) o(T),

vA
_ ([ 2c(P2(p) — o)
—Yo = ( X ) 9(T3).

Hence, from the Equation (3.17), we get,

. eVa (Py(p) — mo)(a — d) + 2b
P(p) = 20— ¢ 55 (Py(p) — o) f(Ty) — | ) Z20)(@ = d) 200 ) oy g
VA
e” VA VA
g(T3) = = 2Yova
2¢(Pr(p) — o)
Since T3 is the time of flight, it is the smallest positive root of the above equation. |

(=)=
E)NE
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If £ > 0,A >0 and yo > 0, then the system (3.1) has a real focus at (zo,yo) in the upper half-plane. Then the
expression for the half-return map P for the system (3.1) involves the time of flight T" explicitly. In this case, it is not
easy to find an expression of the half-return map P, which sends points (p,0) to (P(p),0) that depends only on p, and
parameters of the system. In such cases, we can find the first few coefficients in powers of p — zy in Taylor’s series of
P(p) about point p = xp. In the following lemma, we obtain the initial two terms in Taylor’s series of the half-return
map of the system (3.1), with a focus at (g, yo) in an upper half part of the plane. In the proof, there is a remarkable
use of Taylor’s series expansion of the inverse of an analytic function, as in [14], [1].

Lemma 3.3. In system (3.1), assume that ¢ > 0, p=a+d #0, § = ad — be, A =46 — p? > 0, and yo # 0. Suppose
that P is a half-return map for the system (3.1), which maps the point (p,0) to the point (P(p),0). Then the linear
approzimation of P(p) — g is given by

P(p) —xo = L(p — o) + M,

byo? _u=x wm
where L = (1 + aA + (azxg — byo)B) (ycoe VA — ex/Z) ,
1b62y2 (A + Bxzo)*VA byp? _ux um 1(a—d
M= _- Y5 (A + Bxg) L T S byo(AJero)ffM,
4 c c 2 c
2 _ YoV A Yo
A= —"—tan"! , and B = .
VA (—2ca:0+(a—d)y0> byo? + xo (a — d) yo — cxo?

Proof. Using the linear approximations of f(77) and ¢g(71) from expression of P;(p) — x¢ obtained in Lemma 3.2, we
get

1 1 1
Pi(p) —x0 = (p — 20) <1 +gpd+ SpuBro+ iﬂB(P - Io))

T ((a;d)

(p— o) — byo) (A+ Bzo + B(p — 20)) ,

where

2 1 YoV A 2 1 YoV A
A=——tan = ——tan —— |, and
VA —2cxo + (a — d)yo VA 28 — pyo

B— Yo _ Yo
byo? + o (a —d)yo — cwo®  Bro — ayo

Hence, the linear approximation of Pj(p) — x¢ is given by

Pi(p) — zo = —byo(Bxo + A) + (1 + aA + (azo — byo) B) (p — o)
=C+ D(p— ), (3.19)
where C' = —byo(Bzo + A) and D = aA + (azo — byo)B.

Also, using the linear approximations of f(73), Pi(p) — 2o and g(7T53) in the expression of P(p) — z¢ from Lemma
3.2, we get

P(p) —xy = —eVE (C+ D(p—x0)) (1 + M2T3,>

_ Yo _ _ S
2(C 1 D(p — 20)) (€€ + Dlp o)) (@~ d) + 2byoe ¥
ar T: a—d b ¢ Va
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From ¢(73) in Lemma 3.2, linear approximation of T3 using Taylor’s series of holomorphic functions, for instance, see
[14], is given by

1 =L ?JO\/Z
b ( . 2c<C+D<p—xo>>>

=g ( g?( —g(ﬂ—$0)>+0((0—$0)2)>

=e’«%"M<o D(p—=0)).
(

From (3.20) and (3.21), expression for P(p) — xo becomes

P(p) —x9=—(C+ D(p—1x0)) | eVa + 1oV A (C — D(p — xo))>

(3.21)

4c
a az_cdyo byoe_%(c D(p — x0)). (3.22)
Hence, the linear approximation for P(p) — x¢ is given by
Pl —ro =D (W5 = ) () - F VB (LBt i) o =D
=L(p— o) + M,

by02 _pm 123
where L =(1 + aA + (axg — byg)B) | —e V& —eva |, and
c

M=-—

10*y3(A+ Bro)>VAp (_by02 _ux 1 (a—d)yo
c

1 p e ﬂ—e%) byO(A+Bx0)—§ -
O

In the following lemma, we find expressions of full Poincaré return maps for the PWL system (2.2) of FF type,
which is a composition of the half-return maps obtained in Lemma 3.1 and Lemma 3.2.

