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EXPLICIT NON ALGEBRAIC LIMIT CYCLE
FOR A DISCONTINUOUS PIECEWISE
DIFFERENTIAL SYSTEMS SEPARATED
BY ONE STRAIGHT LINE AND
FORMED BY LINEAR CENTER AND LINEAR
SYSTEM WITHOUT EQUILIBRIA

A71ZA BERBACHE

Department of Mathematics, Faculty of Mathematics and Informatics,
University of Bordj Bou Arréridj, El Anasser, ALGERIA

ABSTRACT. In this paper, we deal with the discontinuous piecewise differential
linear systems formed by two differential systems separated by a straight line when
one of these two differential systems is a linear without equilibria and the other
is a linear center. We are going to show that the maximum number of crossing
limit cycles is one, and if exists, it is non algebraic and analytically given.

1. Introduction and statement of main result

An important problem of the qualitative theory of differential equations is
to determine the limit cycles of differential equations in the plane. We usually
only ask for the number of such limit cycles, but their location as orbits of the
system is also an interesting problem, and an even more difficult problem is to
give an explicit expression of them. In the last few years, there has been an
increasing interest in the study of piecewise differential systems, see [2H5][13]
[I4,16L[19] for instance. This interest has been mainly motivated by their wide
range of application in modelling real phenomena (e.g., control theory, biology,
chemistry, engineering, physics).
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The simplest possible piecewise linear differential systems are the ones having
only two pieces separated by a straight line in the plane R2. In 1990, Lum and
Chua conjectured in [22,[23] that such continuous piecewise linear differential
systems have at most one limit cycle. In 1998, this conjecture was proved by
Freire et al. [9]. In 2013, a new and shorter proof was done by Llibre, Ordonez
and E. Ponce [19].

Limit cycles of discontinuous piecewise linear differential systems separated by
a straight line have been studied by many authors, see for instance [TL[10,[12L14]
[I519] and the references therein. There are examples of such systems exhibiting
three limit cycles, see [415L[I3L[16,17], and at this moment we do not know if
discontinuous piecewise linear differential systems separated by a straight line
can have more than three limit cycles. The case when the two linear differential
systems which form the piecewise linear differential system have no equilibrium
points was studied in Llibre and Teixeira [20] in 2016, where it is proved that
the continuous piecewise systems have no limit cycles, but the discontinuous
piecewise system can have at most one limit cycle. Euzébio and Llibre [7] proved
that if one of the two linear differential systems has its equilibrium points on the
line of discontinuity, then the discontinuous piecewise system has at most four
limit cycles. In [18] and later on in [21], it is proved that if one of the two linear
differential systems of the discontinuous piecewise linear differential system is a
center; the maximum number of crossing limit cycles is two. However in all these
papers, explicit non-algebraic limit cycles do not appear. As that the authors
also forgot to analyse the case when one of the two linear differential systems
which forms the piecewise linear differential system has no equilibrium points.

In this paper, we are interested in the discontinuous piecewise linear differen-
tial systems separated by one straight line with two linear systems, such that one
of them is a linear center and the second one has no equilibria, neither real nor
virtual. Moreover, the main purpose of this paper is to investigate the existence,
number and the explicit expression of crossing period orbits for these systems.

We assume without loss of generality the two pieces in the plane, where the
discontinuous piecewise linear differential systems are the left and the right half-
planes

Y. ={(z,y) e R*: 2 < 0}, 2y ={(z,y) e R*: 2 > 0}.

Consequently, ¥ = {(z,y) € R? : o = 0} is the straight line of separation
between two linear differential systems.

In order to state precisely our results, we introduce some notations and defi-
nitions. Consider the piecewise differential system

Xt = (xvy) = (f:t(xvy)vg:t(xvy))v

defined in X , respectively. We will use the techniques and approaches presented
by Filippov in [§] and by di Bernardo et al. [6] to establish these notations.
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If an equilibrium point of X isin >, it is said that it is a real equilibrium point
for the piecewise differential system. Otherwise, it is called a virtual equilibrium
point. In order to extend the definition of a trajectory to 3, we split 3 into three
parts depending on whether or not the vector field points towards it:

1. Crossing region:
Se={pex: fy(p)f-(p)>0}.

2. Attractive sliding region:

Sas ={p€X: f1(p) <0 and f_(p)>0}.

3. Repulsive sliding region:

Ss={pe€X:fi(p) >0 and f_(p) <0}

These three regions are relatively open in ¥ and can have several connected
components. Therefore, their definitions exclude the so-called tangency points,
that is, points where one of the two vector fields is tangent to 3, which can be
characterized by

{peX:fi(p)=0 or f (p)=0}.

