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DETECTION FUNCTION METHOD AND ITS APPLICATION
TO A PERTURBED HAMILTONIAN SYSTEM
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Abstract. A Hamiltonian system with 25 singular points under five-order
perturbed terms is introduced in this paper in order to study the existence,
number and distribution of limit cycles. The detection function method is
employed. First we classify the type of the closed curves of the unperturbed
system, then we obtain the analytical forms of the detection functions of
the perturbed system. Finally, by numerical explorations, we point out the
distribution of the limit cycles for a particular case.

1. INTRODUCTION AND PRELIMINARY RESULTS

Recently, studies on the properties of the limit cycles are becoming of consid-
erable interest not only for mathematicians but also for physicists. Even more,
recently chemists, biologists, economists, started working intensively on this sub-
ject [15],[14],[6]. When dealing with the existence of limit cycles of a perturbed
Hamiltonian system, it is assumed that the corresponding unperturbed Hamil-
tonian system possesses at least a center. A center is an isolated singular point
surrounded by a continuous family of periodic orbits. A limit cycle [14] is an
isolated periodic orbit. The problem of studying the existence and number of
limit cycles for a system of polynomial differential equations of a given degree is
known as belonging to the 16-th Hilbert problem. It is known that this problem
is open even for planar quadratic polynomial systems. There are examples of such
systems which have at least four limit cycles but, as long as we know, no proof
unanimously accepted exists for the fact that any planar quadratic polynomial
systems can have at most four limit cycles. A recent challenging proof of this fact
has been put forward in [4] but other researchers expressed doubts to it. The fact
that any polynomial vector field has finitely many limit cycles, remains maybe the
best result on this topic [7], [3].

The reason of the present work is to try to find some relationships between the
polynomial’s degree and the number of limit cycles in a particular case. Can a
polynomial system of a relative small degree have a large number of limit cycles?
As in the literature, as long as we know, there is no method for attacking the
problem in its whole generality, we choose here to investigate a particular system.
It is known that many times results obtained for particular cases give an intuitive
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conjecture for the general case. Many other particular systems are proposed on

this topic in a sustained effort to propose a conjecture and ultimately to prove it.
In the present work, we apply the Abelian integral [1] in order to find the number

and distribution of the limit cycles for a given perturbed Hamiltonian system.
The system of differential equations:

=y (1+a%—dy?) + ex(ma® + ny? — \)
: 2, 2 2 2 (1)
y:—x(l—cx +y )—i—ay(mx +ny? —A)

has been discussed in [9] and the system

{ T =4y (abx2 —by? + 1) + ex(ux™ + vy™ — b%x”yﬁ —ux? — \) @)
g =4x (ax2 —aby?® — 1) + ey(uz™ + vy + baty® —vy? — \)
n [12], [13] where ed > 1,d > ¢ > 0, p+ 8 =n,0<a <b < 1,0 < e < 1,
u,v,m,n, A are the real parameters of the systems and n = 2k, k # 0 a natural
number.

In the present work we consider a system, invariant under a rotation of 7, given
in polar coordinates by:

7 =17 [aq (cos 60 + cos 260) + as(sin 66 + sin 20)] (3)
0 = a1 + azr? + agrt + r [as (cos 66 + 3 cos 20) — ay (sin 60 + 3sin 26)] .

The system is a Hamiltonian one [8] with the Hamiltonian function

1 1 1 1
H(r,0) = —§a1r2 — Zagr‘l — 6&37‘6 — 67“6 (a5 cos 66 — a4 sin 66)

1
- 57“6 (a5 cos 260 — aysin 26), (4)

with a;,% = 1 — 5 real numbers. In cartesian coordinates (4) reads:

1 1 1
Hy(z,y) = —ial(xQ +y7) — 1@(552 +y?)? — 603@2 +y°)?

2 2
+ §a4xy(3x4 —22%y% + 3y4) - §a5(9€2 — yz)(m4 —22%y% + y4).

