MELNIKOV FUNCTIONS OF ARBITRARY ORDER FOR PIECEWISE
SMOOTH DIFFERENTIAL SYSTEMS IN R* AND APPLICATIONS

XINGWU CHENZ, TAO LI}'* AND JAUME LLIBRE?

ABSTRACT. In this paper we develop an arbitrary order Melnikov function to study limit
cycles bifurcating from a periodic submanifold for autonomous piecewise smooth differen-
tial systems in R™ with two zones separated by a hyperplane. This result not only extends
some of the known results on the Melnikov theory in dimension and order but also com-
pensates for some defects of the averaging theory in studying the limit cycle bifurcation
of autonomous systems from a periodic submanifold. To demonstrate the application of
our theoretical result and its superiority for some systems to the existing averaging theory,
we study the maximum number of limit cycles bifurcating from an n-dimensional peri-
odic submanifold caused by non-smooth centers of the fold-fold type, providing an upper
bound for any order piecewise polynomial perturbations of degree m. Concerning the pla-
nar case of the unperturbed system, a piecewise Hamiltonian system, we obtain a better
upper bound for piecewise polynomial Hamiltonian perturbations up to order two. The
realizability of these upper bounds is also discussed.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

Qualitative theory of piecewise smooth (PWS) differential systems has become one of the
most booming research objects of ordinary differential equations in recent years. With the help
of such systems, we can better model and analyze discontinuous phenomena in nature, such as
the switching of circuit systems, the impact of mechanical devices, the activity of neurons in
the central nervous system, the vibration of oscillators with dry friction, see [3,12,27,46]. On
the contrary, an in-depth understanding of these discontinuous phenomena also has inspired
the investigation of PWS systems.

Consider the n-dimensional PWS system
£ (x;¢) if xeXt,

(1) X = :

f~(x;¢) if xeX™,
where x € R”, n > 2, ¢ € R is a perturbation parameter, f* : R” x R — R™ are analytic
functions,

Y ={xeR":7x >0}, YT ={xeR":mx <0}

are two zones separated by the hyperplane ¥ = {x € R™ : wx = 0}, usually called discontinuity
boundary or switching boundary [3]. We denote by 7 : R™ — R the projection onto the first
coordinate and by 7+ : R® — R"~! the projection onto the last n — 1 ones. For system (1)
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we can define its solution with the Filippov convention, refer to [16] or [33]. In this case, all
points in X are classified into

e crossing set: ¢ = {x € ¥ : nft(x;¢) - 7f~(x;¢) > 0}, and
o sliding set: X° = {x € X : nfT(x;¢) - 7f~(x;¢) < 0}.

A typical periodic orbit that exists only in PWS systems is the so-called crossing periodic
orbit, i.e. a closed curve formed by concatenating the orbits of subsystems x = f*(x;¢) only
at some points of 3¢. An isolated crossing periodic orbit in the set of all crossing periodic
orbits of the differential system is called crossing limit cycle. In this paper we are interested
in the limit cycle bifurcation of system (1), when the unperturbed system has a periodic
submanifold, i.e. a submanifold fulfilled by a continuum of crossing periodic orbits.

One of the tools to study this problem is the averaging theory. The classical averaging
theory is effective only for smooth systems [10,22,47]. With the Brouwer degree theory, the
authors of [6] and [42,43] extended the first three order averaging theory and the arbitrary
order one respectively, only requiring that the considered systems are continuous. At present,
stimulated by both the development of theory and practical applications, the averaging theory
for PWS systems has been studied intensively, see [39] for high-dimensional systems and
the first two orders, [29,40, 50] for one-dimensional systems and any order, [41] for high-
dimensional systems and any order. It is widely known that averaging theory is established
originally for non-autonomous smooth or PWS systems, and thus it works for system (1)
when we change system (1) to a non-autonomous system by a suitable transformation, as
usual generalized polar coordinates. Then we can obtain information about the number of
crossing limit cycles of system (1) bifurcating from an unperturbed periodic submanifold via
studying the zeros of averaged functions associated with the non-autonomous system.

An alternative tool is the Melnikov theory, which can act on system (1) directly. Here
the number of crossing limit cycles bifurcating an unperturbed periodic submanifold can be
determined by the zeros of Melnikov functions. The research of Melnikov theory for smooth
systems has a long history, see [13,17,21, 30, 31, 54] and the references therein. Whereas
for PWS systems it is developing boomingly in the recent decade, and contributions main-
ly focus on deriving the first order Melnikov function. For instance, the authors of [14,15]
studied the perturbations of general planar system (1) with a periodic annulus; the work-
s [37] and [35] dealt with the perturbations of planar PWS Hamiltonian case and integrable
non-Hamiltonian one of system (1) with a periodic annulus respectively, providing a new
expression of the first order Melnikov function; Xiong [51] generalized the work [37] by in-
troducing an additional parameter in the considered PWS near-Hamiltonian system. All of
the aforementioned references [14,15,35,37,51] aim to the planar case, while for the high-
dimensional case, we quote [23] and [48] where the perturbations of general system (1) with a
periodic submanifold containing in an invariant hyperplane and integrable system (1) with a
general n-dimensional periodic submanifold were considered separately. Regarding the higher
order Melnikov function, the result is much fewer. To our knowledge, only a formula of the
second order Melnikov function for planar near-Hamiltonian case of system (1) was given
in [38] and [52] independently.

In this paper our first goal is to develop an arbitrary order Melnikov function to study cross-
ing limit cycles of arbitrarily dimensional system (1) bifurcating from a periodic submanifold
fulfilled by a continuum of crossing periodic orbits. As far as we know, an expression of such
function is still lacking for the general system (1) except for some special classes, such as
piecewise polynomial perturbations of a linear center [8,9].
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We stress that it is quite necessary to obtain an arbitrary order Melnikov function for
system (1), even if we have had an arbitrary order averaged function developed in [40,41] and
the two methods are equivalent in most cases [5,25,38]. The main reason is that the averaging
method has the following two deficiencies in studying the limit cycle bifurcation of system (1)
from a periodic submanifold. Firstly, although the averaged method can be applied in theory
with a suitable transformation, it is very difficult to find such a transformation for many
systems, in particular, the ones with a continuum of periodic orbits that are not due to linear
centers. Secondly, if we use the usual change of generalized polar coordinates, it is possible
for some PWS systems of the form (1) that the derived PWS non-autonomous systems are
extremely complicated, which increases the difficulty in computing the expression and zeros
of the averaged functions, even the subsystems of the derived systems are discontinuous in
each of regions associated to ©*. For example, as we will see at the end of Section 3, if
we transform the PWS system (10) with n» = 2 into a non-autonomous one using the usual
change of polar coordinates x; = rcosf,zo = rsinf, then both subsystems of the obtained
system are discontinuous and thus the existing averaging method fails. However, applying
the Melnikov theory developed in this paper to system (10) with n = 2, we obtain that the
Melnikov functions are polynomials divided by a monomial, for which its zeros can be studied
easily by mature tools. To some extent, this shows the superiority of the Melnikov method
to certain systems. Based on these reasons, we believe that it is quite necessary to provide
one alternative bifurcation function when it is not easy to compute and analyze the averaged
one. In general, there is no universal rule about how to choose between the two methods.
This mainly depends on the studied problem itself and personal preference.

1.1. Arbitrary order Melnikov function for PWS system (1). To state our first main
theorem on the arbitrary order Melnikov theory for system (1), we next set up our problem
precisely and introduce some notations. Without loss of generality we can rewrite system (1)
as

£ (x) + Zeif;r(x) if xeXt,
i=1

(2) X = -
fy(x)+ ) 't (x)  if xe¥,
i=1
where fii(x), i=20,1,2,---, are analytic. We make the following basic hypothesis for system
(2) with € = 0.