These points are on the boundary of the regions ., ¥, and ¥,;.
Periodic orbits that have neither sliding part nor tangent points are called
crossing periodic orbits, otherwise they are called sliding periodic orbits.

It is known that if the vector field has no equilibrium points, it can be writ-

ten as
T =azr+ by +c, y = pax + pby + d, (1)

where a, b, ¢, p and d are real constants such that d # uc and p # 0.

In the following, we need a lemma on the explicit expression of the first
integral of an arbitrary linear differential system without equilibrium points.
The following lemma is presented in [3].

LEMMA 1.1. For system (0l the following statements hold.
i) If a + bp = 0, then system ([d) is Hamiltonian and all its solutions are
algebraic and given by parabolas. Moreover, this system has the first integral
1
H(z,y) = 5 (buzxz — 2bpxy — 2dx + by? + 2cy). (2)
i) If a+bu #0 and d — cu # 0, the only algebraic invariant curve of ([l) is an
mwvariant line. Moreover, this system has the first integral

b
o Tt (nr—y)

H(x,y) = ((a+ bu)(az + by) 4 ac + bd)
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It is known that (see [20]) a normal form for a linear differential system having
a center is given in the next result.
LEMMA 1.2. A linear differential system having a center can be written as
4B? + w?
4A
with A # 0 and w > 0. This linear differential system has the firstintegral

& = —Bx y+0, y=Ax+ By+ D,

Hy(z,y) = 4(Ax + By)* + 8A(Dz — 6y) + w?y*.
Our main results are the following.

THEOREM 1.3. A discontinuous piecewise linear differential system separated
by one straight line with two linear systems, such that one of them is a lin-
ear center and the second have no equilibria, neither real nor virtual, can have
at most one limit cycle. Moreover, this limit cycle if there exists is hyperbolic
and non algebraic.

Theorem is proved in Section 2.

The next proposition shows that there are discontinuous piecewise linear dif-
ferential systems separated by the straight line ¥ with two linear systems such
that one of them is a linear center and the second one has no equilibria, neither
real nor virtual, with one crossing non algebraic limit cycle.

ProrosIiTION 1.4. For

a:M717 CZ*%, dzfél,L*%’ b:—17
A:TE)ES’ 6=-—1, B =1, D=1 and w=1

the discontinuous piecewise linear differential system defined by

T=—-x—4y —1, y:%x—l—y—l—l m X4,
. 1 . 1 . <3>
t=p-Nr—-y—3, y=pp-z—p—3k+1), in I,

when p # 0 has one explicit hyperbolic non-algebraic crossing limit cycle given by

5 > 5

{(z.y) e : (1—pr+y+1)e2 =0.63399}.

This proposition will be proved in Section 3.
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2. Proof of Theorem

Assume that we have a discontinuous piecewise linear differential system sep-
arated by one straight line and formed by two linear systems such that one
of them is a linear center and the second one has no equilibria, neither real
nor virtual. By Lemma and using the normal form (Il), we can write such a
discontinuous piecewise linear differential system as

i:—Bx—%y—l—(S, y=Ar+ By + D, in ¥4, @
T =ax+ by +c, Y = pax + pby + d, in >_.

Notice that system ([@]) in the half-plane ¥ has the first integral
H, (z,y) = 4(Az + By)? + 8A(Dx — 0y) + w?y?>.

By lemma [[1] the first integral of discontinuous piecewise linear differential
system (@) in the half-plane ¥ _, is

((a + bp)(az + by) +ac+bd)e%5(“m_y) if a+bu#0,
H2 (l‘, y) =
% (bu2x2 — 2buxy — 2dx + by? + 20y) if a+bu=0.

Suppose that this of discontinuous piecewise linear differential system () has
some limit cycles intersecting 3 in two points, namely, (0,7) and (0,y;) with
y1 # yo. Then, the first integrals H; and Hs must satisfy the following two

equations:
Hy (0,y0) — H1(0,y1) =0,

H _ (5)
2(0,y0) — H2 (0,y1) = 0.

Note that the first equation of (Bl can be written as
(432 + wz) yo — 8AJyo — (4B2 + w2) Y2 + 8Ady; = 0.

