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HOPF BIFURCATION AT A DEGENERATE
SINGULAR POINT IN 3-DIMENSIONAL
VECTOR FIELD*

Chaoxiong Dub' and Wentao Huang?

Abstract The work of this paper focuses on investigating limit cycle bifurca-
tion for a degenerate singular point in 3-Dimensional vector fields. By making
two appropriate transformations and making use of singular values methods
to compute focal values carefully, we give the expressions of the first five Lya-
punov constants at the origin that is a degenerate singular point. Moreover,
we obtain the considered system can bifurcate 5 limit cycles near the origin.
In terms of results on limit cycle bifurcation from degenerate singular point in
3-Dimensional vector field, it is less seen in published references..
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1. Introduction

For the limit cycle bifurcation of polynomial differential system, many good pub-
lished results focus on 2-dimensional systems because of attracting effect from the
“Hilbert 16-th problem”, up to now, it is a hot topic, for example some recent
works (see [1,6,13,17-19,21,23-26, 29, 32] etc). Recently we also carried out some
investigations about the Hopf bifurcation for 2-dimensional polynomial differential
systems and obtained some good results (see [9,12,12]. In terms of the limit cycle
bifurcation from non-degenerate singular point of 3-dimensional polynomial sys-
tems, a lot of published references showed this is also an attractive topic, although
there is relatively little literatures on this subject. For example: [2] and [20] studied
two classes of 3-dimensional polynomial systems and considered their limit cycle
bifurcation behavior by using the averaging method, [12] offered a kind of method
(singular values method) to investigate the limit cycle bifurcation in 3-Dimensional
vector field and showed a class of 3-Dimensional quadratic systems could bifurcate 8
limit cycle, [32] considered the limit cycle bifurcation for a class of 3-d quadratic sys-
tem with quadratic perturbation and showed it could bifurcate ten limit cycles, [28]
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introduced computational algebra approach to study Hopf bifurcations in R3, A.
Buica et.al studied the multiple Hopf bifurcation in R? in Ref. [4] and introduced
some methods and results in [3], Ref. [12] made use of singular values method given
by [12] and computational algebra approach to investigate the Hopf bifurcation for
a class of cubic Kolmogorov model in 3-dimensional vector field and obtained it
could yield 5 small limit cycles. Romanovski and his coauthors studied the cen-
ter problem or integrability for several classes of 3-D systems and obtained some
good results which were shown in [15,16,27]. There are else many articles about
the limit cycle bifurcation of polynomial differential system, we will not list one by
one. It can be seen that most of these conclusions are concerned with the bifurca-
tion behavior of non-degenerate singular point. Of course, there are a few articles
about the bifurcation behavior of degenerate singular point in 2-dimensional vector
field, [5, 15, 30] offered some cases about this class of degenerate singular points.
For the limit cycle bifurcation of degenerate singular point in 3-dimensional vector
field, it is less to see this kind of cases. At present, [22] considered the limit cycle
bifurcation for a degenerate singular point of the following 3-Dimensional systems:

% = _Hy(mvy) + P2n(xayv Z) + 5P2n71(1'7y)a
% :Ha:(w7y)+Q2n(w7yvz)+€Q2n71($>y)7 (11)
% = RQn(xa Y, Z) + €CZ2n_1a

in which

1
H=—"4+y*)™ n=1Im,

2n
=Py = 2(p122" 2 + pox® By + - pop_1y22),
:Qanl = y(p1x2"’2 + pgxznf?’y N _|_p2n71y27172)7

and proved using the averaging theory of first order that, moving the parameter
from € = 0 to € # 0 sufficiently small, from the origin it could bifurcate 2n — 1 limit
cycles, and that using the averaging theory of second order from the origin it could
bifurcate 3n — 1 limit cycles when [ = 1.