Lemma 3.4. In system (2.2), let p* = a* + d*, 6T = a*d* — bTcT #£0,
b:l:ﬂ:t _ d:l:a:t Cia:t _ a:tﬁ:t
+ + :t 2 + +
Then, for ¢t >0 and p € ¥¢ P*( ) € X¢, we have the following:

(1) If um = p= =0, then the full return map of the system (2.2) is given by

Plo) =012 (o —at— Ty 4 Ot 3.23
(p)=p+ To —To — =% * 5% |- (3.23)
(2) If ptu= #0 and y& =y, =0, then the full return map of the system (2.2) is given by
ptr p_m p_m ptr p_m
P(p):e\/ﬁ+\/ATp—e\/F (em—kl)xg—k(e\/f—i-l)%. (3.24)
(3) If u* #0, u= =0 and y§ = 0, then the full return map of the system (2.2) is given by
ptr - ptm
P(p):e\/ﬁp+2(x0—iy0>—(1+em)xg. (3.25)
(4) If pt =0, p= #0 and y; =0, then full return map of the system (2.2) is given by
pn_m p_m pn_m +
P(p):e\/fp—l—(l—i—eVA)xa—Ze\/T (mo —a+y0> (3.26)

(=)=
E)NE
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Proof. The expression of Poincare maps in Equations (3.23), (3.24), (3.25), and (3.26) follows from the composition
of expression of half-return map obtained in Lemma 3.1 and Lemma 3.2. (]

Now we discuss the domain on which the full return map is well-defined. The crossing region of the PWL system
(2.2) is

S={(z,00€Y : (cfe+B") - (cCx+87)>0}.

For simplicity, let us assume that the solutions of the system (2.2) are oriented in an anticlockwise direction. Therefore,
¢t > 0,bT < 0. Also, assume that subsystems of the system (2.2) have real equilibrium points (x(jf,yoi). Therefore,
y{f >0 and y, < 0. In this case, the crossing region of the system (2.2) is given by

c LAty - 4
Y=< (x,0)eX x> xq +T¥0,% > T + =Y

n dt " _d _
U (x,O)eZ:x<xO+cjy0,x<x0+Fy0 :
Let us denote

d+ d~
Eﬁ{(w,O)EE ::z:>1:3'+c—+y3' and:z:>zg+c_y0_},

Zf:{(x,O)EE 5x<$g+§y:{ andx<xa+iy0_}.
Then, ¥¢ = ¥¢ U Xf. We have the following cases:
Case(i): 25 + “yy < af + Ly,
Case(ii): xf + ‘i—iyar <zy 4+ Ly
In Case (i), we have

dt d-
Eﬁ:{(x,O)EE:xS+(}_~_y6r<x}, Zf:{(x70)62:x<x0+c_y0},

d- dr
NP =3N\X¢ = {(z,O)€E:x§+C_yO_ <z<x3‘+c+ya'}.

If the upper half orbit I'" of the system (2.2) begins at a point (p,0) in the region 3¢, and reaches at the point (P*(p),0)
in the region Xf, and the lower half orbit I'™ which starts at (P*(p),0), reaches at the point (P(p) = P~ (P*(p)),0)
in ¢, then the full reburn map P = P~ o PT is well defined, and we have a full orbit of the system (2.2), which is of
ptr B
crossing type. Therefore, if p € X¢, i.e., mar—i—‘gyg < pand Pt (p) € ¢, ie., Pt (p) = af —eVat (p—a) < 25 +Lyy .
then the full return map P = P~ o P* is well defined, and the full orbits of the system (2.2) are of crossing type.
ptm

Thus, for p > max § z§ + Ccl—iy('f, rd — em‘i—iyg’ , P(p) is well defined.

Similarly, in case(ii), the full return map P(p) is defined for each

_ Wt
p > max {xo + f:l—,yg, Ty —eVa- Cclyo} . Further, if the subsystems of the system (2.2) have foci at (z,yF = 0),

then P(p) is defined for p > max{x{, x; }.
Now, we will obtain the conditions under which the system (2.2) has a sliding limit cycle. From the expression of PT,
observe that p € X¢ , P*(p) € X7 if and only if

4o At iuﬁﬂ + -4 - +
:Uo-i-cjyo <p<e M(Io_xo_cyo)"‘xo-

Remark 3.5. If ¢™ — ¢~ # 0 or 37 — 8~ # 0, then the sliding vector field of the system (2.2) is given by
Z{ (2,005 (2,0) = 2y (,0)Z3 (x,0)
73 (x,0) = Zy (w,0)

Z°(x,0) =
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(atz+a)(cz+B7)—(az+a )(ctz+ BT)
cte+pt —cox— 3~
(atc™ —a~cH)2? +(a™B8~ —a BT +atec —cta )z + (a™B™ —a=B7)
(¢t —c)z+ (BT —57) .
Let D=a*f~ —a BT +aTc™ —c —cta™)? —4(atc™ —a ct)(atB™ —a=B+). Observe that the sliding vector
field Z* has two equilibrium points when D > 0, one equilibrium point when D = 0, and no equilibrium point when
D <0.

Using the full return map, we will give the conditions for the period annulus of the system (2.2) when it is FF type
with yoi =0.

Proposition 3.6. In the system (2.2), let p* = a* +d*, 6T = atd* — bTct #£0,

pEGE — dtat ot —q
atdE —bEct’ aTdE — bt

Assume that p* # 0 whenever ya‘L = 0. Then for the piecewise linear system (2.2), a period annulus occurs in the
following cases only:

iﬂi

AF =45F — (uF)?2 >0, 25 = and yi =

(1) wt =p= =0and cfad —aty; —c a5y +a"y; =0.
I

_ — + - —
(2) ptu= #0,y5 =yo =0, Js = —J— and zg = 2.

