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1 Introduction
In the qualitative theory of planar dynamical systems, bifurcation of limit cycles for planar
polynomial differential system

dx @ _
a —P(x’y)’ dl' - Q(x,y)» (1'1)

which belongs to the second part of the Hilbert 16th problem, is known as a hot but in-
tractable issue. In the case of limit cycles bifurcated from the origin, a lot of work has been
done (see [1, 2]). Let I,, be the maximum possible number of limit cycles in the neighbor-
hood of the infinity (large amplitude limit cycles) of system (1.1) when P(x, ), Q(x,y) are
of degree at most n. As far as the number of limit cycles bifurcated from infinity is con-
cerned, representative results are as follows: cubic systems, [3] got I3 > 4, [4] got I3 > 5,
[5] got I3 > 6, [6, 7] got I3 > 7; quintic systems, [8] got I5 > 4, [9] got Is > 6, [10] got I5s > 8,
[11] got I5 > 11; septic systems, [12] got I; > 8, [13] got I; > 9, [14] got I; > 13.

Definition 1.1 [4] We call the configuration {(k1), k} the configuration of a vector field
with & ‘small’ limit cycles and k; ‘large’ ones.

Few papers are concerned with bifurcation of limit cycles from the origin and infinity
under synchronous perturbation: [4] obtained the limit cycle configurations of {(5),2} and
{(2),4} in a cubic polynomial differential system; [15] and [16] respectively got the limit
cycle configurations of {(5),2}, {(2),4} and {(7), 2}, {(2), 6} in two certain quintic systems.
However, for a higher degree system, there is not any result.
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In this paper, we deal with limit cycles bifurcated from degenerate singular point and in-

finity under synchronous perturbation in the following real septic polynomial differential

system:

dx

o AB1x =) (5% +97) + X5 (x,9) + (820 — p) (7 +y2)3,
Y +s ) +97) + Ys(x,9) + (x + 8:9) (%% + %)’
i W (& +57) + Ys(x,9) + (x + 829) (x° +5°)7,

where A #0 and

Xs(x,y) = Z Arty, Ys(x,y) = Z By,

k+j=5 k+j=5
Asp = Bosz + P12 + B + Bsos Bso = a3 + app + a1 + 30,
Ay = —5a3 — 3oy — a1 + a3, By1 =503 + 3B12 + B — B3os

Az =—-2(5B03 + Pr2 — Po1 — B3o)s Bsy = —2(5003 + a1p — 0121 — 30),

Agz =2(5003 — 011 — a1 + 30), Byz = -2(5B03 — 12 — o1 + P30)s

A1y =5B03 —3P12 + Ba1 + B3os By = 50103 — 3012 + g1 + 030,

Aps = —g3 + Q12 — Q21 + 30, Bos = Boz — Br2 + Ba1 — B3o.

(1.2)

(1.4)

This paper is organized as follows. In Section 2, some preliminaries are given and system

(1.2) is transferred to its complex concomitant system. In Sections 3 and 4, the first nine

singular point quantities at degenerate singular point and the first seven singular point

quantities at infinity are deduced. At the same time, their center conditions are obtained.

In Section 5, the sufficient conditions of limit cycle configurations {(8),3} and {(3), 6} are

presented.

2 Conversion of the system

Obviously, the origin of system (1.2) is either a center or a focus, and it is also a degener-

ate singular point. System (1.2) contains no real singular point on the equator I'y, of the

Poincaré compactification on the sphere. I'y, is called infinity on the Gauss sphere or the

equator of system (1.2).
By means of polar coordinate transformation

x=rcos0, y =rsinb,

system (1.2) takes the form

dr  §i1h +8yr* + r?[cos 6 X5(cosH,sin6) + sin6 Ys(cos b, sinH)]

do - ’ A+ 7%+ r2[cosOY5(cosO,sin @) — sin O X5(cos 0, sin6)]

For a sufficiently small /, let

[ee]

r=r@,h) =Y vaO)h"

m=1

(2.1)

(2.2)

(2.3)
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be the solution of Eq. (2.2) satisfying the initial value condition r|g-¢ = /1, where
v1(0) = eM?, V(0)=0, m=2,3,.... (2.4)
The Oth focal value at the origin of system (1.2) is v;(27) — 1, i.e., 2% — 1, the kth one is
Voks1(27), k=1,2,....
By means of generalized polar coordinate transformation

x=r"'cos#, y= r~tsing, (2.5)

system (1.2) takes the form

dr 8y + 81Ar* + r*[cos O X5(cos 0, sin8) + sin@ Ys(cos b, sinH)]