We also try to carry out some researches about bifurcation behavior of degen-
erate singular points in 3-D vector field in order to supplement some cases about
Hopf bifurcation of 3-d system, hence, in this paper, we will study the limit cycle
bifurcation for a degenerate singular point in 3-Dimensional vector field by making
use of our method (singular values method). Considered system is as follows:

‘fl—f =(—y +02) (e +4*) % +u(Aru+ Azy) (@ +y°)
+ 2uz(Ajux + Bouy + Asxy + Bszy) + 2B, z3y,

% =(z + 6y) (22 + y2)? + (Bou® + Byuz + Bi22)(2® + ) (12)
+ 2yu(Ayuz + Byuy + Asxy + Bsxy) + 2B1x%y?,

CC% =—u(z® +y?)% + Cay(a® + ¢?)
+ 2u?(Ayuzr + Bouy + Asxy + Bsxy) + 2B12%yu,
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in which A;, As, By, Bs, Bs, C, are six real parameters and they are not zero.
Obviously, the origin of system (1.2) is a degenerate singular point.

We will make use of singular values method offered by article [12] to study the
limit cycle bifurcation of the origin. In order to investigate the bifurcation behavior
at the origin of system (1.2), we at first make two appropriate transformations of
system (1.2) which let the origin of system (1.2) be changed into the origin of system
(3.3). Next, we carry out investigation on limit cycle bifurcation at the origin of
system (3.3) according to the method offered by article [12]. Via using computer
Algebra system Mathematica 7.0 to compute carefully, we obtain the expressions
of the first five focal values at the origin of system (3.3), and we show that the
origin of system (3.3) can become a fine focus of fifth order. Moreover, we give
the condition that from this point can bifurcate 5 limit cycles. From the relation
between the origin of system (1.2) and system (3.3), we give the bifurcation behavior
of the origin of system (1.2), namely system (1.2) can bifurcate 5 limit cycles from
the origin. Of course perhaps our result can be improved, but we think it is a
class of new interesting problem for investigating the Hopf bifurcation problem of
a degenerate singular point in 3-D vector fields which will attract more attentions.

The remainder of this paper is organized as follows. In section 2, we introduce a
method to study Hopf bifurcation of the elementary focus point for 3-Dimensional
polynomial differential systems which will show the relation between focal values
of real system and singular point values of the corresponding complex system at
the origin. This kind of method is introduced in [12]. In section 3, we make
two appropriate transformations which let research of the origin of system (1.2)
be reduced to investigate the origin of system (3.3). For system (3.3), we obtain
the condition that the origin of system (3.3) can be a fine focus of fifth order and
bifurcate 5 small limit cycles. Moreover, we give the result that the degenerate
singular point (the origin) of system (1.2) can bifurcate 5 limit cycles by comparing
the relation between the degenerate singular point (the origin) of system (1.2) and
the elementary focus point of system (3.3).

2. Our preliminary method to study the 3-Dimensi-
onal Hopf bifurcations

For 3-Dimensional Hopf bifurcations system, the singular values method is used to study
the Hopf bifurcations problems of the elementary focus point in [12], it is a valid method
for investigating Hopf bifurcation of the elementary focus point in 3-Dimensional vector
field. Consider the following 3-Dimensional Hopf bifurcations systems:

d - j
d% =—y+dr+ Y Aua'yd = X(zy ),
ktj+i=2
d = :
d% =z+dy+ > Bjuz"yu' =Y(z,y,u), (2.1)
k+j+1=2
du - kol
E = —gu-+ Z djkl:r yu = U(557y7u)7

k+j+1=2

in which z,y,u,g,¢, Ajk, Bjri, djri, 6 € R(k,j,1 € N). This kind of method focuses on
obtaining the expressions of focal values in real system and those of singular values in
corresponding complex system by comparing the relation between them.
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For system (2.1), there exists a center manifold u = wu(x,y), which can be expressed
as the polynomial series about x and y as follows:

u=1z>+vy>+hot., (2.2)

in which h.o.t. stands for higher-order term about z and y. It is clear that u can be
expanded only from the beginning of a square item. However, here we will consider the
implicit function formal series about u,x and y. By means of the following complex
transformation

z=x+iy,w=1x—iy,u=uT =it,i=—1, (2.3)

system (2.1)|s=o is changed into the following complex system

dZ o > k 41 _
ﬁ—z—&— Z ajpz wu = Z(z,w,u),
k+j+1=2
% = —w — Z bjklzkwjul = -Wi(z,w,u), (2.4)
k+j+1=2
du ) © - . N
o7 = leu + Z djz"wu' = U(z,w,u),

ktj+1=2

where z,w, T, a;ki, bjki, djri € C(k,j,1 € N). It is clear that the coefficients of (2.4) ;i
and bjk; are a pair of conjugate complex numbers, i.e. @ = bjr,7 > 0,k > 0,1 >
0,7 + k+1 > 2, Hence system (2.1) and (2.4) can be called as concomitant systems
each other. For convenience, we may as well write ijl,lj as djri,U in the following
investigation.