Proof. The orbits starting at points (p,0), with (p,0) in the interval I in ¢, are periodic orbits if and only if P(p) = p.
Hence, from the equation, P(p) = p for all p in the interval I C X¢, we get required conditions. O

4. NORMAL FORMS OF THE TYPES FOCUS-FOCUS AND SADDLE-SADDLE

In accordance with Proposition 3.6, a period annulus exists around the equilibrium point (xg =24 ,0) of the PWL
system (2.2) in canonical form if it satisfies either
(1) ut = pu— =0, i.e., both Z+ and Z~ have centers at (z7,yg ) and (z;,v; ), respectively, or
(2) ptu~ # 0 and Z* and Z~ both have foci at (z§ = z;,0).

Using the above information, we show that the normal form of a piecewise smooth differential system (2.1), if it
has a period annulus around the origin, are nothing but PWL systems in some neighbourhood of the origin.
Consider the following hypotheses about the system (2.1):

AT: The system (2.1) has a center at the origin, i.e., a period annulus around the origin.
AII: Both Z* and Z~ have focus only at the origin when both Z+ and Z~ are extended independently on R2.

AIIL: Z* has a saddle only at (v{,yd) and Z~ has a saddle only at (zg, ¥ )-

Assuming hypotheses (AI) and (AII), we claim that the PWL system (2.1) is X-conjugate to the PWL system given
by

Zo(xvy):{(a:y,x+y), ifye Xt ={(x,y) € R?: y > 0}, (41)

(—m—y,x—y), ifyGEiZ{(l',y)ERziy<0}.
On ¥ = {(x,0): (z,0) € R?}, the system (4.1) is defined by the Filippov convex combination.

Proposition 4.1. Suppose that the system (2.1) satisfies the hypotheses (AI) and (AII). Then there exist open subsets
U and V in R? containing the origin such that the systems (2.1) on U and (4.1) on V are ¥-conjugate.

Proof. Proof is similar to the proof of Theorem 2 in [15]. O

If hypotheses (AI) and (AIII) hold, then it can be seen that the PWS system (2.1) is ¥-conjugate to PWL system

Zo(z,y) = {(y—l,z) ify e ¥t = {(x,y) € R?: y > 0}, (4.2)

(y+1,z) ifye¥  ={(z,y) e R?: y <0}
an
BE
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On ¥ = {(x,0): (z,0) € R?}, the system (4.2) is defined by the Filippov convex combination.

Proposition 4.2. Suppose that the hypotheses (AI) and (AIII) hold for the system (2.1). Then there exist open subsets
U and V of R? containing the origin such that the system (2.1) on U and the system (4.2) on V are L-conjugate to
each other.

Proof. The proof is similar to the proof of Theorem 2 in [15]. O

5. BIFURCATION OF LIMIT CYCLES FROM PERIOD ANNULUS

The zeros of the Melnikov function of order one are used to find the number of limit cycles bifurcated from the
period annulus of a differential system. We find an upper bound for the number of limit cycles that bifurcates from
the period annulus of the systems (4.1) and (4.2) due to perturbation.

5.1. Focus-Focus. Consider a perturbation of the system (4.1) in a class of polynomial functions of degree n as,

(5.1)

Zo(o,y) = (@ —y+efT(@y),zt+y+eg(z,y), © =0,
4 (—z—y+ef (z,y),x—y+eg (z,y)), x <0,

where

Za”my g (x,y) Zb”xy

i+75=0 i+j=0

System (5.1) at € = 0 is integrable, and the first integral is

H*(z,y) = 3 In(z? + y*) + tan™* (i) , ify >0,
H(z,y) =1 7/2, if y =0,
H (z,y) = %ln(:v2 +9?) — tan™! (%) , ify <0,
1
$2+ 2°
Note that the system (5.1) at e =0 satlsﬁes the following hypotheses:
BI: There is an interval I = (—o0,00) and two points A(h) = (a(h),0) = (e"~™/2,0) and B(h) = (b(h),0) =
(feh’”/Q, 0) such that
H*(A(h)) = HY(B(h)) = h, and H=(A(h)) = H=(B(h)) = h, a(h) # b(h),h € I.
BII: The system (5.1) at e = 0 has an orbital arc

IfHY(z,y) = h, h € (—o0,00),

with the integrating factors &(z, y)*

from A(h) to B(h) in an upper half plane and has an orbital arc
'y :H (x,y) =h, h € (—00,00),
from B(h) to A(h) in a lower half plane.
Under the above hypotheses (BI) and (BII), system (5.1) at € = 0 has a family of closed orbits
=T} +T,, he(—o00,x),

and each of I';, is piecewise smooth. Observe that

lim Ht(z,y) = lim H (z,y) =
(w,y)—(h,0) (@,9) (z,y)—(h,0~) (@y) {ln —h)

and lim Hf(z,y)=1/h = lim H_ (x,y).
(z,9)—(h,0%) ¢ (@y) =1/ (z,y)—(h,0~) @)
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FIGURE 3. Orbit of (x>

\

(w - y) FIGURE 4. Orbit of (m) = (—x B y)
Tty Yy r—Yy

Y
Therefore,
HE(A(R) _ | _ Hy(B(R)
Hy (A(h)) Hf(B(h

Proposition 5.1. The system (5.1) has at most n limit cycles. Moreover, there exist polynomials f*(z,y) and
g% (z,y) such that (5.1) has exactly n limit cycles.