The equilibrium points lie on the lines:
di:0=75+kmdy:0=—-F+km,k=0,1;
d3: 0= (=% —2km)/4;dy: 0 = (3F — 2km)/4,k =0,2;

ds: 0= (—% —2km)/4;de : 0 = (35 — 2km)/4,k = 1,3.

The system (3) could have at most 25 equilibrium points. After some compu-
tations we observe that the system (3) has exactly 25 equilibrium points if the
parameters fulfil the conditions: a3 — 4a1b; > 0, agb; < 0, arb; > 0,i = 1,2,3,
where



DETECTION FUNCTION METHOD AND ITS APPLICATION TO ... 83

by =a3£2, by=ag+2y/2(af+0b3)(sin§ +cos §),

bs = a3 £24/2(af 4 b7)(sin § —cos §), cos v = W,SIDQ = \/(:;Tbg and these
points are:

SP (% +km,ry); 5% ( + km, r2) Sk (—f—i—knr ri);SE (=5 +km,rd) k=0,1;
SE((=Z +2km)/4,r] ) SE((—Z +2km)/4,73)  k=0,2;

Sk ((%T + 2k7r)/4,7“f') ; Sk ((‘%“ + 2k71')/4,r;') Jk=0,2;

Ss’f (( =+ 2km)/4, rl);S{CO ((‘%"‘2]“77)/4»7";)»]“:173%

St ((37r +2km) /4, 7]) s SFy ((BF + 2km)/4,r]) k= 1,3,

where rf, 7“2+ are the corresponding positive solutions of the equation 6 =0.

This paper is organized as follows. In Section 2, we study the global portrait of
the unperturbed Hamiltonian system, illustrating the shape of the closed curves
(the level curves) of the form H(r,8) = h as h varies on the real line. In Section
3, we find the analytical forms of the detection functions of the perturbed system.
Finally, we point out the distribution of the limit cycles for a particular case.

2. ANALYSIS OF THE UNPERTURBED SYSTEM

One way to produce limit cycles is by perturbing a Hamiltonian system which
has one or more centers, in such a way that limit cycles bifurcate in the perturbed
system from some of the periodic orbits in the original system. We have the
following [2] results.

Theorem 2.1. Consider the perturbed Hamiltonian system (5)

b=~ Plopna)i = o + Qaa), )

Assume that P,Q are polynomials with P(x,y,0) = Q(x,y,0) = 0, the curve

C" defined by Hamiltonian H(x,y) = h of system (5) is a periodic orbit extending

outside as h increases and C"(D) is the area inside C". If there exists hy such
that function

W= [ [ 1Phte..0) + @l 0)dody (6)
C}L(D)
satisfies A(hg) = 0, A’(hg) # 0,aA’(hg) < 0(> 0), then system (5) has only one
stable (unstable) limit cycle nearby C™ for a very small. If the C" constricts
inside as h increases, the stability of the limit cycle is opposite with above. If
A(h) # 0, then system (5) has no limit cycles.

The integral A(h) is called the Abelian integral and the problem is known as
the weakened 16-th Hilbert problem.

Consider the system (3) with a1 = —2;a2 = 12;a35 = —6;a4 = 1;b4 = 1. Then
the system has 25 equilibrium points and they are:
0(0,0); ST (5 + km,0.43702) ; S% (5 + km,1.1441) k=0, 1;
S§ (=% + km,0.42086) ; S§ (=5 + km,1.6801) , k=0, 1;
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SE((=Z + 2km)/4,0.41048) ; S§ ((—3 + 2km)/4,3.9167) ,k = 0,2;

SE((2F + 2km)/4,0.45453) 5 SE ((3F + 2k7)/4,0.92862) .k = 0,2;

S§ (=2 — 2km)/4,0.43779) 5 S¥) (= Z — 2km)/4,1.1305) ,k = 1, 3;