Ref. [12] obtain the computing method of the singular values at the origin of system
(2.4) , namely the following Lemma.

Lemma 2.1 ( [12}). For system (2.4), Let C110 = 1, C101 = €011 = C200 = C020 = 0, Ckko =
0,k = 2,3,---, then the terms of the following formal series can be derived successively
and uniquely:

F(z,w,u) = 2w + Z Capyz W’y (2.5)
a+pB+y=3

satisfying

dF  OF oF oF = —

—=—7—- — —U = m , 2.

dT 0z 8wW+ 8uU mzzlu () (2:6)
and we have let ca,py =0 if a <0 or 8 <0 ory <0 ory=0,a=p, and capy of (2.5)
is determined by the following recursive formula if o # 8 or a = B,y # 0:

Capy = — X [(a—k+Dakj-1,— (B—37+Dbjr-1.
B — o —idy ki Ti=3 (2.7)

+ (v = Dde—1,5-1.141] X Camht1,8—j4+1.9-1,
and for any positive integer m, pm of (2.6) is determined by the following recursive formula:

2m—+2
fim =Y [(m—k+1)ar;-10— (m—j+Dbjx-10lemrttm—jiio.  (2.8)
k+j=3

Obtained pim, from (2.8) is called as mth singular values at the origin of (2.4) . Ref. [12]
gave the relation between mth singular values and mth Lyapunov constants (or called focal
values ), namely the following Lemma.
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Lemma 2.2 ( [12]). For the mth Lyapunov constants of focal values of system (2.1)|s=o
and the mth singular values of system (2.4) and any positive integer m, the following
assertion holds:

Vam41(27) = 7 (ftm + Z e® (2.9)
k=1

in which vog+1(2m), (k = 1,2, ,m — 1) are the kth Lyapunov constants (or focal values )
at the origin of (2.1), ux (k — 1) are the kth singular values at the origin of
system (2.4) , (k) J(k=1,2,---,m— 1) are polynomial functions on coefficients of system
(24) .
Definition 2.1. For system (2.1)|s=0, if v1(27) # 1, then the origin is called a rough
focus(strong focus); if v1(27) = 1, and v2 (27) = v3(27) = -+ = vor (27) = 0, V241 (27) # 0,
then the origin is called a fine focus (weak focus) of order k, in which the quantity of
vopy1(2m),k = 1,2, - - is the kth focal value (or Liapunov Constants) at the origin of

system (2.1); if v1(27) = 1, and for any positive integer k, varp+1(27) = 0, then the origin
is called a center.

According to Lemma 2.1 and Lemma 2.2, the following lemma holds

Lemma 2.3 ( [12]). For the mth Lyapunov constants of focal values of system (2.1)|s=o
and the mth singular values of system (2.4) , the following relation holds:

Vam41(27) = i fim, (2.10)
if e =0,k =1,2,--,m — 1.
Further, Ref. [12] gave the following two results to study the Hopf bifurcation behavior.

Lemma 2.4 ( [12]). For Hopf bifurcation system (2.1), the following conclusions hold:

(i) System (2.1) can bifurcate m limit cycles at most in a small enough neighborhood
at the origin of (2.1), if expressions of focal values can be expressed in the following
form under a suitable coefficients’ perturbation:

v1(27,€) — 1 = Mg 0TV 4 o(elo TNy, (2.11)
Va1 (27, €) = g€t TN po( TN =120 < || < 1, (2.12)
in which lo,l1,- - -, lm, m, N are positive integers and l,, = 0, Ay, # 0.