— == . 2.6
do " 1+ Ar* + r2[cos0Y5(cos 0, sin6) — sin O X5(cos 8, sin )] 26)
For a sufficiently small 4, let
[o¢]
r=r®,h) =Y vuO)h" (2.7)
m=1
be the solution of Eq. (2.6) satisfying the initial value condition r|y-o = &, where
() =e®, v(0)=0, m=2,3,.... (2.8)

The 0Oth focal value at infinity of system (1.2) is v;(27) — 1, i.e., e 272 — 1, the kth one is
V2k+1(27'[), k= 1,2,....

By means of transformation
zZ=x+ 1y, w=x-—iy, T=it, i=+-1, (2.9)

system (1.2) can be transformed into the following complex system:

dz

= =01 - i8)Z*wW + b3’ + braz*w + bnzZPw? + bso?wP + (1 - i8,)2 w3,

dT

p (2.10)

w . )
i —[k(l +i8)W 2 + agsw’ + apwz + anw’z® + azow?® + (1 + 182)W4z3],
where

aso = a3 + if30, as = a1 +ifar,

ap = ap +ify, ap3 = a3 + ifo3, 211
2.11

b3 = 30 — if30, by =y — iy,

byy = a1y — i, boz = o3 — ifo3.

It is obvious that the coefficients of system (2.10) satisfy the conjugate condition, i.e.,
bj=a; (i,j)€{(3,0),(2,1),(12),(0,3)}. (2.12)

We call that systems (1.2) and (2.10) are associated.
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3 Singular point quantities and center conditions at degenerate singular point
From Theorem 3.2 in [3], we have

Lemma 3.1 For system (2.10);,_s,-o, we can determine uniquely an extended formal power

series
— fok(z, W)
F(z,w) = ZWZ —r (3.1)
pary (zw)
such that
dF >
e =D ew)"?, (3:2)
(210)s,=55=0  m=1

where coo =1, ci = 0,k = 1,2, fr(z,w) = 3, posi CapZ* W', and for any positive integer
m, the mth singular point quantity at the origin Mi,?) can be determined by the following
recursion formulas:

Coo =1,
when (e =B >0) ora<0orp <0,cup =0;
else

1
Cap = 5.6 —a) (5 = 5B)c_10+0,-104p + bo3 (=10 + 3 = 2B)c_710,-348

+ (b12(=5 + 30 = 28) — a30(5 — 20t + 38)) C_g4a-a+p + (b21(Bex — 28)
— a5 (=20 +3B))_510,-5:p + (b30(5 + 30 — 2B) — a1p(=5 — 2 + 3))
X C_gra-6+p — @03(—10 = 200 + 38)C_310,-748), (3.3)
1D = bo3 (=2 + M)C_17450.m),-13+5(20m) + (b12(-1+ m) — azo(1 + m))
X €C_16+5(2+m),~14+5(2+m) T (—anm + b21m)c—15+5(2+m),—15+5(2+m)
+ (=2 (=1 + m) + b3o(1 + 1)) C_1445(24m)-16+5(24m) — do3(—2 + 1)

X C_13+5(24m),~17+5(2+m)- (3.4)
Using the recursion formulas to do symbolic computation, we have

Theorem 3.1 The first nine singular point quantities at the origin of system (2.10);, _s, ¢
are as follows:

(0)

My =—adn + by,
M(O) _ 412430 — bab3o
e
/1,(0) _ 9&103&1%0 + ﬂ%zbog - ﬂogb%z - 9b()3b%0
3 8).2 ’
o _ (ax + ba) (@l bos + Bagzasobia — aosb}, — 3a12bosbso)
Ha 1233 ’
o _ (a2, bos + 3aosazobiy — ao3b?y — 3a1bozbso)(=27aozbos + 16a12biy +2161.)