Taking into account that we are only interested in the solutions y; satisfying
Y1 # Yo, the unique solution of the previous equation is

8AJ
T 4B fu?
Now, it is easy to see that the existence of crossing periodic solutions of dis-

continuous piecewise linear differential system (@) is equivalent to the existence
of the isolated values of yy which satisfied

1 — Yo- (6)

8A§
H; (0,90) — H> (07 1B+ u? y0> =0. (7)
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Here, we have to divide the proof of Theorem into two cases.
Case 1. if a+ ub =0 and d — cu # 0 : In this case (1) becomes
4(4B%c + cw? + 4Abd)
(4B? + w?)?
It is easy to see when 4B2%c + cw? + 4AbS = 0, this equation has infinity solu-
tion yo. So the periodic orbits of the discontinuous piecewise linear differential

system () are in a continuum of periodic orbits, and consequently the discon-
tinuous piecewise linear differential system () has no limit cycles. If

4B%c + cw? + 4AbS # 0,

(4B + w?)yo — 4A6) = 0. (8)

the unique solution of () is yo = From this value of yy we get the

448
4B2+w?"
value of y; = %, SO Yo = Y1, which cannot contribute a limit cycle and
consequently, the discontinuous piecewise linear differential system (@) has no
limit cycles. This completes the proof of Theorem in Case[Il d

Case 2. if a4+ pub # 0 and d — cp # 0: In this Case () becomes

8A5 _a+tbp _
<b(“ ) (g gz~ ) oot bd> e (i —w)
= (b(a + bp)yo + ac+ bd)e™ = (9)
This last equation can be written as
0 = (b(a + bu)yo + ac + bd)
8Ad —atbu (__8A5 o
- <b(a + bu)(m - yo) +ac+ bd) e d-en (4Bz+w2 0).
For convenience, we denote by
f(y) = (bla+bu)y + ac + bd)
8A) —atbu(__8AS 9,
- (b(a + bu)(m - y) +ac+ bd> o2 (¥ ) (10)

Now, solving ([9) is equivalent to find the solutions yo; of the equation f(y) = 0.
In order to investigate the number of solutions of f(y) = 0, and since f is a func-
tion differentiable in R, we shall use the first two derivatives of the function f.
Simple calculations yield:

! _ *(a + bﬂ)
IO = G s o —an

— ((432 +w?) ((2ac + bd + bep) — 2b(a + bu)y) + 16AbS(a + b,u))
(a+by) e (s, )

b(4B? 4 w?)(cp — d)

d—cp \4B2fw?2

(4B? + w?)(d — cp) ’
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(a+ bu)®

"(y) = — 4B? Ne—b Abd
w2 (i)

It is easy to see that f/ and f” are continuous functions in R. It is obvious that
f”(y) = 0 has at most one root, it follows that the function f’ has at most two
zeros. Thus f(y) = 0 has at most three roots yo;,7 = 1,2, 3. It is easy to see that
Y= % is a solution of the equation f(y) = 0.

On the other hand, we have

8AH 8A4H
f(7432 e yo) = (b(a + b’u)(ilez e yo> +ac+ bd>
— (b(a +bp)yo + ac +bd )e sres (i - 290)

The equation f( — yo) = 0 can be written as

4B2+w2
8AH

(b<a ) (g ) Fac+ bd)

— (ba+ bu)yo + ac + bd ) 5 (¥ —2m) g

this is equivalent to f (yo) = 0. Therefore, if yo is a solution of f(y) = 0, then
% — 1o is also a solution of this last equation. Thus, three solutions of the
equation f ( ) = 0 (if there exist) are:

® Yo = 432 —, by ([6]) and from this value of yo; we get the value of y11 =
SO Yo1 =1Y11, which cannot contribute a limit cycle.

4A6
4B2+w?"

® 402 =0, by (@) and from this value of ygo we get the value of y15= m Yo-

® o3 = ﬁ Yo, by (@) and from this value of yo3 we get the value of y15=1yo.

Then, the two values
8AJ

182 + w2 PO (if there exists o)
w

Yoo =y13 =Yo and Yoz =yi2 =
are contribution to a same solution (yo2,y12) With yoo # y12 for system (&)).
Consequently, they contribute to a same limit cycle. So the discontinuous piece-
wise linear differential system (] has at most one limit cycle. Moreover, we can
choose the appropriate parameters a, b, c,d, B, A, §, u and w in such a way that
f(y) = 0 has exactly two real roots yo2 and y1o = % — 1o that can pro-
vide at 1 limit cycle for the discontinuous piecewise linear differential system ().
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Using the first integrals of both linear differential systems of ([{]) and knowing
that the non-algebraic crossing periodic orbits pass through the points

8AS
"ABZ + w? Z/O)7 where yq is the zero of f(yg) = 0.
w

Thus these expressions are:
(r,y) € ¥y : 4(Az + By)? + 8A(Dz — dy) + w?y?
= (4B% + w?)y3 — 8 Adyo

(0,y0) and (0

at+bp

(z,y) € B_ : ((a+bp)(az + by) + ac + bd)e = (nz—y)

U
— (b(a + b)yo + ac + bd) e =i
This completes the proof of Theorem in Case[2 O

3. Proof of proposition [I.4

We shall prove that the discontinuous piecewise linear differential system (3])
has exactly one hyperbolic and non algebraic limit cycle. It is easy to see that
the left half system has no equilibria, neither real nor virtual and since j:%i are
the eigenvalues of the matrices of the right half system of ([B]), then this system
has their equilibria as center type at the point (—12, %) .