St ((3F — 2km) /4,0.42028) 5 Sty ((3F — 2km)/4,1.7182) ,k = 1, 3;

and the values of the Hamiltonian H(r,6) at each critical point, increasingly or-
dered, are:

H (SF) = —225.1; H (SY,) = —6.7477; H (S§) = —6.0867; H (S5) = —0.84085;
H (5%,) = —0.78141; H (S§) = —0.16872; H (O) = 0; H (S¥) = 0.08394; H (S},) =
8.6558 x 1072 H (S5) = 8.6710 x 1072; H (S§) = 9.1040 x 107% H (S}) =
9.0847 x 107%; H (S¥) =9.5049 x 1072

Evaluating the Jacobian matrix at each singular point we obtain that O(0,0); S5
Sk k=0,1; Sk, S¥ k=0,2; Sk: Sk, k = 1,3 are equilibrium points of type center
and the rest are hyperbolic equilibrium points.

Theorem 2.2. Numerical investigations reveal that, as h varies on the real line,
the closed curves (level curves) defined by H(r,0) = h can be divided into the
following types:

1. L : —225.1 < h < —6.7477, this corresponds to two closed symmetric orbits,
one orbit encircles S9 and the other one encircles S3, that is the second points on
the line ds, Fig. 1a) .

2. LEULY . —6.7477 < h < —6.0867, this corresponds to four closed symmetric
orbits, one orbit encircles Si, another one encircles S3,, Fig. 1a) (small orbits)
and the other two are of type LY.

3. Lg 1 —6.0867 < h < —0.84085, this corresponds to two closed symmetric
orbits which encircle respectively the second points on the lines do,ds and dg, Fig.
1)

4. LBULY © —0.84085 < h < —0.78141, this corresponds to two closed symmetric
orbits which encircle respectively the second points on the line di and another two
of type L%, Fig. 1b) (small orbits).

5. LB : —0.78141 < h < —0.16872, this corresponds to two closed symmetric
orbits which encircle the second point on the lines dy,ds,ds,dy, ds, Fig. 2a).

6. L2 ULkl : —0.16872 < h < 0, this corresponds to two closed orbits, one of
which encircles all critical points and the other one encircles all first critical points
on the lines d;,i =1 — 6. If h =0 we get in addition the origin, Fig. 2b) .

7. LEULEULE - 0 < h < 0.08394, this corresponds to a closed orbit that
encircles only the origin and others two orbits of type L'% respectively Lg, Fig.2b).

8. Li ULE:0.08394 < h < 0.086558, this corresponds to two closed symmetric
orbits which encircles the first points on the lines dy,ds,d4, ds,dg and an orbit of
type L% (the orbit that surrounds all equilibria), Fig.3a) .

9. Lh ULl ULk :0.086558 < h < 0.08671, this corresponds to two closed
symmetric (L) (small orbits) orbits which encircles the first points on the line
da, two closed symmetric orbits (L%,) which encircle the first points on the lines
dy1,dy,ds and an orbit of type LE, Fig. 3b).

10. Lhy U Lk :0.08671 < h < 0.090847, this corresponds to an orbit of type L%,
and an orbit of type L%, Fig. 3b).
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11. Ly U Lhy U LE 2 0.090847 < h < 0.09104, this corresponds to two closed
symmetric (L") orbits which encircle the first points on the line ds, two closed
symmetric orbits (L) (small orbits) which encircle the first points on the line dy
and an orbit of type L%, Fig. 3c).