(H) There exists an open subset © of R"~! such that for each h = (hg, h3,- - -, h,) € Q
the orbit of system (2) with ¢ = 0 starting at (0,h)T € ¥ is a crossing periodic orbit,
denoted by I'y, which crosses X in a transversal way and only twice.

Hypothesis (H) states that the unperturbed system of (2) has a periodic submanifold .4
fulfilled by a continuum of crossing periodic orbits I'y, for h € Q, namely A = {T', : h € Q}.
Without loss of generality, in this paper we always consider that each I'y, crosses ¥ at (0,h) "
from ¥~ to ©F, ie. nfi(0,h) > 0. In this case if we denote by xZ(t,0,h) the solution
of the unperturbed subsystem of (2)1 starting at (0,h)" C ¥ with h € ©, then hypothesis
(H) implies that there exists tJ(h) > 0 and ty (h) < 0 such that xZ(tZ(h),0,h) € ¥,
x{ (t,0,h) € X7 for 0 < t < t{(h) and x; (¢,0,h) € ¥~ for ¢; (h) < t < 0. Moreover, by the
transversality we have

(3) (x5 (5 (h),0,h)) < 0.
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Our goal is to establish some criteria for determining the persistence of crossing periodic
orbits in A, when we perturb it inside this class of all PWS systems of the form (2).

For sufficiently smooth function g : R™ — R™, following notions of [42] we similarly define
a symmetric L-multilinear map 0%g(x)/0x%, which acts on a ‘product’ of [ n-dimensional
vectors, as

l n
otg(x otg(x
S g Ow= Y g B,
j=1 1,00 =1 “ '
where L and [ are positive integers, x = (21,22, -, 2,) € R" and u; = (uj1,uj2, - ujn)' €

R™. Moreover, we denote u® = @2:1 u € R™ for positive integer b and n-dimensional vector
u. To clarify this notation we consider n = 2 and [ = 2 as an example. In this case we have

2
X Og(x og(x
) QUJ‘ = agx(l)uuum + 7g( )u12u22

8502
for L =1 and
C80) (., = 2800 Pg(x) Pg(x) Pa(x)
Ix2 - u; = Tx%uuum + munum + Do, U12U21 + Tx%uuum
for L = 2.

We define Melnikov functions My (h) : @ — R"™! for k =1,2,-- - by

(5) Mi(h) = 7 M (h) — - M (),

Mi; () = x; (15 (h), 0, h)
(6) : 1 1 O x;,(ty (b

l
i
> =) ;bllbglmbzu-bl!l!bl 8tL @ i W
) e

=1

x£(t,0,h) : R x {0} x @ — R" and t(h) : @ — R for k = 1,2, - - are defined recurrently as
t
xi(t,0,h) = AF(£,0,h) | A (s,0,h) "M (x5 (5,0, h))ds,
0

t
x(t,0,h) :k!AgE(t,o,h)/ Ag(s,o,hw(f;(xg(s,o,h))
0

OMEE | (xE(s,0,h))

k—1
1
+Z; b11ba12102 . .. 11100 OxL @x 5,0,h)®
=1 S

1 V£ (xE (5,0, h))
+ Z\: by by 12102 - - - by leIon axL QX 5,0,h)" )ds’ k22,
Sk \o
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and
) = oy 0.1
e NN (Xf“(’i (01

k—1 L+ + l
1 1 0 Xk—l(to (h)7 07 h) + b
k! t=(h)%
+ ;(k—l)!szbllbgl2!b2---bl!l!bl oL OLALY
= !

i=1
1 OLxE (t¥(h),0,h) ~

k! 030 t+(h)% k>2

* S%bl!bz!Q!ba...bk!k!bk oL 91 AL Z 4

AZ(t,0,h) is a fundamental matrix solution of the variational equation of system x = f3°(x)
along the solution x?(t, 0,h), S; for I = 1,2,-- - k is the set of all I-tuples of non-negative
integers (by,ba,- - -, bj_1,b;) satisfying by + 200 + - - -+ by = I, 0 = {(0,0,---,0,1)} and
L=0by +by+---+b. Here t; (h) for k = 1,2, - - are well defined due to (3).

Now we state the first main theorem.

Theorem 1. For piecewise analytic differential system (2) satisfying hypothesis (H) the
functions My(h) for k = 1,2,-- -, defined in (5), are analytic in h € Q. Moreover, letting
ko > 1 be the first positive integer such that My, (h) # 0 we have the following statements.

(i) If My, (h,) # 0 for some h, € Q, then there exist no crossing periodic orbits in
a small neighborhood of the crossing periodic orbit Ty, C A for |e| > 0 sufficiently
small.

(ii) If hy, € Q is a simple zero of My, (h), i.e. My,(h,) = 0 and the Jacobian matriz
of My,(h) at h = h, has no zero eigenvalues, then there exists a unique crossing
periodic orbit in a small neighborhood of the crossing periodic orbit I'y,, C A for
le] > 0 sufficiently small.

(iil) If Mg, (h) has q simple zeros on Q, then there exist q crossing periodic orbits bifur-
cating from A for |e| > 0 sufficiently small.

(iv) If My,(h) has at most q zeros on §Q, taking into multiplicities account, then there
exist at most q crossing periodic orbits bifurcating from A for |e| > 0 sufficiently
small.

1.2. Application to the perturbations of a PWS system. In smooth differential
systems a classical perturbation problem is to determine the maximum number
of limit cyc'~= bifurcating from the periodic orbits of a polynomial Hamiltonian

system wit]l < :nter when it is perturbed inside the set of all polynomial differ-
ential systems with a given degree m > 1. For example, the perturbation of
the harmonic oscillator #; = —z9,75 = x; and quasi-homogeneous Hamiltonian

systems are considered in [28] and [18] respectively, obtaining an upper bound
via the Melnikov theory up to any order. This is essentially the weak Hilbert’s
16th problem [1,34]. In recent years, it has been extended to PWS systems, considering
the piecewise polynomial perturbations of 1 = —xs, T2 = x1 in two zones separated by a
straight line, e.g. [8,9,36,44], or considering the piecewise polynomial perturbations of the
(d 4+ 2)-dimensional reversible system &1 = —x9,%2 = x1,y = 0 in two zones separated by
a hyperplane, e.g. [45,48], where y € R? with d > 1. It is worth mentioning that the
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method used in the above references to compute the higher order Melnikov func-
tion is the Francoise algorithm [17] and its generalization [19,21]. However, in
this paper we use the Faa di Bruno’» “rmula [32,42] to compute the higher order
Melnikov function as we will see la‘s:. Clearly, the number of zeros of Melnikov
functions is t=*-lly determined by the considered system and it is independent
of the metho 's we use to compute Melnikov functions. Thus, no matter which
method we use, we sh-~=11ld get the same result on the number of zeros of Melnikov
functions. However w to choose these two methods for specific perturbation
problems and identify their possible link is still unknown.

Motivated by these works and as an application to Theorem 1, the second goal of this
paper is to bring the weak Hilbert’s 16th problem to piecewise polynomial perturbations of
the following n-dimensional PWS system,

o) (229,—1,0,---,0)" if x>0,
| (22, 1,0,---,0)T if 21 <0,
where x = (21, 2, x3, - - -, mn)T € R”™ for n > 2. In the whole paper n = 2 means that system

(9) is a planar one with the variables x; and .