Hs™= 64814 ’ (3.5)
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ud =o,
(0) __ (4056133b%3 - 8,92851()36112b03b12 + 6,400&1%227%2)(—&1%21703 - gﬂogﬂgoblz + llogb%z + 3&112b03b30)
4 466,56016 ’
10 = 7(45a03bos — 32a12b12) (@ bos + aosbl,)(—atybos — 3aosasobiz + aosbl, + 3ainbosbso)
8 69,9847 ’
) _ llafzbfz (—224,1816{03b03 + 164‘,0006112b12)(ﬂ%2b03 + 36103ﬂ30b12 - a03bf2 — 36lub03b30)
Hs 13,778,1003.8 :
In the above expression 0pr§(0), we have already let M§0) == M;(O_)l =0,k=2,3,...,9.

From Theorem 3.1, it is easy to get

Theorem 3.2 For system (2.10)s,_s, o, the first nine singular point quantities at the origin
are zero if and only if one of the following conditions holds:

1 1 .
() ax =ba, bso = za12, azo = 3bn, anbiy #0;
2 2
(D) an = by, a2azo = biabso, aiyboz = biya03,
2 2
a12b30bo3 = braazoaos, b30b03 =d3pa03-

Proof Putting condition (I) or (II) into expression (3.5) can easily complete the proof of

sufficiency.
Now, let us prove the neczessity.2 If a;5 = by = 0, then M(20) = uio) = ,uéo) = ,u(60) = /L(70) =
Mgo) = M(go) =0, M(30) = —%. Therefore, ,u,io) =0(k=12,...,9)yields
as = by, a3ya03 = biybos, az = by =0. (3.6)

If ayb12 # 0, notice that uﬁ‘” =—dy + by =0, u(zo) = % =0, there exist r3; and

p such that
ay = boy =1y, bso = par, azo = pby. (3.7)

Substituting (3.7) into expression (3.5), we get

2O = (afybos — ao3b},) (-1 + 3p)(1 + 3p)
3 = ,

8)2

© _ (alybos — aosb?y) (=1 +3p)ry
Ha = 613 '

(0) _ (Il%zbog - 61031’)%2)(—1 + 3p)(—276103b03 + 166112b12 + 216)\.)
Hs 648).4 ’

bos — ao3bl,)(405a3,b%; — 8,92 bosb 2b%)(-1 (38)

M(O) _ (ﬂlz 03 — 403 12)( 05(103 03 8:9 8(103”12 03 12+6;4'00512 12( +3P)

7 = — )

466,5601°
1O~ _ 7(-45a03bos + 32a12b15) (a3, bos — aosbiy)(ad,bos + aosbi,)(—1 + 3p)
8 69,98417
) _ _1111%21?%2(—224,18111032?03 + 164,000(112b12)({l%2b03 - dogb%z)(—l + 3p)
Hs 13,778,10018 :

’

405a3,b%; — 8,928a03a12bo3b12 + 6,400a3, b7, = 0 and —224,181a03bo3 + 164,000a12b15 = 0

© _ (© 1

do not simultaneously hold, thus from u,” = ;" = ,u(go) =0, wehave (i) p = 5 or (ii) apa30 -
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biabso = 0, alyboz — agzb}, = 0. At this moment, ,u,(so) = MELO) = Méo) = M(SO) = 0. Condition (i)

or (ii) combining with Mio) = 0 implies the following conditions, respectively:

1
b3y = Zai,

3 annbis #0; (3.9)

1
an = by, aso = gbu,

an = by, aazo = b1ab3o, atybos = byags, apbi #0. (3.10)
Condition (3.6) plus (3.10) is equivalent to condition (II). The proof is completed. O
From the definition of elementary Lie invariants in [17], we can obtain

Lemma 3.2 All the elementary Lie invariants of system (2.10);, _s,_o are as follows:

A, ansn, by, azobso, anbio,
ap3bos, a2azo, b1ab3o,
(3.11)
2 2
ﬂubos, a12b30bo3, b30b03,
) 2
b12403, biasoaos, a30a03-

Theorem 3.3 Forsystem (2.10)s _,_o, all the singular point quantities at the origin are zero
if and only if the first nine singular point quantities are zero, i.e., one of the two conditions
in Theorem 3.2 holds. Correspondingly, the two conditions in Theorem 3.2 are the center

conditions of the origin.