12. Ly U LE :0.09104 < h < 0.095049, this corresponds to two orbits of type
LY and to an orbit of type L%, Fig. 3c).

13. LY . h > 0.095049, this corresponds to an orbit of type L%.

As h increases, the orbits L? LE Lh Lh LB L2 L! erpand towards outside,
while the others orbits LB LA L, L%, L%, LY shrink inside.

b.5 ' .
.%[ 05—
TRy (T Ty
_1j_rl> o —1?5

FIGURE 2. Orbits of type a) Ls (up) b) Lg7,s (down)

3. THE DETECTION FUNCTION METHOD

Consider the following perturbed system [10]:

&= =G+ ca(p(z,y) — ),
g = 4 ey(q(a,y) — N),
where p(0,0) = ¢(0,0) =0 and 0 < e < 1.
By Theorem 2.1, from A(h) = 0, we get:
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0.20.4

FIGURE 3. Orbits of type a) Lg (left) b) Lig, L11 (middle) and
C) L127L13 (right)

ff (z,y)dxdy
ch(D)

2 [[ dxdy )
Cch(D)

A=Ah) =

where 2(z,y) = zp, +yg, +p+q.
This function A(h) is called the detection function of system (7).

From the Theorem 2.1 and using the detection function A(h) we obtain the
following result [11]:

Proposition 3.1. a) If (ho, A(ho)) is an intersecting point of a line X = Ao and
the detection curve A = A(h), with X' (hg) > 0(< 0), then the system (7) has only
one stable (unstable) limit cycle nearby T'ho; b) If the line A = \g and the detection
curve A = A(h) do not intersect each other, then the system (7) has no limit cycle.

If the T"(D) shrinks as h increases, the stability of the limit cycle is opposite to
the above cases.

Let us consider now the equation H(r, ) = h of the closed orbits studied above
and denote:

_ —18
@ (9> ~ 6—cos 60+sin 60 3 cos20+3sin 260’

ﬁ (9> 6—cos 60+4sin 66— 3COS 20+3sin 207
—6h

( h) = 6= 69+%1n 60—3cos 20435020
) = 1/128(6)° — 30 (6)° B (6)* + 81y (6, )" + s(6, h), with
(0, h) = 12 (0)% v (6, h) — 54a () 3 (0) v (6, h)
F(0,h) = §/36a (6) B(6) — 1087 (6, h) — 8a (0)° + 12g (0, ).
Then the square of the roots of the equation H(r,0) = h are:
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5300 — (012
T (aah):%f(t?,h)—%%,%a(g),

r(0.h) = =% £ (0,h) + OO Lo (9) + Liv (11 (0,h) + 3G

—a(0)2 . —a(0)2
R(0,h) = —151 (0,0) + 3 LG50 — 1o (8) - 3iv/3 (£ (6, ) + 322007000 ).

Proposition 3.2. In polar coordinates , system (7) becomes:

7= —(g1cosf + gasintl) —er [p(uo) cos® 6 + q(uo) sin? @ — AL
6 =1 (g1sind + gy cos6) + esinf cos 0(p(uo) + q(uo)),

(9)

ug = (rcosf,rsind) and the detection function (8) leads to:

0(h) r3(6,h)
[ [ (rp.+rg. —rp.sin®6 —rgl.cos®> 0 +m + p+ q)rdrdd
o(h)ra(8,h)
A = - )
2 [ (r3(6,h) — r3(6, h))drdo
o(h)

aH(TCO;yG,T‘SiHG),gQ _ BH(rcogg,rsina), G(h),e_(h)
are, respectively, the minimum and the mazimum of 6 on the closed orbit L™ and

r2(0,h),r3(0, h) are the expressions of L" in polar coordinates.

where m = (q)—pjp)sinfcosb, g1 =

Proof. We obtain (9) from (3) by changing 2 = rcosf,y = rsinf by straight-
forward computations. On the other hand, since p!, = pl.cosf — %pg sind, q, =
q,.sinf + %qé cosf), one gets

TPl +yq, +p+q = TP, +7q.—TD) sin? 6 —p), sin 6 cos 6 —rq.. cos? O+ g sin 6 cos 0+
p + ¢q. Now (10) is immediately. O

Consider perturbations of the following form:

p(x,y) = uz” + oy + 2*y" %, q(z,y) = ua" +vy" — a?y" 2
Then, taking into account the above considerations and detecting which root
(r1,7 or R) corresponds to each closed orbits L, i = 1 — 13, we have the following