System (9) with n = 2 originally comes from the work [7], and it was obtained as a normal
form of the planar PWS system with a non-smooth center of the fold-fold type, that is, the
center is a fold-fold singularity, see [7,49]. Here a point in the switching boundary is said to
be a non-smooth center if all orbits in a small deleted neighborhood of it are crossing periodic
orbits, and a fold-fold singularity is a point where both smooth vector fields are quadratically
tangent to the switching boundary, see [24,33] for a detailed definition. For n > 2, we note

that (x1,22) € R? for any fixed (z3, - -, 2,) = (c3,- -, ¢p) € R"72 is an invariant plane of
system (9), and the dynamics on this invariant plane coincides with the one of system (9)
with n = 2. This means that (0,0, cs3,- - -, ¢,) is a non-smooth center of system (9) restricted

to the plane (z1, z2).
In particular we have the next proposition.

Proposition 2. For each h = (hg, h3,- - -, hy,) € RT x R"=2 the orbit of system (9) starting
at (0,h)7 is a crossing periodic orbit, which intersects the switching boundary x; = 0 in a
transversal way and only twice.

Proposition 2 implies that system (9) satisfies hypothesis (H), and thus we can apply the
Melnikov functions developed in subsection 1.1 to study the limit cycle bifurcation for the
piecewise polynomial perturbations of system (9),

+ + T
(222, 1,0, +Z (pzl ) Py, 2( )7pi,3(x)7"'7pi,n(x)) if z; >0,
(10) %= lool
T % — — T :
(2%2, 1,0, JrZE (pzl ) Dy, 2( )api,?)(x)a"'vpi,n(x)) if z <0,
=1
where pfj :R™” - R for j =1,2,3, -, n are polynomials of degree m > 1.

Theorem 3. For |¢| > 0 sufficiently small the maximum number of crossing limit cycles of
system (10) bifurcating from the unperturbed crossing periodic orbits is at most m"~1 (resp.
E"=Y(2m + 1)""1) by using the Melnikov method of order one (resp. k > 2). Moreover, this
upper bound can be reached for order one.
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We must mention that the non-polynomial perturbations of system (9) with n = 2 and
n = 3 also was studied in [7] and [11] respectively. In those papers it was showed that
any finitely or infinitely many crossing limit cycles can bifurcate by some non-polynomial
piecewise C*°-perturbations.

On the other hand, since system (9) with n = 2 is a piecewise Hamiltonian system with
Hamiltonian functions HS‘ (w1,22) = —x1—23 and H (z1,9) = x1—3, we are also interested
in the following piecewise polynomial Hamiltonian perturbations of system (9) with n = 2,

( 2x4 )+€< _HizQ(xlvaSQ) >—|—82< —H;:$2(1‘1,l'2) ) if 1 >0,

-1 HY, (21, 22) Hy, (x1,22)

(11) < il ) B Hy Hy
? ( 2 )+6< - sz(l'l,{l?g) )+€2< _H 2’w2(m1’x2) > if 21 <0,

1 Hl_,zl(thQ) 2_,11(1‘17I2)

where Hli,HQi : R? — R are polynomials of degree m + 1 > 2, the subscripts =1 and xs
denote derivative. So we have the next theorem.

Theorem 4. For |g| > 0 sufficiently small the mazimum number of crossing limit cycles of
system (11) bifurcating from the unperturbed crossing periodic orbits is at most [m/2] (resp.
m —1) by using the first (resp. second ) order Melnikov method, where [-| denotes the integer
part function. Moreover, these upper bounds can be reached.

It is worth mentioning that Yang, Han and Huang in [53] studied the Hopf bifurcation
of planar piecewise polynomial Hamiltonian systems with two zones separated by a straight
line. From Theorem 1.2 and Remark 1.1 of that paper, it follows that m — 1 small amplitude
crossing limit cycles can bifurcate from the fold-fold singularity O of the unperturbed system
of (11). However, we deal with crossing limit cycles bifurcating from the unperturbed crossing
periodic orbits, and then our result allows that the bifurcated crossing limit cycles are of large
amplitude by resorting to the Melnikov method developed in this paper.

The paper is organized as follows. In Section 2 we provide the proof of Theorem 1 after
introducing a displacement function. Section 3 contains the proofs of Proposition 2 and
Theorem 3. Section 4 is devoted to proving Theorem 4.

2. PROOF OF THEOREM 1

We start to prove Theorem 1. For each h,, € Q we construct a displacement function around
the crossing periodic orbit Ty, as follows. Let x*(,0, h;¢) be the solution of subsystem (2)
with the initial value x*(0,0,h;e) = (0,h)T € ¥. By hypothesis (H) and the analytic
dependency on initial values and parameters, there exists a neighborhood 2, C € of h, and
a constant g9 > 0 such that x*(¢,0, h;¢) satisfying e € (—ep,&0) and h € €, evolves in X+
respectively until it transversally reaches ¥ after a travelling time t* (h;e), i.e.

(12) mx* (t*(h;¢),0,h;e) = 0.

Note that x*(,0,h;0) = x7 (¢,0,h) and t*(h;0) = tZ (h) in the settings and notations given
below (H). Therefore we can define a displacement function D(h;e) : Q. x (—ep,&0) = 2 as

(13) D(h;e) = mrxT(tT(h;€),0,h;e) — 7tx~ (¢ (h;€),0,h; ).

Moreover we have the following lemma.
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Lemma 5. The displacement function D(h;e) : Q. X (—eg,e0) = X defined in (13) can be
written in power series of € as

o0

k=1

where My (h) for k=1,2,--- are defined in (5).

Lemma 5 will be proved later on. The fact that My(h) for £k = 1,2, - - are analytic is
obtained directly from their definitions (5). Clearly D(h.;e) = 0 for some h. € Q, if and
only if the solution of system (2) starting at (0,h.)" is a crossing periodic orbit. Thus we
consider the system of equations D(h;e) = 0 in order to study the persistence of the crossing
periodic orbit I'y,,. In the assumption that My(h) =0 for k =1,2,-- - kg — 1, the system of
equations D(h;e) = 0 is equivalent to

D(h;e) =0

where

D(h;e) = M’% ) 4 > Mk ) =k,

k=ko+1

If My, (h,) # 0, then D(h;e) # 0 for ||h — A, | and |¢| sufficiently small. This means that
there exist no crossing periodic orbits in a small neighborhood of T'y,, for |¢| sufficiently small,
i.e. statement (i) holds.

If My, (h,) = 0, then D(h,;0) = 0. Moreover, since we are assuming that the Jacobian
matrix of My, (h) at h = h, has no zero eigenvalues, a direct application of the Implicit
Function Theorem yields that there exists a unique function h = h(e), defined in a small
neighborhood of 0 € R, such that h(0) = h, and D(h(e); &) = 0. Hence, we obtain a unique
crossing periodic orbit in a small neighborhood of T'y,, for || sufficiently small, i.e. statement
(ii) holds.

If My, (h) has ¢ simple zeros on €2, denoted by h;, i = 1,2, - - ¢, then for each h; there
exists g; > 0 such that for |¢] < ¢; there is a unique crossing periodic orbit in a small
neighborhood of T'y,, by statement (ii). Choosing &g := min{eq, €2, - -, 64}, We get ¢ crossing
periodic orbits bifurcating from the periodic submanifold A for |e| < €p, i.e. statement (iii)
holds.

Since My, (h) for k = ko, ko + 1, - - - are analytic and D(h;0) = My, (h)/ko!, we verify that
the function D(h;e) satisfies all the conditions of [26, Theorem 3.1] if My, (h) has at most ¢
zeros on (), taking into multiplicities account. Thus by [26, Theorem 3.1] we get statement
(iv) and then complete the proof of Theorem 1. O

Now we shall prove Lemma, 5.