Proof When condition (I) holds, system (2.10);, _s,_¢ has the integrating factor M(z, w) =
(zw)~>; when condition (II) holds, system (2.10)5,5,-0 satisfies the conditions of the ex-

tended symmetric principle (Theorem 2.6 in [17]). |

4 Singular point quantities and center conditions at infinity
Lemma 4.1 [18] For the system

dZ ) 2n

aT - "W + Z;Zk(z, w),
(4.1)

dW 2n

_ n+l, _n
T~ W — kZﬂ; Wi(z, w),
where
Zi(z,w) = Z aaﬁz‘)‘wﬂ, Wi(z,w) = Z baﬁwo‘zﬂ, (4.2)

a+f=k a+f=k
toany integers # 0,y # 0, we can derive successively the terms of the following formal series:

oo

F(z,w) = (zw)’ [ZM} y (4.3)

k(n+1)
k=0 (ZW)
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such that
dF 1 f2n+1 k(Z; W) =
_ }’I+S 4'4
dT (4‘1) |:Z() ZW)k n+1) j| Zl (ZW)m ( )

and for any integer m,
A ™ =SV Mmy (4.5)

where [L,, is the mth singular point quantity at infinity, ~’is the symbol of algebraic equiv-
alence, coo =1, cans1)k,2ns1)k can be taken arbitrarily, k =1,2,.... When a # B8, A, is deter-
mined by the following recursion formulas:

1
Cap = F-a@nsD %:{[na ~(m+1)B+(ys+n+1-k)(2n+1)]|agj

- [n,B —(m+Da+(ys+n+1 —j)]bj,k_l}

X Co+nk+(n+1)j—(n+1)(2n+1),+nj+(n+1)k—(n+1)(2n+1)> (46)
= [(ys+n+l—k—m)agj—(ys+n+1—j—mb]

kj

X Cnk+(n+1)j+(m-n-1)2n+1),nj+(n+1)k+(m-n-1)(2n+1)- (4'7)

Take s = -1, y =1, n = 3, applying Lemma 4.1 to system (2.10);, _5,_o and executing cal-
culation in Mathematica, we have

Theorem 4.1 The first seven singular point quantities at infinity of system (2.10), _s, o are
as follows:

Mﬁoo) =dg — by,

M(zoo) = —apaso + bizbso,

(00) _ 3610361%0 + 361%2b03 + 861036130]912 - 36103]9%2 - 8a12b03b30 - Bbogb%o
3 8 ’
0oy  (ax +ba)(aybos + 3aosazobiy — ao3bl, — 3arabosbso)

4

=- n , (4.8)

(00) _ (@ybos + 3agsasobry — aosbi, — 3a1nbosbso)(—aosbos + 4ainbiy + 61)
o) _ _
6

uS =0,

(c0) _ Da1zbia(=aosbos + dayybry)(aybos + 3aosazobiy — agsbl, — 3aiabozbso)
7= .
6

In the above expression ofuzoo), we have already let ,uﬁoo) =-..= M1(<001) =0,k=2,3,...,7.

By the similar method used in the proof of Theorem 3.1, we can obtain the following
result.

Theorem 4.2 For system (2.10)s,_s,_¢, the first seven singular point quantities at infinity
are zero if and only if condition (1) or (I1) is satisfied.

Page 7 of 10
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The following result is immediate from Theorems 3.3 and 4.2.

Theorem 4.3 The degenerate singular point and infinity of system (2.10);, _5,_o have the
same center conditions.

5 Bifurcation of limit cycles under synchronous perturbation
From Theorems 3.1 and 4.1, we have

Theorem 5.1 The degenerate singular point of system (1.2), _s,_o is a fine focus of order
nine if and only if the coefficients of its associated complex system (2.10), _s, o satisfy

1
dy =by =0, aso = ——bio, b3g = ——ayy,
21 = D1 30 301 30 302

—27(103b03 + 1661121’)12 +216A =0, (5 1)
405a3,b5; — 8,928a03a12b03b12 + 6,400a7,b7, = 0,

2 2 2 2
dlzbog + dogbu = O, ﬂ12b12 (ﬂlzbog - dogbu) 7{0

Theorem 5.2 The infinity of system (1.2)5,_s,-o is a fine focus of order seven if and only if
the coefficients of its associated complex system (2.10)s _s, _o satisfy

az = by =0, azo = —3b1, bso = =3an,
(5.2)
—&logbog + 4&112b12 + 6\ = 0, ﬂ12b12 (lzl%zbog - aogbfz) 7!0

Actually, when the degenerate singular point of system (1.2),,_s,_ is a fine focus of order
nine, its infinity is at most a fine focus of order three; when the infinity of system (1.2)51:52:0
is a fine focus of order seven, its degenerate singular point is at most a fine focus of order
three. Therefore, we have

Theorem 5.3 By synchronous perturbation at degenerate singular point and infinity, sys-
tem (1.2) has the limit cycle configurations of {(8),3} and {(3), 6}.