Proof. From Theorem 1.1 in [23], the Melnikov function of first order, M (h), for the system (5.1), is given by
M) = [ M o= i + [ € @ s - 1 @)y
Iy Iy

— [ € @ds ~ P + [ €@ @do— £ iy
Fh Fh

n

1 o ~ o
:/F _ Z b;;.a:’yj dr — Z a;rjx’yj dy

2 2
+ X
FrtTy i+7=0 i+j=0

1 oo o
=== N D SRl EEE B SRl K
r, i+j=0 i+5=0

n

3 1 iy . g 1 » .
— + .t + .7 -1 — 1
= (/l“+ m (bz]x deI — QT yﬂdy) + /F_ m (b”z y]d:c —a;T y]dy)> . (52)
i+75=0 h N

To find the line integrals over F; and I';, we write F; and I';’ in polar coordinates, x = rcosf,y = rsinf. Then
F;f:ree:eh, 0<O<m.
Thus, in parametric form
Tp:x(0) = e cos(0), y(0) = e TP sin(d), 0 < 0 < .
Similarly,
T, :z(0) = e’ cos(9),y(0) = " Msin(), m < 0 < 2.
From (5.2), the first-order Melnikov function becomes,
M(h) = Z ehliti=1) / e 0UHI+3) cosi B sin’ 0 (b;;-(— cosf — sinf) — a;;-(— sinf + cos6)) df
i+5=0 0
an
BE
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n 2m
+ Z ehliti—1) / e 0+I+3) cos’ fsin’ 0 (bi_j(f cosf — sinf) — a;:(—sin 6 + cos9)) do

ij
i+5=0

= 3 ayehtion, (5.3)
i+§=0
where
Qg = / e 00H7+3) cog? B sind 0 (bjj(— cosf —sinf) — a;rj(— sinf + cos6)) db
0
27
+ e 00HI+3) cog' B sin’ 0 (b;(—cos @ — sin6) — a;;(—sinf + cos 6)) df.

We can write (5.3) as

e M(h) = Z ;€9 for h £ 0, (5.4)
i+5=0

Put e" = h > 0 in (5.4), we get

n

hM(In(h) = Y ayh™ for h > 0. (5.5)
i+j=0

The right-hand side of Equation (5.5) is a n degree polynomial in h, and hence it has at most n positive zeros.
Therefore, M (h) has at most n positive zeros. Thus, the system (5.1) has at most n limit cycles.
Further, the right-hand side of the Equation (5.5) is a polynomial of degree n in h, and the coefficient of h¥ is
O(ug, Upy .y U
up = Z @;j, it is clear that (uo, t1, -, tn)
il 9(@00, Q01 -+, W)
of a;;’s and b;;’s. Therefore, there exist parameters «;;, and hence parameters a;;, b;; such that M (h) has exactly n
positive zeros. Hence, there exist polynomials f*(z,y) and ¢g*(z,y) such that the system (5.1) has exactly n limit
cycles. O

has a full row rank. Also, note that a;;’s are linear combinations

Now we present an example of a piecewise smooth system of the type focus-focus with polynomial perturbation.
Here, we discuss the polynomial perturbation of degree n = 5.

Example 5.2. Consider the system (5.1) with n = 5, where

N 40 1 274

agy = —600, bio = g0 =boo =0 Al = —— T 5 bi g =ary=by=0,
a&lz—ifﬁ%, b({l:a&l:b&lzo, a{oz—%ﬁ%, b;ozaiozbiozo,
af, :f%ﬁ%, by =ay; =by, =0, a0+72:f2211+%%, bio =agy =byo =0,
ag"’():%ﬁ%, b;ozagozbiozo, afg:%ﬁ%, bfgzah:bl—gzo,
az, :%ﬁ%, by, =az, =by, =0, a§3:1040$%, bis =ags =bys =0,

26825 1 15 _ _ 26825 1 15 _ -
o= o Tr e 5 e T %o T =000 = S B = = b =0
L 53650 1 15 L2682 1 15

WsT TRy Trem sy T Um0 e oS T b= =k, =0

(&)
ENE
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26825 1 15 54400 1 1

WGa= g5 Trem gy Ua=aa=bha=0ap= pori s, bo=a50=b5 =0,

54400 1 1 _ _ 54400 1 1 7 _

R T A ks Ch T pre A CRl T
54400 1 1 _ _ 54400 1 1 _ _
a;SZng’ b;3:a2,3:b2,3:0a af4:ng, bf4:a1,4:b1,4:07