Proof of Lemma 5. First we prove the following claim.
Claim: We can write the solution x*(t,0,h;e) around ¢ = 0 as

> xi(t,(),h)
(14) xE(t,0,h;e) = xT(,0,h) + Z kTek,

k=1
where x3 (t,0,h) is the solution of subsystem (2)+ with ¢ = 0 starting at (0,h)", and
xf (t,0,h) for k=1,2,--- are defined in (7).
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We prove this claim following the idea of the proof of Lemma 1 in [42, Appendix A] where
a non-autonomous version was obtained. By the analytic dependency on parameters we can
write the solution x*(¢,0,h;¢) in the form of (14). Thus next all we need to do is to derive
the expression of xf(t, 0,h) for k=1,2,---.

Clearly x*(¢,0, h; ¢) satisfies
oo t
(15) xE(,0,h3¢) = (0,0) T+ Ei/ £ (x*(s,0,h;e))ds.
i=0 V0

Taking the k-th derivative of (15) with respect to € for k = 1,2, - -, we get

OFx*(t,0,h;¢)
Ock

k[t OE  (xE(s,0,h;¢))
(16)  x;(t,0,h) = */ = 0

el

e=0 e=0

Then applying the Fad di Bruno’s formula (see [32,42] or the Appendix) to compute the I-th
derivative of £ ,(x*(s,0,h;¢)) with respect to e for [ = 1,2, -, we get

8lf,il(xi(s, 0,h;¢))

Oe!
e=0
P O (x* (5,0, h;)) O (afxi<s,o,h;e> )
(17) by 1205 - 1l oxL 5 9e) .
Il OrEE | (xE(s,0,h))
:ES: brlb1210s - byl Ox’ QX (5,0, )"
l

where S; and L are defined below (8). Thus substituting (17) into (16) we have

t -+ +
XE(£,0,h) :/ (Wﬁ(s,o,h)+f1i(x§(s,o,h))) ds,
0

and

xE(t,0,h) = k! /t (f;(xg(&o,h))

M (x5 (s,0,h))

k
1
+IZ;b1!b2!2lbz-.-b[!ubz OxE @X (5,0, )" )ds
=1 S

t T E
:/ <3f0(x0(5707h))xki(3,0,h)+l<:!f,;'[(><§(8,07h))
0

ox
OLEE | (xE(s,0,h))

k—1
1
Tk ;Szbllbzlzlbz I OxE @X 5,0, h)°
- 1

1 OrEE (xT(5,0,h))
k! 0 0,h)% |d
+ skz\; bylbg12152 - - by lelbn IxL QX $) ) s
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for k = 2,3, -+, where 0 = {(0,0,---,0,1)}, also see below (8). This means that xli(t,(),h)
and xf(t, 0,h) for k = 2,3, - - obey the differential equations

+ + /.t
aXl (ta 07 h) _ 8f0 (XO (tv Oa h)) lel: (t7 07 h) + flﬂ: (X(:Jt (t, 0, h)), and

ot N 0x
+ 4o+
Ox3; (;;O,h) _ 0f5 (xo(9 g:’O’h))x,j;(ﬂOah) + k! (f,;t(xa—L(ao,h))

OLEE (xE(t,0,h)) [

+ZZ b1'b2'2vbz NI OxT @ (t,0,h)°

=1 S j=1

1 OLEE (xE(t,0,h)) A
+Sz\: bylby1210 - - b leIbs oxL @ (1,0, )’
k\O

satisfying the initial value xli(0,0,h) = 0 and xf((),(),h) = 0 respectively. Solving these
linear differential equations we obtain (7) and thus this claim holds.

From (14) it follows that

X ottt (h-
% oy N\~ X (5 (hse),0,h)
(18) x*(t*(h;e),0,h;¢e) —kE:O x e®.

Taking the k-th derivative of (18) with respect to € for k = 1,2, - -, we get

EC1 9 (F (o), 0,h)

akxi(ti(h' €),0,h;¢) Z
i ) ) '
& Nk —=1)! Oet

Ock

(19)

Again, applying the Faa di Bruno’s formula to compute the I-th derivative of xif_,(t*(h;¢),0, h)
with respect to € for [ =1,2,-- -, we get

"% ,(t*(h;e),0,h)

O¢!
e=0
20 7 Z ! OtxiE ,(t*(h;e),0,h) é) (Gjti(h; e) )bj
( ) - S, b1!b2!2!b2 v bl!“bl otL Pt OeJ c—0
oFx;_,(t5 (h)

B Il : aati h; 0)
- ; b1!b2!2!b2 s bl!l!bl otL @
1

Jj=1
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Thus substituting (20) into (19) we can write x* (¢t (h;¢),0,h;¢) in the power series of ¢ as

x=(t%(h;¢),0, h;e)

= xZ(t¥(h Oh+Zk'< h),0,h)

: aLXk z(

l
OTtE( h; 0) A
+ k'Z —l I Z bllbleIbz T 3tL @ ( > )6

B OxT (t(h),0, h) 8ti(h,_0)
o) _xoi(toi(h),o,h)Jr<xf(t0i(h),o,h)+ g Oat e )
=1 OxZE (tF(h), 0, h) 8%¢*(h;0
Zk< 1,0, + 256 (5 (0.1 &gk )
k

- Lxt (tF(h i aﬂti h; 0)
Z _[ ! Z bllbzlglbz AL 8tL @ ( >

—

<.

1 ALxT(tE(h),0,h) DItE( b; 0) .
A 0 \"0 ’ k.
* Skz\:g biba12152 - - bttt oL @ ( ) ¢

Since t* (h; ) satisfies equation (12), it follows from (21) that

dxE (t£(h),0,h) 9= (h;0)
(i . 0.m) - 2200 20 <o,
and
dxE (tE(h),0,h) d%t*(h;0)
+ /.t 0 \b0 » Yy )
7T<Xk (ty (h),0,h) + 5 5ok
k—1 L l
1 1 olxE (tE(h OItE( h; 0)
[
TR T 2 byl hi 8tL ®< )
=1 S j=1
1 lxE(tE(h),0,h) DIt h,O -
ke Z by!bo!21b2 . .. by 110k 8tL @ < ) -
Sk\o J:1
from which we easily obtain
——2 =tf(h ———~ =t-(h k>2
85 ( ) 8€k k( )7 = 4

because dx3 (t (h),0,h) /0t = £5(xg (t7 (h),0,h)), where i (h) and i (h) are defined recur-
rently in (8). Then from (6) and the first equality of (21) we have

xE(t*(h;¢),0,h;¢) = xT(t£ (h),0,h) +Z

This, together with (5) and (13), means that the displacement function D(h;€) can be written
as

D(h;e) = Wlxg( i(h), 0,h) — ﬂlxo_(tg(h), 0,h) + i MZ'(h) ek = i MZ'(h) e
k=1 ’ k=1 ’
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where the second equality is due that each orbit of system (2) with e = 0 starting at (0,h) €
Q. C Qis a crossing periodic orbit. This ends the proof of Lemma 5. |

3. PROOFS OF PROPOSITION 2 AND THEOREM 3

The purpose of this section is to prove Proposition 2 and Theorem 3. We start with the
proof of Proposition 2.