(i) If conditions (2.11) and (2.12) hold, and A\gAk—1 < 0(k =1,2,---,m), lx_1 — lx >

m
lp—lgy1, (k=1,2,---,m—1), then equation > Are'*h?* = 0 hasm positive solutions,
k=0
i.e.,
e U1 -1k
hi(€) = [ (= S5=h)etior =t 4 ole T ). (2.13)
k

Accordingly, system (2.1) can bifurcate m limit cycles which are close to circles
1'2 + y2 — (_)\);\;1 )elk—l_lk.

Lemma 2.5 ( [12]). If the origin of unperturbed system (2.1) is a fine focus of n—th
order, then the origin of disturbed system (2.1) can bifurcate n limit cycles under a suitable
perturbation.

Obviously, for 3-Dimensional Hopf bifurcations system (2.1), we can obtain the first
m-th singular values by using recursive formula offered by Lemma 2.1, moreover we can
judge whether the origin of (2.1) will be a m-th fine focus. Next, according to Lemma
2.5, we can obtain the origin of (2.1) can bifurcate m limit cycles if the origin of (2.1) is
a m-th fine focus.
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3. Limit cycle bifurcation of system (1.2)

Lemma 2.1-Lemma 2.5 offered a kind of method to investigate the Hopf bifurcation of
elementary focus point in 3-Dimensional vector field, while we will focus on the limit
cycle bifurcation of the degenerate singular point (the origin) of system (1.2). In order to
study the limit cycle bifurcation at the origin of system (1.2), we may as well make some
appropriate transformations so as to carry out our investigation.

3.1. The reduction of system (1.2)

By means of the following homeomorphous transformation

and time transformation
dr = (23 +vi)"dt, (3.2)

system (1.2) is turned into the following form

dx1 2

— = —y1 +0z1 + Aru” + Asyrug,

dr

d

% =z + éy1 + le% + Bzu? + Bszxiui, (3'3)

d

et —u1 + Cziy1.

dr

Clearly, the origin of system (1.2) becomes the origin of (3.3) correspondingly under
transformations (3.1) and (3.2). From transformation (3.1), it is easy to obtain the con-
clusion that the origin of system (1.2) can also bifurcate k limit cycles if the origin of
system (3.3) can bifurcate k small limit cycles. On the other hand, the computation of
focal values plays pivotal role to study the limit cycle bifurcation of system (3.3) according
to method offered by [12]. In this sense, the focal values at the origin of system (3.3) can
be called general focal values at origin of system (1.2). Next it is necessary to compute
the focal values or general focal values under center manifold u; = x? + y? + h.o.t..

3.2. The general focal values of system (1.2)

It can be seen that system (3.3) belongs to the class of system (2.1), hence we can inves-
tigate the limit cycle bifurcation behavior by using the method by [12].
Let
z=a1 4+ iy, w=x1 — iy, u=w1, T =ir, i =+/—1, (3.4)

system (3.3) |s = 0 becomes

d 1 ) 1
ﬁ =z + ZBI (2° +w?) + (B2 —iA1)u® + 5(142 + Bs3)uw

— %(Azu—Bg,u—Blw)z,
dw L B2 ) — (Bs+idA)® + S (As — By)uw (3.5)
aT 1B 2 1 5 (A2 3
— %(A2u+33u+B1w)z,
du . 1 2 2
IT =iu + 4C(w z7).

According to Lemma 2.1, we can obtain the following recursive formula of the singular
values of the origin of system (3.5) by using computer Algebra system Mathematica 7.0.



Hopf bifurcation at a degenerate singular point. . . 3007

Theorem 3.1. Let ¢k jy =0if k<0 orj<0orl<0orl=0,k=j, andifk # j or
k=7,1#0, ckji is determined by the following recursive formula:

1 .
Chyjl = — j (Ceayrjati+ Cle—atk it + Bicoapkavsl + Bijeayki4.

iG—k—d
+ Bic—14k,j,1 + 2B1jc—14k,50 — Bikc_14k,5,0 + 242C 11k, 144,-1+1

4+ 2B3c_14k,14j4,—1+41 + 2A2C— 148,144,141 + 2B3jc—14k,144,—141 — CCh,—245,1+1
— Cleg,—2+4j,1+1 — Bick,—14j,0 + Bijck,— 1441 — 2Bikck,—14+4,1 — 2A25¢k 5,141