1
theorem which describes the thirteen detection functions:

Theorem 3.1. The corresponding thirteen detection functions associated to the
thirteen closed orbits are:

Ai(h,u,v) = K (h)

i=1-13 (11)

with
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)
( (n+2)/2 (6, h) R(n+2)/2(0,h)) cos™ Odrd®;

1

01 (

f ( (n2)/2(g 1) R("+2)/2(97h)> sin™ Odrdo;
01(h)
01(

Kyi(h)=2 f (r1(9 h) — R(6,h)) drd.
61(h)

Fori=2,3,4,5andi =9, ..., 13 the corresponding integrals have the same forms
as for i = 1 but replacing (r1, R) respectively by (R,r) (i = 2), (r1,R) (i = 3),
(R,7) (i=4), (r,R) (i =5) and (R,7), (i =9,...,13). Of course, each integral
is considered on the corresponding intervals 6;(h),0;(h).

The other integrals are:

2 2
Is(h) = be("+2)/2(9,h) cos™ Odrdf, Js(h) = OfR("+2>/2(e,h) sin™ Odrdf

2m
and Kg(h) =2 [ R(0, h)drds.

0
The integrals for i = 7,8 have the same expressions as for i = 6 but replacing,
respectively, R by r1 and by r, where 6;(h),0;(h) are the minimum respectively the
mazimum of 6 on L.

Proof. From (8) or (10) we have

0(h) r3(0,h)
[ T (n+2)(ucos™ @ + vsin™ 0)drdf
0(h) r2(0,h)

A(h) = (12)

6(h)
2 [ (r3(0,h) —r3(0,h))drdo
o(h)

and from the forms of 75,73 on each closed curve Lzh we obtain the above
integrals. (]

4. NUMERICAL ILLUSTRATIONS OF THE DETECTION FUNCTIONS AND THE
DISTRIBUTION OF LIMIT CYCLES

In this paragraph we numerically compute the detection curves and the distribu-
tion of limit cycles. In doing that, for any fixed h we have to compute 6;(h), 6;(h).
Because 6;(h) has no explicit form we computed ;(h), 8;(h) one by one from 6 = 0
and H(r,0) = h. We do not list all these values here because they would fill several
pages. Once 0;(h),0;(h) are found, the integrals can be computed numerically, and
for a given h, they depend on w and v. On the other hand, for two given values
of w and v, the detection curves can be plotted on the (h, A)-plane, as illustrated
in Fig.4. By Proposition 3.1 and the detection function graphs, the existence,
number and distribution of limit cycles can then be obtained. We consider here
only the case n = 4, that corresponds to perturbations of quintic order.
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FIGURE 4. The detection function Az(h), As(h) and A7 (h) for u =
0.19,v = —56.6

Of a large number of cases which we considered, we stopped at the representative
values u = 0.19,v = —56.6. From Proposition (3.1) and Fig.4 we get the following
results:

Theorem 4.1. Let u=0.19,v = —56.6, 0 < e < 1. Then
a) If —164.449 < A < —140.958, system (3) has at least two limit cycles given by
Ih.
b) If —140.958 < A < —113.962, system (3) has at least three limit cycles given by
L% and L%.
¢) If —113.962 < A\ < —105.654, system (3) has at least one limit cycle given by
Lk
d) If —105.654 < A < —105.648, system (3) has at least five limit cycles given by
L and LZ.

3 7
e) If —105.648 < A < —105.383, system (3) has at least three limit cycles given by
Lt and L.

3 7
f) If —105.383 < A < —105.3281, system (3) has at least five limit cycles given by
LA, LY and Lh.
g) If —105.3281 < A < —105.207, system (8) has at least nine limit cycles, two of
which given by L%, siz by L? and one by L.
h) If —=105.207 < A < —105.053, system (3) has at least five limit cycles again
given by L% LY and L%.
k) If —105.053 < A < —93.4219, system (3) has at least three limit cycles given by
L and L.