Proof of Proposition 2. Let x(t,z) = (:E(fl(t,z),xaz(t,z)’~~-,:I:0i7n(t7z))-'— be the solution
of subsystem (9)+ with the initial value z = (21, 22, - -, 2,) | € R™. Then

v (t2) = T+ 20t + 21, aigy(t,z) = Ft + 2,
itz)t,j(tvz) =2z, Jj=3, -0

Hence for h = (hg,hs3,- - -, h,) € RT x R"2 the forward orbit of subsystem (9), start-
ing at (0,h)" evolves in the half plane z; > 0 for 0 < t < 2hy and maps (0,h)" to
the point (0, —hg,hs,- - -, h,) . Furthermore the forward orbit of subsystem (9)_ start-
ing at (0, —hg, hs,- - -,hn)T evolves in the half plane z; < 0 for 0 < t < 2hy and maps
(0, —ha, hg,- - -,h,) " to the point (0,h)T. In conclusion, for each h € Rt x R"~2 the or-
bit of system (9) with the initial value (0,h)T is a crossing periodic orbit which crosses the
switching line z; = 0 only twice. Moreover, since &1 = 2x9 # 0 for x2 # 0, all the crossing
periodic orbits of system (9) intersect 1 = 0 in a transversal way. This concludes the proof
of Proposition 2. |

From Proposition 2 we know that system (10) satisfies hypothesis (H). Hence the Melnikov
function of order k associated to system (10) are just the one My (h) defined in (5) by taking
Q=R* xR" 2 and

£F(x) = (229, F1,0,---,0) ",
fzi(x) = (pii,l(x))qu2(x)7 t '7pii,n(x))Ta 1= 1727 .

Moreover, from the proof of Proposition 2 we see that for h = (hg, hs,- -+, h,) € RT x R"=2,

(22)

(23) xZ(t,0,h) = (Ft> + 2hot, Tt + ho, hs, - - hy) |, tE(h) = +2h,,
and
1 2t 0 1 =2t 0
AXt,00n)=( 0 1 0 |, Aftomnt=(o0 1 o0 |,
0 0 I 0 0 I

where A% (t,0,h) is introduced below (8) and I is an (n — 2) x (n — 2) identity matrix.
Consequently, restricted to system (10), we can simplify My (h) defined in (5) to
_ _ _ T
(24)  Mi(h) = (M5 (h) = My, (h), M 5(h) — My (b)), - - MY () — M (b))
forh € R* xR" 2 and k= 1,2,-- -, where
M. ;(h) =z} (+2hy,0,h)
(25) o 1 oFwt | (+2hy,0,h) !
k »J t:t h by
TR ] ; biby12102 - - by lIlh oL Q w(h)
1 r=

=1
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forj=2,3,---.n, xk (t,0,h) is the j-th component of i (¢,0,h) : Rx {0} x RT x R*~2 — R"
and they are deﬁned recurrently as

t t
(1.0, h) :/ pE L (xE (5,0, h)) — ZSpr(XOi(s,O,h))ds—&—Qt/ pE(xE (5,0, h))ds,
0 0

t
xfj(t’o’h) = /0 pit,j(xg:(svovh))dsv Jj=2,

(26) t t
2, (£,0,h) = k!/o 9ic1(s,0,h) — QSgiz(s,O,h)ds—i—Qk!t/o Gic2(s,0,h)ds, &k >2,
ay;(t,0,h) = k!/otg,jfj(s,o,h)ds, E>2,5>2,
with
gir;(5,0,h) = pj; (x5 (5,0, h))
(27) apkUXOSOh

k—1
1
*lZ; bylb 1210 - by xt GX 50"
=1 S

for j =1,2--,n, and tf(h) :RT x R"2 = R are defined recurrently as

a1 (£2h2,0, h)

t£(h) =
1( ) 2h/2 )
1
tE(h) = T <x§1(12h2,07h)
2
(28) k—1 1
1 1 olait l1i2h2,0h
k!
* ; (k—1)! ; bilby!2102 - .. by 1110 @
= 1 r=1
1 8x01:t2h2,0h K
Sk \o

In the computation of xtj(t, 0,h) for k > 2,5 > 2 we used the facts that L = by +by+---+bj, >
2 for (by,ba, -+, bg) € Sk \ o, and

O f55(x)
8xi1 ce 6$iL

since the vector fields f3(x) associated to system (10) are linear, see (22).

0 for L > 2 and any i1, - -,ip,

To study the number of zeros of the k-th order Melnikov function My (h) in (24), we need
the following two technical lemmas.

Lemma 6. Consider all the functions given in (26). Then xil(t,O,h) (resp. xf’j(t,O,h),
j=2,3,---n) fork =12, are polynomials of degree 2km + 2 (resp. 2km + 1) in the
variables t and h.

Proof. We prove this lemma by the induction method. Since pf j (x) for j = 1,2,---,n are
polynomials of degree m, pf ; (xgt(t, 0,h)) are polynomials of degree 2m in the variables ¢ and
h by (23). Then xfl(t7 0,h) are polynomials of degree 2m + 2 and xfj(t, 0,h) forj=2,--,n
are polynomials of degree 2m + 1 in the variables ¢ and h, i.e. Lemma 6 holds for k = 1.
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It remains to prove this lemma for k = kg > 2, provided that it holds for k = 2,3, ..., kg — 1.
In fact, from (23) again p,jfo j(xg(t, 0,h)) are polynomials of degree 2m in the variables ¢ and
h. In addition, by the meaning of the symbol (9 given in (4),

6ka0 l](XO (t,0,h))
oxL

@x (£,0,h)’r  for 1<ko—1

are polynomials of degree 2(m — L) + Zizl(Qrm + 2)b, = 2lm + 2m in the variables ¢t and
h, as we are assuming that this lemma holds for £ = 1,2,3, - -, kg — 1. This means that
gkioﬁj(t, 0,h) in (27) are polynomials of degree 2(kg — 1)m + 2m = 2kgm in the variables t and
h. Therefore Lemma 6 for k = ky > 2 follows directly from the definitions of ;v,fo’l(t, 0,h)

and x,fmj(t, 0,h) for j =2,---,n given in (26). This ends the proof of Lemma 6. O
Lemma 7. Consider the functions tf(h) fork=1,2,--- giwen in (28). Then we can write
them into the form
+
+ 7, (h)
% (h) = ;Zk_l
2

with i (h) polynomials of degree k(2m +1).

Proof. We prove this lemma by the induction method. From Lemma 6 we know that
xfl(t, 0,h) are polynomials of degree 2m + 2 in the variables ¢ and h, so that xfl(ith, 0,h)
are polynomials of degree 2m + 2 in the variables h. Moreover, it follows from (26) that
xf1(070, h) = 0, which implies that l'it)l(:t2h2, 0,h) has a factor hy. Using the definition of
t£(h) we get t(h) = xfl(i%g, 0,h)/(2hs) is of degree 2m + 1. This provides Lemma 7 for
k =1 by taking 7 (h) = 3 (h).

Assuming that Lemma 7 holds for k = 2,3, -+, kg—1, we only need to prove it for k = kg > 2
in order to complete the proof of Lemma 7. In this case recalling (28) we obtain

(29) fiy (0) = g (7, (202, 0.1) + Kol () + holog (h) ).
where
ko—1 L l b
. 1 oLt j:2h2 0,h) -
N ko— 11 )
ui (h) = ’
ko (h) ; (ko — 1! zsl: b11b512102 - - - by lilbe @1 < gt )
1 O ag, (£2h,0,h) K /7% (h)\ "
vh ) = Y ; ; 7 ol
b1lbgl21b2 . .. ka!kO! ko ot —1 hi

Sko\a

By Lemma 6 0z} _, | (£2hs,0,h)/0t" are polynomials of degree 2(ko — [)m + 2 — L.
Moreover we are assuming that Tji (h) are polynomials of degree j(2m + 1) for j = 1,2, -
- ko — 1. Thus, using by + 2by +-- -+ by =1 and by + by + - - - + b; = L, we obtain that

lLakaO“ith,Oh ! (h)\"” ol l1i2h2,0h
e O(LY) - O

r=1
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are polynomials of degree 2kom + 2 + 1 — L. So, together with the definition of ukio (h), we
can write ufo(h) into the form

i, ()
ko2

(30) uf (h) =

with ,u,fo (h) polynomials of degree ko(2m + 1).