+ 2B3jck,j,—1+1 + 2A2kck j,—141 — 2B3kcy,j,—141 + 41 A1Ck145,—241

+ 4Back,14j,—241 + 4iA1jcr,14j,—2+41 + 4B2jck,14j,—241 — Biciyr,—2+4,0

— Bikciik,—2+j,1 — 2A2C14k,—144,—141 — 2B3C14k,—144,—1+1 — 2A2kC14k,—145,—1+1
= 2Bskciyk,—144,—1+1 + 4iA1C14k,5,—2+1 — 4B2Ci4k,j,—2+41 + diArkcitg,j,—2+41

— 4dBskeryk,j,—2+1),

in addition, for any positive integer j, u; is determined by the following recursive formula:

1 . .
Hj—1 21(—00—2%]‘,1 — Bic—24j,145,0 — Bijc—24j,1450 — Bic—14j,5,0 — Bijc—144,5.0
+ Ccj—24j,1 + Bicj,—14j,0 + Bijcj—145,0 + Biciyj,—2+5,0 + Bijci+j,—2+45,0)-

By making use of the recursive formula of Theorem 3.1, we can obtain the singular
values at the origin of system (3.5) with help of computer algebra system Mathematica
7.0, namely the following theorem.

Theorem 3.2. The simplified expressions of the first five singular values at the origin of
system (3.5) are as follows:

p1=——(As + B3)C,

20
L2 = 21023301 (25A3B) — T0B1 B + 54A,C + 22B,C),
iCc? 2 2\ 2 3
= Y [(3347619A% — 9964150 A, By — 3434431 B2)C° — 4758 A, +3942B
3= o ooa (33476194 —9964150A1 By —3434431 B3)C* —4AT5 B} (8600941 +3942By),
. ic* "
4 T 5475170000000 B; (860994, + 3942B5)2
_ iC® "
K5 = T 9717285906078000000000 B2 (86099 A1 + 3942B,)3
where

ma =137232850846045614558 A5 — 1316781479020086046443 A7 By
— 2738536719956146718841 A5 B3 — 493533738629180767087 A3 B
+ 94740972566268445601A; By + 9758294079800363856 B,
ms =1297403394924790703138396915618379A]
+ 220499875217835855907986 708736368 AS By
— 8204926501612658110679519467756935 A5 B3
— 24773038184601714406772029435961040 A1 B3
— 13890964239369034289374946752728475 A% By
— 3239163577332233019751853146115648 A5 BS
— 391711709332688950695164211487201.A, BS
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— 18051111923534308386029607447960B3.

In the above expressions of unn € {2,3,4,5}, we have let 1 = -+ n—1 = 0.

Proof. The course of proof on Theorem 3.2 can be realized by computer with help of
computer algebra system Mathematica 7.0. According to the recursive formula of Theorem
3.1, we have

_%(AQ + B3)07

because C # 0, then we let A2 + Bs = 0 which deduce that

=

Bs = — Ao, (3.6)

moreover we have
iC' By
1200

From CB; # 0, we let 25A2B1 — 7T0B1Bs + 54A1C + 22B>C = 0, then

/1,2 = (25A2B1 — 703133 —|— 541410 —|— 22820)

. 2(27A1C + 11320)
A2 - 9531 ) (37)

at this time we have

o gc”

"~ 736440000
— 475B7 (86099 A; + 3942B5)].

3 [(3347619A7 — 99641504, By — 3434431 B3)C*

According to uz = 0 and C' # 0, we have

(3347619AF — 99641504 B> — 3434431B3)C?

B} =
! 475(86099 A1 + 3942B5) ’

(3.8)

under conditions (3.6) (3.7) (3.8), we obtain

ic’
~45475170000000B: (860994, + 394285

Ha = )2m47

and
3 iCc® .
127172859060780000000003%(86099A1 + 3942B5)3 3

ps =

While the remainder from dividing the polynomial ms in A1 by m4 is ms, hence

ic®
~ 12717285906078000000000B2 (86099 A; + 3942B5)3 e

15 =
From the above course of computation, it can be seen that the expression of u,, n €
{2,3,4,5} is obtained after letting p1 = -+ in—1 = 0. O

According to the relation between the singular values and the focal values, we have
the following theorem.