For the sake of simplicity, we will prove the first case of Theorem 5.3. The other case can
be proved with the same principle.

Theorem 5.4 Let the coefficients in (2.10) satisfy

1
81282268; ﬂBO=—§’ ﬂ21=E4,—i€7, ﬂ12=1—€2_€3_65_i66!
4 N1 4
dgs = —€1 — —i| —(31 = 24/209), A =———(-44 +3+4/209), (5.3)
3Vs5 135
bso = azo, by = an, by = an, bos = dos

(accordingly, the coefficients of system (1.2) are determined by (1.4), (2.11) and (5.3)), where
€;,1=1,...,8 are small parameters with

I<ag<KagKkgLaskKkagLaKKaKagkKl (5.4)

Page 8 of 10
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Then for system (1.2), there are eight limit cycles bifurcating from the degenerate singular
point, and at the same time, there are three limit cycles bifurcating from infinity.

Proof For the degenerate singular point of system (1.2), from v; (277) = €21, v,,,,,1 (27, 81) =

V2141 (277, 0) + 8102141(dap, bap, 61), Theorem 3.1 and vyy41(27) ~ im iy, after computing
carefully, we have the following:

v (2m,81) —1=2meg + o(eg),
v3(27,81) = [-27 + wi(€1, €2, €3, €4, €5, €6,€7) |€7 + 0(€7),
I 45

-————7
| 2(-44 +34/209)

r 1,215,/5(31 —24/209)
v7(2m,81) = | -

8(—44 + 34/209)?

[ 54,675,/5(31—2+/209)
vo(2m,8) = | —

L 8(—44 + 34/209)3

273,375,/5(31 - 24/209)
v (27, 68;) = |:—

4(~44 + 3/209)*

22,143,375,/5(31 — 24/209)(-418 + 31./209)
16(~44 + 34/209)6

v5(27,81) = + wz(el,ez,63,64,65,66,67)] €6 + 0(€6),

T+ 0)3(61,62,63, €4, €5, €6, 67)] €5 + 0(65),

T+ 6()4(61,62, €3, €4, €5, €q, 67)} €4 t+ 0(64)7

T+ wS(el,62¢63>€4,65,66¢57):|63 +o(e3),

vi5(27,81) = |: b4

+ a)6(611 €2, €3, €4, €5, €p, E7)i| € + 0(62);

ors) [ 174,379,078,125,/5(31 — 24/209)(~29 + 2+/209)
vi7(2m,81) = | — b
e 1,024(—44 + 34/209)

+ w7(61,ez,63,64,65,66,67)] €1+ o(e),

32,882,911,875,/5(31 — 24/209)(-720,929 + 49,818+/209)

vio(27,81) = —
e 7,168(—44 + 31/209)¢

7 +o(1),

where w;(€;, €3, €3, €4, €5, €, €7) are analytic at (0,0, 0,0,0,0,0) and ;(0,0,0,0,0,0,0) =0,
i=1,...,7.
Simultaneously, for the infinity of system (1.2), we have

1(27,8,) —1 = -2meg + o(eg),

v3(27,8,) = 2me7 + o(e7),

2
v5(27,85) = —§7T€6 + 0(eg),

v, (2m,8,) = %,/ é(Sl —24/209)7 + 0(1).

According to the classical theory of Bautin, there exist eight limit cycles in a small
enough neighborhood of the degenerate singular point and three limit cycles in a small
enough neighborhood of the infinity. O
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6 Concluding remarks

We have presented the solution to the problem of bifurcation of limit cycles at degenerate
singular point and infinity for a class of seventh degree polynomial vector field. There are
two important points to make here. Firstly, by computing the first several singular point
quantities with Mathematica and vanishing them, the same center conditions at degener-
ate singular point (Theorem 3.2) and at infinity (Theorem 4.2) are obtained. Secondly, by
synchronous perturbation of degenerate singular point and infinity, the limit cycle config-
urations of {(8),3} and {(3), 6} are determined. We hope that our work could make some

contributions in this direction.
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