On the other hand, we find L = by + by + - - +bk0 1+ bk, > 2 for (by,ba, -+ bg,) € Sky \ 0
i.e. by, = 0. Moreover from (23) we have 8Lac0 1(£2ha,0,h)/0tl = $2 (resp. 0) if L =2
(resp. > 2). Thus, using again by + 2bs + - - - + kobg, = ko and by + by + - - - + by, = L, we get
that

0L (£2hs,0,h) rEm)\" oty j:2h2 0,h)
ko—L 0,1 ) 5 _ 0.1 )
hy” oL 9<hr 1) = @T
are polynomials of degree ko(2m + 1) if L = 2, while if L > 2 they are 1dentlcally zero. So,
together with the definition of v,fo (h), we can write v,jfo (h) into the form

i (h)

1%
(31) b () = T
2

with l/]::f)(h) polynomials of degree ko(2m + 1).

Joining (29), (30), (31) and the fact that J;kiml(:l:th, 0, h) are polynomials of degree 2kqm+
2, which is obtained in Lemma 6, we finally get Lemma 7 for k = ky > 2, provided that it
holds for k =1,2,- -+ kg — 1. That is, the proof of Lemma 7 is finished. |

With Lemmas 6 and 7 we can obtain an upper bound for the maximum number of isolated
zeros of the k-th order Melnikov function My (h) defined in (24) associated to system (10) as
it is stated in the following proposition.

Proposition 8. The k-th order Melnikov function My (h) defined in (24) associated to system
(10) has at most k™~1(2m + 1)"~1 isolated zeros in Rt x R"~2.

Proof. Considering the second summand in (25), we can write it as M,fj(h) JhE= for k =
1,2---and j =2,---,n with Mkij(h) polynomials of degree k(2m + 1), because

@ @T

are polynomials of degree 2(k — l)m + 1 — L+ Y.\_ #(2m + 1)b, = 2km + 141 — L by
Lemmas 6, 7 and the facts that by +2by+---+1by =l and by + by +---+ b, = L. Let

MiE () = R~ aif (£2hs,0,h) + ME (h)

 OFaE U(ith,o h)

i, (i2h2,0 h)
h2

for j =2,3,---,n. Then Mkij(h) are polynomials of degree k(2m + 1), since xij (£2h2,0,h)

for j = 2,3,---,n are polynomials of degree 2km + 1 by Lemma 6. Moreover, it follows from
(25) that
M (h)
(32) M ;(h) = Tj_l
2

fork=1,2--and j=2,---,n
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Finally combining (24) and (32) we obtain
1

(33) My, (h) = F%(hx

where
Mi(h) = (M5 (00) — M o (0), Mg () — My (), M, ()~ M, ()

is a map consisting of n — 1 polynomials of degree k(2m + 1). Obviously My (h) and M (h)
have the same zeros in R x R"72. In conclusion, My(h) has at most k"~*(2m + 1)"~!

isolated zeros in Rt x R"~2 by the Bézout Theorem [4], because each component of My (h)
is a polynomial of degree k(2m + 1). That is Proposition 8 follows. O

For the maximum number of isolated zeros of M;(h) we have a more precise result.

Proposition 9. The first order Melnikov function M1 (h) defined in (24) associated to system
(10) has at most m™~1 isolated zeros in R x R"~2. Moreover, there exists a system of the
form (10) such that My (h) has ezactly m"~! simple zeros in Rt x R"~2,

Proof. Consider functions zi (t,0,h) for j =1,---,n and h = (hy, hs,- - -, h,) € RT x R"~2

1,5
given in (26), and take
+ + i1 .02 in
P (%) = Z Wiy T TS T
i1int-+in=0
‘We have
a1 (£2hy,0,h)
+2h; m . . . .
:/ Z aiiQ...iml(:FSQ + 2h28)" (Fs + ho)2hsE - hin
0 i ig e in=0
—2s Z a7y o(F5% + 2ho8) (Fs + ha) 2% - - hi{”’) ds
i1+t +in=0
(34) +2h; m ‘ o .
+ 4h2/ Z az:'Ei2~~~in,2(:Fs2+2h23)“ (Fs+hy)2hi - - hinlds
0 i14igH-tin=0
m
— Z (aim---in,l + QhQaiiT__imQ)Ifhiz (ho)his - h:'ln
i1+t +in=0
+ + i in
+2 Z ailig-uin,QIil,i2+1(h2)h33 ey
i1+i2+- - +i, =0
and
a7 ;(£2hs,0,h)
+2h, m . . . .
:/ Yo e, (F5  2hos) (Fs + ho) Ry - iy | ds
(35) 0 i1 igboin=0

m

_ + + i3 in
= Do e, gl (h2)hE by
i1 +i2++1i, =0
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for j =2,- .-, n, where

+2ho
I (he) = /0 (F8% + 2hos)k (Fs + ho)'ds,  k,1>0.

We compute

+ 2he & k! = -
I (he) :/0 Zm( P(2hss) PZ (F5)hy ds
p=0 q= —0 4
(36) /ﬂ’“’ Lok . l ! l
= — (F1)PsPPok PR TP ghp ————(F1)%s%h, Yds
0 j;)p!(kﬂo)!( ) ? qgoq!(l*Q)!< St

o 2k+i+1
= wy ho )

and
l (£1 k+1( 1)p+q22k+q+1km

ZZ k+p+q+1) (k—p)lg!(l — q)V

p=0¢=0

That is, Iki’l(hg) is a monomial of degree 2k + 1 + 1.
On the other hand, we prove
(37) If:l(hg) =0 (resp. Z 0) for I > 0 odd (resp. even).

In fact, due to —s? + 2has > 0 for 0 < s < 2hy and 2 + 2has < 0 for —2hy < s < 0, we have

+2ho
(38) Io(he) = / (Fs> + 2hgs)kds # 0.
0

Moreover,

1 +2hso
(39) I,fl(hQ) = ] / d(Fs? 4 2hys)k T = 0.

2(k+1) Jo
For [ > 2, using the integration by parts method we get

1 +2ho
I, (hs) = | / (5 + ho) = Ld(F 5 + 2hos)t !

2(k +1) Jo
1—1

+2ho
40 — 4 2 4 op, s)k+1 -2
(40) 2(k+1)/0 (Fs® + 2has)* T (Fs + ha)' 2ds

l_
(k ¥ 1) Ili—ll 2(h2)'

Hence (37) follows from (38), (39) and (40). This, together with (36), means that w,ﬁl =0
for 1 >0 odd and wj, # 0 for I > 0 even.