Theorem 3.3. The first five focal values at the origin of system (3.3) (or the first five
general focal values at the origin of system (1.2)) are expressed as follows:

i
V3 —?O(AQ + B3)C,
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vy = — qgfol (25A3B1 — T0B, Bs + 544,C + 22B,C),
_ nC? 9 o o
— 4T5B7 (86099 A, + 3942B,)],
wC
Vg = maq,
45475170000000B81 (86099 A + 3942 B5)?
O
V11

~ 12717285906078000000000 B2 (86099 A; + 3942B5)% >

in which the expressions of ma, ms are the same as those of Theorem 3.2.

3.3. Limit cycle bifurcation of system (1.2)

At first, we may as well consider the limit cycles bifurcation at the origin of system (3.3).
From Lemma 2.5 and Theorem 3.3, we only need to consider the number of order that
origin of system (3.3) become a fine focus. We can obtain the following theorem.

Theorem 3.4. The origin of system (3.3) can become a fine focus of 5th order if and only
if the following condition holds:

_ _ 2(27A1C+11B5C)
Bg = AQ, A2 = 79531 s
B3 — (334761942 —9964150A41 By —3434431B32)C? (3 9)
1= 475(86099A, +3942B%) ’ :

77’L4:0,M5§£0.

Proof. According to the proof course of Theorem 3.2, the above conclusion is clear. [

In fact, under condition (3.9), the real number solutions about Ai, A2, Bi, B2, B3, C
such that vs = v5 = v7 = v9 = 0 and v11 # 0. If conditions (3.6) (3.7) (3.8) hold, then
vs = vs = vy = 0. We can obtain the solution of ms = ms = 0is A; = 0,By = 0,
while A1 # 0, B2 # 0, hence equations group ms = ms = 0 don’t hold, which deduce
vg = v11 = 0 don’t hold at the same time. Next we try to find the relation between A;
and By if the origin of system (3.3) is a fine focus of 5th order. Let m4 = 0, we have
B2 = AA;1, in which X is the real number root of the following equation

137232850846045614558 — 1316781479020086046443) — 2738536719956146718841\% —

493533738629180767087\> + 94740972566268445601A* + 9758294079800363856)\° = 0.

(3.10)
Equation (3.10) have 5 real number roots, namely

A~ —12.0509, A = —3.32558, A = —0.641669, A ~ 0.0878996, )\ ~ 6.22153. (3.11)

Hence Bz = AA1, A satisfies (3.11) and A; # 0.

From the above analysis, the real number roots about Ai, A2, B1, B2, B3, C' such
that v3 = v5 = v7 = vg = 0 and v11 # 0 have an infinite number of groups of real numbers.

According to Theorem 3.3 and Theorem 3.4, we will deduce the following theorem.

Theorem 3.5. Suppose that the origin of system (3.3) is a fine focus of 5th order, then
under a certain parameters’ perturbed condition, the origin of system (3.3) can bifurcate
5 small limit cycles in which 8 limit cycles can be 8 stable cycles, and system (1.2) can
bifurcate 5 limit cycles, in which 8 limit cycles can be 3 stable cycles.
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Proof. If condition (3.11) holds, then the origin of unperturbed system (3.3) is a fine
focus of 5th order, and the Jacobian of the functions group (vs,vs,v7,ve) with respect to
the variables group (Bs, A2, B1, A1) is as follows:

vy Ovz Ovz Ovg

OB3 0As 0B1 0A;

vy Ovy Ovs Ovs 3 ~10_4

OB3 0As 0B1 0A; Blc T mi (3 12)
R .

vy Qv vy Ovr 7_5937238195200000000000(86099A1+3942B2)2
9Bs 0A; 0B, 0A;

dvg Ovg Ovg Ovg
0Bs 0Ay 0B1 0A;

in which

m1 =35446833674981044103487726 AT — 224042277634125217962453534 A1 Bo
— 256548283412692993125804483 A% B3 — 32385935250201391097013666 A7 Bj
— 12048122992335608065514407 A1 By — 1306889810097232842716346 B5.