The two linear differential systems of (B]) have the following first integrals:
Hy(z,y) =4 (Fz+yf + 3@ +y) + v
Hy(z,y) = (1 - p)z +y+1) 720,

in ¥4 and X _, respectively.
Now we shall use the notation and the expressions of the proof of Theorem [I.3
System (Bl can be written as:

Yo(2yo +1) —y1(2y1 +1) =0,
(yo+ 1)e ¥ — (y1 +1)e” " = 0.

Taking into account that we are only interested in the solutions (yg, 1) satisfying
Y1 7 Yo, the unique solution of the first equation of the previous system is

1

y1=*y0*§~
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Then, for the discontinuous piecewise linear differential system (3)), the func-
tion ([I0) becomes

fly)=(y+1)+ (y %) Ayt

The graph of this function is given in Figure [1l

4_-

FIGURE 1. The graph of the function f(y).

The three solutions of f(y) = 0 are:

Yo1 = —0.25, Yo2 = —0.89392 and 103 = 0.393 92
in the interval R. From these values of yy; we get values of

Y11 =yo1 = —0.25,  y12 = 0.39392 and  y13 = —0.89392.

Consequently, the discontinuous piecewise linear differential system (B has ex-
actly one limit cycle.

Straightforward computations show that the solution passing through the
crossing points (0, yo2) and (0,y12) corresponds to:

5 > 5
r = {(w,y)62+:4(1—6x+y>+§(x+y)+y2:1.7607}

U{(z,y) €X_: (m 4y — pa+ 1) %Y = 0.63399} .

Moreover, I' is non algebraic and is travelled in counter-clockwise sense around
the sliding segment

1 -1
= =<y — .
Se={0mesi-z<y<
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Now we shall prove that this non-algebraic crossing periodic orbit is a hyper-
bolic limit cycle. Let T" be the period of the periodic solution

L {(z(t),y),t € 0,77}
To see that I' is in fact a hyperbolic limit cycle, we recall a classic result charac-
terizing limit cycles among other periodic orbits for a smooth differential system
in the plane (see for instance Perko [24] for more details), which means that T'(t)
is a hyperbolic limit cycle when
T

/div(F(t)) dt #0, (11)

0

stable if fOT div(I'(t)) dt < 0, and unstable if fOT div(I(t)) dt > 0. The formu-
la () can be extended to the discontinuous piecewise linear differential systems.
It is easy to check I' given by the analytic curves that (4 (t),y,(t)) in the half-
-plane ¥_ for ¢ € [0,1.6220], and by and (x_(t),y—(¢)) in the half-plane X_
for ¢t € [1.6220,2.575 7], where

1 1 o1 1
zy(t) = 16003§t—4cos§t—2sm§t—16—8y02s1n§t—|—4,

b} 1 1 1 1 1 5)
yr(t) = 4+Zcos§t74cos§t+2Dsin§t+yozcos§t+2yozsin§tfZ,

1 _
r-(t) = §t—y12+et(y12+1)71,
11 »

y-(t) = yz—p+t oh—g5)Te (1 + py12) — pyie.

Therefore, the periodic orbit I' has period T' = 2.5757. Then for the discontin-
uous piecewise linear differential system (B]), we have

L { (24 (8),y4(),t €10,1.6220] } U { (z_(t), y—(t)),t € [1.6220,T]},

thus T 2.5757
/div(F(t)) dt = —/ dt = —0.9537 < 0.
0 1.6220

Consequently, I' is a stable hyperbolic non algebraic limit cycle of the discontin-
uous piecewise linear differential system (3]).

ExaAMPLE. Considering the parameter y = —3, we obtain the discontinuous
piecewise linear differential system

T=—-x—4y—1, y:f’—Gx+y+1 in Xy,

(12)
i=2zx—y—31, y=6x-3y—2,  inX_.
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Then, this system has exactly one explicit hyperbolic non algebraic crossing limit
cycle I' that intersects the switching line ¥ at the two points

Yo = —0.89392 and y; = 0.39392,

this limit cycle is given by

16 2
{(z,y) €S : (w+y+3z+1)e %2 = 0.63399} .

2
5 5
r = (x,yt)62+:4<—x—|—y> +—(x+y)+y2=1.7607 u

y 14T

F1GURE 2. The limit cycle of the discontinuous piecewise linear differential

system ([I2)).
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