54400 1 1 _ _

Cla’:s = ng, b3:5 = a075 = b075 =0. (56)
Then the Melnikov function of (5.1) is given by
n
- Z a1 (5.7)
i+j=1
where
2 1 1
040,0 - _ g (67371' + 1) ba:o ( —3m + 1) a?)_,o 4+ Z ( -3 +6767r) b(IO 4+ Z . ( -3 +€767r) CL0_70,
aro=—11 (6747T+1) bio ( 7T+1) afo—ll( 74”+678”) 61_077(6747r+678ﬂ) ao,
a0,1:—3(e_4”—|—1)bg)1 (e +1) Sil 3( AT 4 e” 8”)1)0 ( _47‘——"-6_8”)(16)1,
Qoo = —47 (675# + 1) b;o + 33 (6 5T 4 1) a2 o +47 ( T 4e 10”) b2_70 + 33 (6757‘— + 671077) a0,
oy =—19 (6_57r + 1) bfl +9 (6_57T + 1) afl +19 ( STy 6_10”) bil +9 (6_57T + 6_10”) arq,
a2 =—4(e " +1)bi,+ (e "+ 1) af, +4(e T +e ) by + (67T + e 0 ag,,

181, 4. 27 | _on 181 , 6, _19x 27T | 6 —12ay —
a3)0:1040 (6 ¢ _1)b30+ 208( ¢ _1)G;O_M(e ¢ —¢ 2 )b30+ 208( ¢ —¢ 2 )a3,0’
a1 =29 (e —1)bf, =11 (e —1)afy, =29 (e °" —e P )by, + 11 (e T —e ) ay,,
a1 =89 ( —6m 1) b+ + 49 ( 1) a2 1 —89 (676ﬂ— — 67127T) by, —49 (676# — 67127T) asq,

1 —6m —67 1 —6m —127 — 1 —6 7 —127 —
0.3 = 7 508 (7" = 1) bgs + 1040 (G _l)aas_ﬁ (77 +e7 )50,3_@ (77 +e7 ) ag s,

—147
a0 =;6825 ("™ +1) (3077 af ge™™ — 3958 b ye” ™ + 3077 ay o + 3958, ) ,

71471'

3,1 :26825 (e"™+1) (332a3 ,e"" — 549b3 "™ +332a5, +549b3, ),

71471'

Q20 —26825 ("™ +1) (68a3,e"™ — 14957 ,e™ + 68 a5, + 1495 ),

71471'
oy = (3e"™ +3) (13af 5" ™ —41b] 5e" ™ + 13aj 5 + 41b; 5),

—147
a0’4:;6825 (6 77T+6) (a04e 6b5r4e7"+004+6b04)

71671'

05,0 =110 (3™ — 1) (5589 af ge® ™ — 6973 b (e®™ — 5589z, — 6973 b5 ) ,

71671'

Q11 =5s ( ) (543 ag 87 — 841 b4 %™ — 543 ag, — 841 b;l) ,

71671'

3,2 :54400 (3™ — 1) (101 a5 ,e®™ — 1973 5e®™ — 101 ag, — 197 b3 ,),
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—167

o3 =55 (3657 —3) (9af 5™ — 2305565 — 9055 — 238, )
—167

o4 2;700 (3687r — 3) (3@1’:468# —11 bfAegTr —3a;,—11 bi4) )
71671'

Q05 =505 (3€°7 =8) (ag5e®™ = Thj5e" ™ —co5 = Thys) -

After simplification, Equation (5.7) reduces to
M (h) =h® — 15h* 4 85h% — 225h* + 274h — 120
=(h—1)(h—2)(h—3)(h—4)(h —5). (5.8)

Hence, the corresponding system has five limit cycles.
Thus, for n = 5, there is a systems with polynomial perturbation of degree five that has exactly five limit cycles.

Similarly, for any positive integer n, there exist polynomial functions f*, g* of degree n such that the system (5.1)
has exactly n limit cycles.

5.2. Saddle-Saddle. Now consider the piecewise system of the type saddle-saddle;
.. Yy— 11 z), y> 07
(&,9) = ( ) (5.9)
(y+L=z), y<O,
and its perturbation in the class of polynomial function of degree n,

sy Ju—1+eft @y o tegt(@y), v>0,
( y>_{(y+1+€f(fc,y),x%g(a:,y)), y <0, (5.10)

where fi (z,y) Z a”x 'yl gt Z bljac Y.
i+75=0 i+j=0
System (5.9) is Hamiltonion with integral,
H (o) = L2 0
xz, o 0 5 Y >0,
Hag) =4 " y% PR
Hi(xvy) 57?4’347 y<07

and it satisfies the following hypotheses;
CI: For h € (0,1), we have

H* (A(h) = H* (B(h) = —5 and H™ (A(h) = H~ (B(h)) = -

where A(h) = (v/h,0) and B(h) = (—Vh,0).
CII: The system (5.9) has an orbit arc I'}" from A(h) to B(h) which is defined by H*(z,y) = —h/2,y > 0 and an
orbit I';” from B(h) to A(h) is defined by H™ (z,y) = —h/2,y < 0.
CIII: System (5.9) has a family of periodic orbits,

_ h _ h
Ly =TFul, ={(z,y) : H*(x,y) =—§,y20}u{(w,y):H (z,y) =—§,y<0}, for h € (0,1).

Lemma 5.3. The first-order Melnikov function for the system (5.10) can be expressed in the form
M(h) = p(h)Jo(h) + q(h)J1(h) 4 7(R)do(h) + s(h)d1(h),

where Jo(h) = I o(h),J1(h) = Ip1(h),do(h) = Jo,o(h),do(h) = Jo.1(h),

Lj(h) = / z'yldz, Jij(h) = 2'yldr,i,j € N, and p(h),q(h),r(h),s(h) are polynomials in h with degp(h) <

+ _
I

[2], deg q(h) < [251], degr(h) < [2] and degs(h) < [“51].