By computing, we can obtain the resultant of m1 and m4 on A; is as follows:
r = Resultant[my, m4, A1] = 8721246660991825 - - - 8750000000B3°

in which Bs # 0, so m4 = 0 deduces that m; # 0. In addition, By # 0, C # 0, By # 0,
hence J # 0 under condition (3.9).

Obviously, equations group vs = vs = v7 = v9 = 0 have many real number solutions on
Bs, Az, B1, Aq such that vi1 # 0. We may as well let Bs = b3, A2 = a2, B1 = b1, A1 = a1
are a group of solutions satisfying vs = vs = vy = vg = 0,v11 # 0.

Give a suitable perturbation about these parameters, we may as well let

v3(2m,€) = €1, v5(2m, &) = €2, v7(27,€) = €3, vo(2m, &) = €4, (3.13)

in which €1, €2, €3, €4 are a group of arbitrary real numbers. Because J # 0, then according
to existence theorem of implicit function, equation (3.13) has a group of solutions as follows:

B3 = b3z + fi(€1,€2,€3,€4),

Az = a2 + fa(€1, €2, €3,€4),

( )
(e ) (3.14)
B1 = b1 + fs(e1,€2,€3,€4),
A1 = a1 + fa(er, €2, €3,€4).
Obviously, given perturbations by (3.14) will let (3.13) hold.
Here we can let
6= 2coe' +0(e'), e1 = crme® + 0(€”), e2 = come® + o(€"), (3.15)
€3 = came® + 0(€%), €4 = came® 4 o(€?),
in which
co = —14400jo, ¢1 = 2107670, ¢ = —T645j0, ¢5 = 102370, 5.16)

¢4 = —55J0, jo = V11|e=0,M=0,A=a,B=b,c=c F 0.
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At this time, the focal values at the origin of perturbed system (3.3) ( or the general
focal values at the origin of perturbed system (1.2)) are follows:

(3.17)

’011(271'7 E) = 1)9|€:0 —+ 0(6).

At this time, Poincaré succession function for the origin of system (3.3) is changed into
the following form:

d(eh) = r(2m, eh) — eh
= (v1(27,€) — 1)eh + va (2, €)(eh)? + v3(2m, €)(eh)® + ... + v11(2m, €)(eh)" + - -

= me''h[g(h) + ehG(h,€)],
(3.18)
in which

g(h) =co+ Clh2 + Cgh4 + 63h6 + C4h,8 + johlo
= —1440070 4 21076joh* — 764550h* 4+ 1023j0h® — 55j0h® + joh"° (3.19)
= jo(h* = 1)(h* — 4)(h* — 9)(h* — 16)(h* — 25),

and G(h, €) is an analytic function about h and € at (0,0).

Clearly, g(h) = 0 has 5 simple positive real number solutions namely 1,2,3,4,5. From
implicit function theorem, the number of positive zero points of equation d(eh) = 0 is equal
to one of g(h) = 0, and these positive zero points are close to 1,2,3,4,5 if 0 < |¢] < 1.
The above analysis shows there exists 5 small limit cycles in a small enough neighborhood
at the origin of system (3.3), which are close to cycles 22+ =k k=1,2,3,4,5. At
the same time, when v11 < 0, there exists 3 stable limit cycles which are close to cycles
z? +y? = k%%, k = 1,3,5. Correspondingly, system (1.2) has 5 limit cycles which are
close to cycles 22 + 3% = kSé5, (k €{1,2,3,4,5}). At the same time, when v11 < 0, there
exists 3 stable limit cycles which are close to spheres x> + y*> = k%€, k = 1,3, 5. O

4. Conclusion

The work of this paper focuses on the limit cycle bifurcation problem at infinity for a
class of polynomial systems in 3-Dimensional vector fields. By making two appropriate
transformations and making use of singular values methods on center manifolds to compute
and simply the general focal values carefully, we give the expressions of the first five focal
values of the infinity and prove the conditions of the fifth fine focuses. Moreover, we
obtain the infinity can bifurcate 5 large limit cycles and the relative positions and stability
of these limit cycles are given. Similar published results are hardly seen, and the result of
the number of large limit cycles is new.
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