From (23), (25) and (28) it follows that

=t —"

7 (£2hy,0, h)
2ho ’
+ _ .+ C_
My ;(h) = z7;(£2h2, 0, h), ji=3,--n

M7y (h) = 27, (£2hy,0,h) F and

(41)
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Therefore, joining (34), (35), (36) and (41), we get
M{ 5 (h) — My 5(h)

m
= Z at. p2itiztlpis . pin

1189 Tn, 2 21 [
i1+i2+-+in=0

NE

arl .
Q1927 Uy + 241412 7,13 in
2 + h2a2112 i ,2 11 ’Lzh h e hn
i1t+iz2+- i, =0

NE

+ + 21 4int1y 3 i
A iy, 2Wis i1 P2 hg’ - hyy
t1+ig+-+in, =0

— 2i1+i2+17 43 in
h2 his - bl

a .
irig-in,2Wi1 0o

NE

(42) iy izt din=0

a; . . )
41927 +0n, 1 — 2i1+io 1 13 4
(2 - hzailh“'%l) Wiy i, 2 hg' - by
i1 izt tin =0

NE

— 2i1+i2+17.14 in
+ hl 2 h3"'hn

a.
11827+ 0n,2 11712—&-1

NE

i1t+i2+-+i, =0

I
NE

+ + - -
Bitin-in 1%iryis | Yirin-in,1%1,00 | 201 4i0 g 43 in
5 + : p2itizpls . g

i1z in =0

NE

— — o+ + 2i1+ia+1pis | pd
+ (ailigwin,Qwil,ig—f—l ailig-~in,2wi1,i2+1>h2 hs hy

i14ia+-+in=0
and
M ;(h) = M ;(h)

43 m ‘
( ) = h2 Z (aJr . w+ L — Q. . i 7Jw11722)h211+12h13 . h;{l

21227 tn,] 11,02 G192
i1tiz++in=0

forj=3,---,n

Since w,ﬁl =0 for [ > 0 odd and wki’l £ 0 for I > 0 even as proved below (40), all the
terms of M7 ,(h) — My ,(h) and (ij(h) — M ;(h))/hy for j = 3,-- -, n that contain an
odd power of hy disappear. Hence if we regard h3 as a new variable, then ./\/lf2 (h) = M 4(h)
and (ij(h) — M ;(h))/hy for j = 3, -, n are polynomials of degree m in the variables
h3,h3, -+, hy, so that

]
(44) (Mf,zan = M), 1 (M5 (B) = My () o (M ) — Ml,n<h>>)

has at most m™ ! isolated zeros in RT x R"~2 by the Bézout Theorem. By the definition in
(24), My (h) and (44) have the same zeros in RT x R"~2, so that M;(h) also has at most
m"~ ! isolated zeros in Rt x R"~2,
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Regarding the reachability of this number, we choose pr(x) =pa(x)=-=p,(x)=0
and
m ) m )
= Z“lellv pfj(x) = Zaijx}
i=0 i=0
for j =3,---,n. Then from (42) and (43) it follows that
- ’L 1 1, O i 1 i
Mirz( ) — M12 Z h2 E(ML( ) — Mu Za,]wo ol
=0
for j = 3,---,n, which are complete polynomials in the variables h3 and h; respectively.
Consequently We can obtain m™~! simple zeros of M;(h) in RT x R"~2 by a suitable choice
for parameters a 1 and a+ This ends the proof of Proposition 9. ]

Having these preliminaries we now prove Theorem 3 as follows.

Proof of Theorem 3. By statement (iv) of Theorem 1, the upper bounds for order one and
order k > 2 obtained in Theorem 3 are direct conclusions of Propositions 9 and 8 respectively.
Regarding the realizability of the upper bound for order one, we can resort to Proposition 9
and statement (iii) of Theorem 1. O

We indicate that the averaging method is not a good choice for studying the limit cycles
of system (10). In fact, considering system (10) with n = 2 as an example, by the usual
change to polar coordinates x1 = rcosf,ry = rsinf we can transform it into the following
non-autonomous piecewise form

ir {FJ(r,eHFr(r,e)ew(s?) it 0 (0,m),

49 " By (r,0) + FZ(r,0)e + O(e2)  if 6 ¢ (m,2m),
where
i -2t
FE(r.60) = rpli)l (rcosB,rsinf) + 272 sin lei,2 (rcosf,rsind)

(cos O 4 21 sin” )2

Note that F; (r,0) and F;"(r,) are discontinuous in (r,0) € RT x (0,7), and F; (r,6) and
F (r,0) are discontinuous in (r,0) € R™ x (m,2r). Thus, according to [40], the averaging
method cannot be applied to the above non-autonomous piecewise system. On the other
hand, our results show that Melnikov functions associated to system (10) are polynomials
divided by a monomial, see (33), for which an upper bound for the maximum number of
zeros can be obtained by the Bézout Theorem. Therefore, by contrast, the Melnikov method
developed in this paper is more successful than the averaging method for system (10).

4. PROOF OF THEOREM 4

In this section we will complete the proof of Theorem 4. First we observe the following
important proposition that helps us to simplify system (11).
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Proposition 10. Consider piecewise polynomial Hamiltonian systems (11) and

< 2o )+€< —H{,,(0,5) >+€2( —Hy,,(0,22) ) if 71 >0,
i -1 0 0
45) ()=

X2

2z te _Hl,zg (O’ xQ) + 62 _HZ,mg (07 1'2) if 1 < 0.
1 0 0

For |e| > 0 sufficiently small the number of crossing limit cycles of the two systems bifurcating

from the unperturbed crossing periodic orbits are the same.

Proof. Assume that system (11) has a crossing limit cycle I'. which tends to a crossing
periodic orbit I'y in the unperturbed periodic annulus as ¢ — 0. Let (0,p1(e)) and (0, p2(¢))
with p1(g) > pa2(e) be the two intersections between I'. and the switching line 1 = 0. Then
p1(e) tends to a value p > 0 and py(e) tends to —p as ¢ — 0, where the points (0,p) and
(0, —p) are the intersections between I'g and the switching line z; = 0.

We next prove that system (45) also admits a crossing limit cycle that intersects the
switching line 1 = 0 at (0, p1(¢)) and (0, p2(g)) for |e| > 0 enough small. In fact, we observe
that the Hamiltonian functions of subsystems in (11) are

HT (z1,79) = —x1 — x5 + eH; (21, 22) + 2 H (21, 72),
H™(21,20) = o1 — 23 + eHy (21, 20) + €2 Hy (21, 22),
respectively. Thus (0, p1(g)) and (0, pa(g)) obey the system of equations
H*(0,p1(e)) = H*(0,p2(c)),  H(0,p1(e)) = H™(0,p2(e)),
or equivalently, the system
—pu(e)?+eH (0, p1(e)) +e*Hy (0, p1(€)) = —p2(e)*+eHi (0, p2(e)) +e* Hy (0, p2(e)).
—pi(e)?+eH1 (0,p1(e)) +e”Hy (0,p1(2)) = —p2(e)’ +eHy (0, p2(e))+e?Hy (0,p2(e)).-

(46)

On the other hand, the Hamiltonian functions of subsystems in (45) are given by
HF (21, 29) = —21 — 23 + eHy (0, 22) + €2Hy (0, z3),
}NI’(xl,xQ) =z — a2+ cHy (0,22) + 2Hy (0, 22),
respectively. Using (46) we obviously get

HH0,p1(e)) = HY(0,p2(2)),  H (0,p1(e)) = H(0,p2(e)).

This means that the points (0, p;(g)) and (0, p2(¢)) lie in the same orbit for both subsystems
of (45) and for |e| > 0 enough small. Moreover, due to p;1(¢) — p and pa(e) = —p as € — 0,
(0,p1(e)) and (0,p2(e)) are crossing points of system (45). Therefore for |¢| > 0 enough small
system (45) admits a crossing periodic orbit that passes through (0, p;(g)) and (0, p2(e)) and
that tends to I'g as € — 0. In particular this crossing periodic orbit is a crossing limit cycle.
Otherwise, by reversing the above analysis process, we can obtain that I'; is no longer a
crossing limit cycle, which contradicts the assumption at the beginning of this proof.