>
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~_ @

{ 4

/ - i
/—\ / \\\ (0,—1)
(a) Orbits of (;) - (y; 1). (b) Orbits of ( > (y j; 1) (¢) Period annulus of (5.9).

FIGURE 5. Saddle-saddle.

Proof. The first-order Melnikov function for the system (5.10) is given by
HF(AR) | H (B(h
vy = 5 A [ (B0
Hy (A(h)) | Hy (B(h))
Observe here that,

/F+ (67 (z,y)dz — fF(z,y)dy) + /7 (9~ (z,y)dz — £~ (z,y)dy)

Iy

M(h) = /F+ (" (z,y)dz — f*(z,y)dy) + /r(g‘(w,y)dx — [ (z,y)dy)

h

/ Z wa yjdx—/ Z aljx y]dy—i—/ Z b xyjdx—/ Z a; xyjdy

ry i+5=0 r, i+5=0 Ty, i+7=0 r, z+] 0
Z b / .’I;‘yjdl‘— Z Z]/ xy]dy—i- Z b”/ ajyjdl‘— Z zy/ q;yjdy
1+35=0 i+7=0 1+35=0 i+75=0

We have, by Green’s formula,

iyl dy */ iyl dy f/ iyl dy :/ ziyldy = z// =yl dzdy,
/F ABUBA BA ABUBA Rt

h

\ (-1,0) (1,0}

(5.11)

(5.12)

(5.13)

where ADB is a path along the trajectory I‘;{ traversed from A to B, and R* is the region bounded by I‘; and the

segment BA.
Similarly,

/F+ oy Ty = — (5 + 1) //R+ = I dady.
h

From (5.13) and (5.14), we get,
/ iyl dy = - xiflyjﬂdx.
r J+1

(=)=
E)NE

(5.14)

(5.15)
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Similarly, we can obtain,

Tdy = — iyt 1
/_xyy j+1/ Y da (5.16)
Substituting (5.15) and (5.16) in (5.12) gives,

n n .
bt v+ i—1, j+1
M= 3 ]/ Wit Y j/ Pyt g
+5=0 Z+j*0 i>1
Z / X deIE + Z %a; /_ xiflyJI‘Fldw
+i= i+j= Oz>1j h
Z Z +1a Iz 1,j4+1 1 Z b;J”-i- Z +1a g 1,541 (517)
§=0 1+j:0,1'21 i+5=0 i+j=0,i>1 J

where

Lj(h):/F+ abydde, Jij(h):/ z'yldx,i,j € N.
h

[\

2
Now differentiating H* (z,y) = % — % — y with respect to x, we get
Oy %y _,
dr Oz -
Multiplying this equation by z'~!y/dz and integrating along I}, we get
1 —1 1 —1
I; i(h) = ———=1I;,_5 j1o(h —1I;,_ 5 i11(h). 5.18
) = = T agaall) 4 S L () (5.18)
N ltiplying H+(z,y) = L — & —y =~ 1y wigi-1dp and T} gi
ow multiplying (z,y) = T T g Y=g byaty x and integrate over I'} gives
ig i1 42,51 . h o
/ Yy dm—/ idm—/ x’yjz—f/ ziy’ ~tdx.
jang 2 jang 2 jang 2 jang
That is,
1
Lij = 51 = Livzj—1 + hlij1)- (5.19)
Substituting the expression for I;,_s ;41 from (5.19) into (5.18), we get
ji—1) i—1
I, =— I o ———hl; 5. 5.20
L © YU § T ) R A Y i R (5.20)

Also, substituting expression of I; ;2 ;1 obtained from (5.18) into (5.19), we get
Ji+j+2) J

I j =— - - i,j —————hl;; 1. 5.21
»J (’L+2j+1)(j+1) 7j+1+’t+2]+1 J—1 ( )
Replacing j by j — 1 in (5.21), we get
(971 .
L; = 3 +2) ) Iij1 — 4hIi,j_z- (5.22)

TG -G+ +1)" it+j+1

Substitute expression of I;_s j+o from (5.22) in (5.18), we get
i—1[ j2+5j+i+5 j+2

A R R N S IO Eo DR S NI

hl; o) . (5.23)

(&)
ENE
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Note that, since '}, and '™}, are symmetric about the y-axis,
IgiJrLj(h) = JQZ;HJ =0 foralli,j e NU {0}
Therefore, we need to consider only Io; j(h) and Jo; ;(h) for h € (0,1), 4,5 € NU{0} . Observe that Equation (5.22)

holds true for all 0 <i <n and 2 < j <n, and Equation (5.23) holds true for all 2 <i <mn and 0 < j < n.
We shall use induction on k¥ =i+ j. From Equations (5.22) and (5.23), for i + j = k = 2,3, we have

1
Ir0(h) :§h1070(h),

2
Ipa(h) =21y — ghfo,o,
Ly (h) == hlog + > (h— 1)1
21(h) =gz hloo + 0,15

5 3
Ios(h) == 7hloo + (10 = 2h) o1,

(5.24)