3 7
1) If —93.4219 < X\ < —34.4849, system (3) has at least two limit cycles given by
Lh.
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5. CONCLUSIONS

In this paper we have employed both qualitative and numerical procedures in
order to study the existence, number and distribution of limit cycles of a Hamilton-
ian system under five-order perturbed terms. By numerical explorations we have
drawn the shape of the graphs of the detection functions from which we described
the distribution of the limit cycles. We also studied the system under perturba-
tions of seven order (n = 6) but we have not observed that the distribution of
the limit cycles is essentially different. Nevertheless, what can be said about the
system under higher perturbations is an open question. However, an immediate
intuitive conjecture given by this example is that the number of limit cycles of an
n-degree polynomial differential system is of order kn for some natural numbers
k.

REFERENCES

[1] T.R. Blows, L.M. Perko, Bifurcation of limit cycles from centers and separatrix cycles of
planar analytic systems, STAM Rev., 1994, 36:341-376.

[2] H. Cao, Z. Liu, Z. Jing, Bifurcation set and distribution of limit cycles for a class of cubic
Hamiltonian system with higher-order perturbed terms, Chaos, Solitons and Fractals 2000,
11:2293-2304.

(3] J. Ecalle, Introduction aux fonctions analysables et preuve constructive de la conjecture de
Dulac, Hermann, 1992.

[4] V.A. Gaiko, Nonlinear Analysis: Theory, Methods and Applications, 69 (7), 2008, 2150-
2157.

[5] H. Giacomini, J. Llibre, M. Viano, On the nonexistence, existence and uniqueness of limit
cycles, Nonlinearity, 1996, 9:501-516.

[6] Z. Hong, W. Chen, Z. Tonghua, Perturbation from a cubic Hamiltonian with three figure
eight-loops, Chaos, Solitons and Fractals, 2004, 22:61-74.

[7] Y. Ilyashenko, Finiteness Theorems for Limit Cycles, in: Translations of Mathematical
Monographs, Vol. 94, Amer. Math. Soc., 1991.

(8] J-B. Li, Z-R. Liu, On the connection between two parts of Hilbert‘s 16-th problem and
equvariant bifurcation problem, Ann. Diff. Eqgs., 1998, 14(2), 224-35.

[9] J-B. Li, Z-R. Liu, Bifurcation set and limit cycles forming compound eyes in a perturbed
Hamiltonian system, Publ.Math., 1991, 35:487-506.

[10] C-F. Li, J-B Li, Distribution of limit cycles for planar cubic Hamiltonian systems, Acta
Math Sinica, 1985, 28:509-521.

[11] M. Tang, X. Hong, Fourteen limit cycles in a cubic Hamiltonian system with nine-order
perturbed term, Chaos, Solitons and Fractals 2002, 14:1361-1369.

[12] G. Tigan, Thirteen limit cycles for a class of Hamiltonian systems under seven-order per-
turbed terms, Chaos, Solitons and Fractals, 2007, 31:480-488.

[13] G. Tigan, Existence and distribution of limit cycles in a Hamiltonian system, Applied Math-
ematics E-Notes, Taiwan, 2006, 6:176-185.

[14] M. Viano, J. Llibre, H. Giacomini, Arbitrary order bifurcations for perturbed Hamiltonian
planar systems via the reciprocal of an integrating factor, Nonlinear Analysis, 2002, 48:117—
136.

[15] Y. Yangian, Theory of Limit Cycles, Translations of Math. Monographs, vol. 66, Amer.
Math. Soc.,Providence, RI, 1986.

DEPARTMENT OF MATHEMATICS, POLITEHNICA UNIVERSITY OF TIMISOARA, P-TA VICTORIEI,
NR. 2, TIMISOARA, TiMmIS, ROMANIA
E-mail address: gheorghe.tigan@mat.upt.ro