On the contrary, if we assume that system (45) has a crossing limit cycle that tends to a
crossing periodic orbit I'g in the unperturbed periodic annulus as € — 0, we can similarly prove
that system (11) also has a crossing limit cycle that tends to I'g as € — 0. So Proposition 10
is proved. O
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Proposition 10 tells that we can equivalently consider the piecewise polynomial Hamil-
tonian system (45) to study the number of crossing limit cycles of the piecewise polynomial
Hamiltonian system (11) bifurcating from the unperturbed crossing periodic orbits. Thus
the rest of this section is devoted to computing the first two Melnikov functions associated
to system (45) by using the formula (24) with (25)—(28), and then obtaining the number of
zeros of the two Melnikov functions. With these results we will prove Theorem 4. In what
follows we always take

m+1 ) m—+1
(47) HE(0,25) = Z atal, HE(0,25) = Z bz,
i=0 i=0

Proposition 11. The first order Melnikov function associated to system (45) with (47) is

[m/2]
(48) M (h) = Z (a2+j+1 - a;j+1)h2j

Jj=0

for h € RT, and thus it has at most [m/2] isolated zeros in RY, where [-] denotes the integer
part function. Moreover, there exists a choice of parameters azj[jJrl such that it has ezxactly
[m/2] simple zeros in RY.

Proof. Since system (45) is a particular case of system (10) with n = 2 in which all terms
vanish except for

(49) pil:,l(xlvx?) - 7Hfﬂ?2 (O’CE?)a in,l(x1’$2) = 7H§|,:Z2 (0’$2)’

the first order Melnikov function associated to system (45) can be computed from (24) for
h = he € R* with (25)-(28). In fact, from (23), (26) and (49) we compute

+2h
a3y (£20,0,h) = — Hi,,(0,Fs+ h)ds
0
m+1

+2h .
=— Z iali/ (Fs+h)"'ds
i=0 0

m—+1
=+ af ((-1)" =1’
=0
[(m/2]

_ + 7241
=F2 E a2j+1h ,
Jj=0

and fo(:N:Qh,O, h) = 0. Then
[m/2]

(50) tE(h) =T Z az; h”
=0
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from (28). Therefore, recalling (24) and (25), the first order Melnikov function associated to
system (45) is
oz, (2h,0,h 0z 5(2h,0,h

0.2( )t+(h) 0.2( )t_

h) = -
Ml( ) 8t 1 8t 1 (
= —t{ (h) =t (h)
[m/2] _
= (031 — ag; )R,
§=0
where the second equality is due to (23). Since aétj_H for j = 0,1,---,[m/2] can be chosen
arbitrarily, a straightforward application of the Descartes Theorem (see the Appendix) implies
Proposition 11. O

Proposition 12. The second order Melnikov function associated to system (45) with (47) is

[m/2] o mt1)/2] o /2 4
(51) =2 Z 2j+1 2]+1)h2] - Z 2]’(@2— - az_j)hQJ_Q Z agjﬂhzj
j=0 7=0

for h € RY, and thus it has at most m — 1 isolated zeros in RT. Moreover, there exists a
choice of parameters aétj, a;jH and b;‘EjH such that it has exactly m — 1 simple zeros in RT.

Proof. Again, since system (45) is a particular case of system (10) with n = 2 in which all
terms vanish except for the ones in (49), we can compute the second order Melnikov function
for system (45) by (24) with (25)—(28) for h = hy € R*. To do this, from (23), (26) and (27)
it follows that xfz(ho, h) = x§2(t70, h) =0,

Ox 1 (+2h,0 h) _ lany

- ,0, Hlim (0,—h) = — Z iaF(—h)t,
and
+2h
a5 (£2h,0,h) = =2 Hy, (0,Fs+ h)ds
0
m+1 +2h ]
=-2)" ibii/ (Fs+h)'"'ds
i=0 0
m+1
=42 Z bE((—1)° — )R
m/2]

=F4 Z b2]+1h2j+1,

because pfl(xl, x9) and pil(xl, x9) satisfy (49), and pfz(xl, x9) = piQ(xl, x9) = 0 for system
(45). Then, together with (23), (28) and (50),

dxi,(£2h,0, h 92zE (£2h,0, h
1 1,1( )ti(h)—l— 0,1( )tli(h)2

t£(h) = — <x§1(i2h, 0,h) +2

2h ot ! o2

[m/2] 4 m-+1 [m/2] [m/2]
~ o <$4 Z b W £ 2 Z ia; (—=h)' Z 0y 1h* $2( Z a2]+1h2]> )

=0
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Finally, according to (24) and (25), the second Melnikov function associated to system (45)
is
0%xT,(2h,0,h ozt (2h,0,h
0,2( )ti_(h 2 0,2( )t;(h)
ot? ot
62:17 2h,0,h 0xgy o(—2h,0,h
0.2(— )tl_( 2 0.2 )tz_(h
ot? ot
= —t3 (h) —t5 (h)

[m/2] m-+1 [m/2] [m/2]
(o o))
=0
i R i i N
( Z by B =2 Z ia; (=h)"™ Z YR +2< Z Aj+1h ) )7
=0

Ma(h) =

where we used that xfz (t,0,h) = in,Q (t,0,h) = 0 in the computation of the first equality,
and the second equality is due to (23).

Note that Ms(h) makes sense only if M;(h) = 0, which leads to a2+j+1 = ag;4q for
j=0,1,--,[m/2] from (48). Hence we can reduce Ms(h) obtained above to (51). It is easy
to observe that Msy(h) is a polynomial of degree 2m — 2 satisfying that all the odd terms
vanish. By the Descartes Theorem Mo (h) has at most m — 1 isolated zeros in R™.

Regarding the reachability, we take b2+j_~_1 = by, for j =0,1,---[m/2] and a,; = 0 for
j=0,1,--- [(m+1)/2]. In this case we have My(h) = —Ma1(h)Maa(h), where
[(m+1)/2] [m/2]
M21(h) = Z 2_](J,jL hzj 2 MQQ Z a2j+1h2]
j=0

If we regard h? as a new variable, then May(h) and My (h) are complete polynomials of
degrees [(m + 1)/2] — 1 and [m/2] in the variable h? respectively. Thus we can choose a;j
and a;jﬂ in such a way that My (h) has [(m + 1)/2] — 1 simple zeros in R*, and Maa(h)
has [m/2] simple zeros in RT which are different from the ones of Maq(h). This concludes
that Ma(h) has [(m +1)/2] — 1+ [m/2] = m — 1 simple zeros in RT for a suitable choice of

+ +
parameters a,; and ay; . g

Having these preliminaries we now prove Theorem 4 as follows.

Proof of Theorem 4. By statements (iii) and (iv) of Theorem 1, the upper bounds and
their realizability in Theorem 4 can be obtained directly from Propositions 10, 11 and 12. O

APPENDIX

In this appendix we recall the Fad di Bruno’s formula [32,42] on the higher order derivative
of a composite function and the Descartes Theorem [2,20].



24 X. CHEN, T. LI AND J. LLIBRE,

Fad di Bruno’s formula. Let g(x) : R — R and £(t) : R — R"™ be two functions with a
sufficient number of derivatives. Then

l

dg(£(t) I aLg(£(1)) dE(t)\”
dt! _;bl!bg!-ubl!l!bl oxL 9( dtj> ’

where Sy is the set of all l-tuples of non-negative integers (by, by, - -, by) satisfying by + 2bs +
<oty =1, and L =0by + by + -+ b.

Descartes Theorem. Let q(x) = a;, 12" + a;,x + ... + a;, 2'" be the real polynomial with
0=1i1 <iz <..<ip withr>1. Ifa;a; , <0, we say that a;; and a;,,, have a variation
of sign. If the number of variations of signs is ro € {0,1,2,...,7 — 1}, then the polynomial
q(x) has at most vy positive real roots. Furthermore, we can choose the coefficients of the
polynomial g(x) in such a way that q(x) has exactly r — 1 simple positive real zeros.
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