Assume that the result holds for all i +j < k— 1,k > 3.
For i+ j = k odd, take the pairs (i,5) = (k—1,1),(k—3,3),(k—5,5),---,(2,k —2) in the Equation (5.23), and (0, k)
in the Equation (5.22), we get

_ k—2[3(k+4)
Ii11(h) = B 1} k—3,2 mhfk—a,l,
k—4| k+26
I = — —_ — —hli;_
k—3,3(h) R CE) k—5,4 k+1h k 573}7
(5.25)
1 (k—2)(k+3)+7 k
Inpo(h) = — -
2.k—2(h) (k‘l){ CESCES)) 0k—1 — k+1h0k2 ,
k(2k —1)
I =— _
o (h) o= D)0k 1) 01~ g Moz
Now, if k is even, then for i + j = k, k > 2, from (5.22) and (5.23), we obtain,
(k—1)(k+5) 2(k—1)
I =——— "I} ——hl_
k0(h) 1 2k2,1+ E hli_20
Ik—2,2(h) = 2?;;—2,13)— mhlk—zo
+
I—aa(h k—4,3 — ——hlp_42
)= 3(k+1) kE+1 (5.26)
(k—2)(2k —1) k—
L oh)=—————1D hI
2,k—2(h) TEDICES 23 = g M2k
k(2k —1)
Ior(h) = ——+—"—1Ipk_ ——hl
o (h) (k—D)(k+1) O g1 0k
From Equations (5.24), it is clear that for ¢ + j = k = 2,3, we have
I ; = p(h)Jo(h) + q(R)J1(h), where deg p(h) < [§] and degq(h) < [£51].
From the recurrence in (5.25) and (5.26), it is clear that for ¢ + j = k > 3, we have
Ii;; = p(h)Jo(h) + q(h)J1(h),
where degp(h) < [£] and degq(h) < [551].
Thus, for 2i + j = k,2 < k < n, we have
Iz j(h) =pr—1(h)1o,0(h) + qr—1(h)1o1(h) + h[pr—2(h)lo.0(h) + gx—2(h)1o,1(h)]
=pr(h)Jo + ar(R)J1(h), (5.27)
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where pr_1,Pr_2,qk_1, and gi_o represent the polynomials in h that satisfy,
degpr—1(h) < [E5t], degpr—a(h) < [552],degqr—1(h) < [552] and deggr—2(h) < [£E5%], respectively. Note that,
max{ k 1 ,[’“2;2]} < [g], we have degpg(h) < [g] and deg gi(h) < [k21].
Slrmlarly, it can be shown that for i +j =k,0 < k < n,
J2i,j(h) = r1.(h)do(h) + si(h)d1(h), (5.28)

where r;(h) and sy (h) are polynomials with degry(h) < [£] and deg sx(h) < [551]. O

Proposition 5.4. The number of limit cycles of the system (5.10) is less than or equal to [%] + ["7*1] + 3. Moreover,

there exist polynomials f* and g% such that the perturbed system (5.10) has a number of limit cycles equal to [%] +
n—1

[251] + 3.

Proof. We have

—Vvh
Jo=1Ioo = / 2%90ds = / dz = —2vVh (5.29)
ry vh
and
—Vvh —Vh
Jl(h):IO’lz/ x yld;v—/ ydac:/ (1-=vVz2+1-h)dz
Ty Vh vh
1-h. (1-Vh
= —3Vh - In . 5.30
2 Q@+J (5.30)
Similarly,
Vh
Jo = Jo,o = / z%9%dz = / dz = 2vVh (5.31)
" —Vh
and

Vh+1
Therefore, from Lemma 5.3 and Equations (5.29)-(5.32), the first order Melnikov function becomes

M(h) = p(h)Jo(h) + q(R)I1(h) + 7(h)Jo(h) + s(h)d1(h)
:mm@a¢m+qw)(ﬁvﬁ—lghm<l_v%>>

di=1Jo1 = 2y dr = ydr = (=14 Va2 +1—h)dz =3Vh + 5 In . (5.32)
Y -vh -vh

Vh+1
1-h. (1-vh
+7(h)(—=3Vh) + s(h) <3x/ﬁ+ 5 1n<\/ml>>
— w(B)VE + v(h) In (%) , (5.33)

where u(h) = (p(h) — 3q(h) — 3r(h) + 3s(h)), v(h) = (q(h) + s(h))5.
It is clear that, deg(u(h)) < [§], deg(v(h)) < ["T—l] +1.
Let #f(t) denote the number of zeros of a polynomial function f. Then,

M(")) T #(0(R). (5.34)

v(h)
(&)
ENE

#MWS#(
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Differentiating ]\5[((}:3) with respect to h, we get
d (M) _ (1=hyur)v(h) + k(1 —h)(v(h)u'(h) — v'(hu(h)) — 2(v(h))?
cM(vw>>_ VR(1 = h)(v(R))? '
Since the numerator of the Equation (5.35) is a polynomial of degree less than or equal to n, we can say that
+# (1\1)4((:))) < 2["771] + 2. Hence, from the Equation (5.34), we get that
M (h)

#orm) < (S0) 4 pemy <3[4+ (5.36)

(5.35)

Observe that,
1-vh , 1-vh
VAM (h) € span{ h,h? -+ h* BF Y Vhin [ —= ] ,--- ,Vhh/T'In ,
(e 1+Vh 1+vh
ny . n—1
wherek:b},j_{ 5 }

Consider the linear combination

k+1 j+1

, ) 1-Vh
> aih' +> bih'vVhin L=vh) _ 0. (5.37)
=1 1=0 1 +

Vh

Expand the left-hand side of (5.37) into Taylor’s series about 0 and equate the coefficient of each hi,i = 0,1,2,--
to 0, we get infinite number equations in a;’s and b;’s. Solving the first k + j + 4 equations explicitly, we get
a; =b;=0fort=1,2,...k+ 1. Hence,

B = {hh2 ,hk,hk“,\/ﬁln(i_\/ﬁ) ,\/ﬁh”lln(i_\/ﬁ)},

+Vh +Vh

is linearly independent set of C*° functions on (0,1). Therefore, the Wronskian of any ordered subset of B is nonzero.
Hence, by Theorem 1.3 in [2], there exists a function in span B that has exactly [%] + ["T_l} + 3 zeros. Therefore,
there exists a perturbed system (4.2) such that the Melnikov function M(h) in (5.33) has exactly [Z] + [251] + 3
zeros. Thus, Melnikov function M (h) has at most [2] + [252] + 3 zeros. O

Now we present an example of a piecewise smooth differential system of the type saddle-saddle when perturbed in
the class of polynomial functions of degree n = 2. The method followed here can be used to obtain a perturbation in

the class of polynomial functions of degree n such that the perturbed systems has exactly [%] + [";1] + 3 limit cycles.

Example 5.5. Consider the system (5.10), with f*, g* being polynomial functions of degree n = 2. Let

r=2Vh, ands:S\/EJrlihln L vh .
2 1+vh

Then the Melnikov function is given by,

M (h) :% (Ath+ Ag) s + %r (B1h* + Boh + Bs) , (5.38)
where
Ay =30af, —30a3, —60a3, —40a;, +40b;, — 1205 ,, (5.39)
Ay =300a7 5+ 60by o —120by, 4 225b, 5 — 180ay, — 360by, — 120af, — 1504, (5.40)
— 240 a5, 4+ 30a3, +60a3, — 12047, — 120 ag, + 120 a7 + 1205 4, (5.41)
By =aj3, — %’)62"2, (5.42)

(=)=
E)NE
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By = _715[)5,2 + %bz_,o + gafl + %aIQ - gaé’:l - Zaiz - 115&1_’1 + 24—5a1_72 (5.43)
—gb£1+z—gb;2+5aaﬁz—ga{0, (5.44)
and
Bs = —15/2a, +15/2bg . (5.45)
Now we choose the numbers Aq, As, B1, B> and B3 so that,
M(h) = ﬁlo (Arth+ Ag) s + %r (B1h® + Boh + Bs)

(1000 Vi — 1) (4000 Vi — 1)

1
8.2944 h3/2 — 2.0736 In _ L4 vh h
1++vh

-1
+16.4416 Vh + 2.0736 In _ZLH VR 24.48h| . (5.46)
1+vh

Therefore,

1 1
A = 2.952 Ay =0. 42051 x 1073, By =1,By = ——— L
1 952638889, A, = 0.6035542051 x 1072, By = 1, B, 00" 1000000

Note that for these values of Ay, As, By, By, and Bs, the Equations (5.39)-(5.45) represent a system of five linear
equations with 27 unknowns that has nontrivial solutions. Thus, there exist afj, bfj,O < 1,7 < 2, not all zero, that
satisfy the Equations (5.39)-(5.45).

The roots of Melnikov function (5.46) are

and B3 =

hi = 0.000001000000000, ke = 0.00000006250000000, ks = 0.9507439781, and hy = 0.6845346498.

Hence, for n = 2, there exist polynomial functions f* and g* such that the system (5.10) has exactly [g] + ["7_1] +3=4
limit cycles.

In general, for any positive integer n, there are polynomial functions f*, g* of degree n such that the system (5.10)
has exactly [%] + ["T_l] + 3 limit cycles.

6. DISCUSSION AND CONCLUSIONS

In this paper, Poincaré half-return maps for center and focus are obtained in a simpler form. Several possibilities
for the equilibrium point (2, o), such as xg > 0,29 < 0,y0 = 0,90 > 0 etc., are discussed. Using the half-return
maps, the full-return map for a piecewise linear system of focus-focus type is established, and conditions for the period
annulus are developed. This idea can be extended to establish the Poincaré maps for a general class of piecewise
differential systems to identify the number and location of limit cycles.

Normal forms of piecewise smooth differential systems of focus-focus and saddle-saddle types are obtained, and the
limit cycle bifurcation of these systems when perturbed in polynomial functions is discussed. The Chebyshev criterion,
Picard-Fuchs equations, and Taylor’s series for the inverse function are used in the analysis of limit cycles. The upper
bound for the number of limit cycles established in this paper can be further improved. This technique can be utilized
to obtain the finer bounds on the number of bifurcated limit cycles from the period annulus for a general class of
planar systems.
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