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Abstract

In this literature, the calculation of generalized center conditions is addressed for resonant infinity of a
polynomial vector field in C2. The technique is taking resonant infinity into elementary resonant origin by
a homeomorphism. Afterwards, an algorithm to compute generalized singular point quantities is developed,
which is a good approach to find the necessary conditions of generalized center for any rational resonance
ratio. Finally, the necessary and sufficient conditions of generalized center for resonant infinity are obtained.
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1. Introduction

The classical problem of center is invariably restricted to the following polynomial real planar vector
fields

with z,y,t € R, P and @ are polynomials belonging to some natural class (e.g. of degree < n, homogeneous
of degree n). One has to find conditions, on the coefficients of P and @, under which a neighborhood of the
origin is covered by periodic solution of the system .

The above problem was completely solved only in the following two general situations:

(i) When P and @ are homogeneous polynomials of degree 2 (by Dulac and Kapteyn);

(ii) When P and @ are homogeneous polynomials of degree 3 (by Sibirskii [9} 10]).
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The mentioned center problem is the subject of much work (see monographs [5] [13]), here we do not cite
many more concrete literatures.
When we treat as a system in the complex plane (with complex time), then after a simple change
of variable it is equivalent to
T=T+-,y=—y+--, (1.2)

i.e. to a 1: —1 resonant saddle. The existence of a center is equivalent to the existence of a local analytic
first integral of the form H = zy+--- (Equivalent condition: absence of the resonant terms (zy)* (20, +y9,)
in the normal form).

On the other hand, to our notice, a natural generalization of the center problem is proposed in [14] to
consider the case of a polynomial vector field in C? with p : —q resonant elementary singular point

& =pr+ Px,y), §=—qu+Qz,y), (1.3)

with p,q € ZT. The only way to get necessary conditions for a center is to compute the p : —¢ resonant
focus numbers, the analogues of the Poincaré-Lyapunov focus quantities. If p and ¢ coprimes, then one can
calculate the successive terms in the Taylor expansion of the supposed first integral and the p : —¢ resonant
focus numbers g are the coefficients of the obstacles to its existence:

H=x%+ .. H= ng(:rqyp)kH. (1.4)

The g}, s are polynomials in the coefficients of the system and can be calculated algorithmically.

Looking for conditions for the existence of a local analytic first integral H = x%yP + --- (i.e. for the
existence of a p : —q resonant center) for system has stimulated a great deal of effort from then on.
Equivalent condition for the mentioned problem is the absence of the resonant terms (x%y?)*(pz0, + qyOy)
in the normal form. For the 1 : —2 resonant singular point the integrability problem is completely solved in
[3, [14] where necessary and sufficient conditions (20 cases) are given. Lotka-Volterra systems of the form

&=z 4+ ax®+bxy, §=—\y+ cxy+dy> (A >0) (1.5)

is sufficiently general to give important information on the organization of strata in families of polynomial
systems. One can find parameters such that system (|1.5)) is normalizable, normalizable but not integrable,
integrable but not linearizable. Necessary and sufficient conditions for integrability and linearizability are

already known in [2, [I4] for the case A € N, that is the 1 : —n resonant cases. In [4], some sufficient
conditions are given in the case of general A. For the case A\ = £ or %,p € N7, necessary and sufficient
conditions for integrable and linearizable systems are given. They have proven that, in the case A = § or

%, p € NT,if a = d = 0,bc # 0 then system is integrable but not linearizable, and raised the question
for general rational A, other open problems are also suggested. In [6], some sufficient conditions for the
systems with 3 : —¢ resonance were given, and the integrability of the particular cases of 3 : —4 and
3 : —5 resonances were investigated.

Y. Wu and C. Zhang ([11]) explored the problems of generalized center conditions and integrability of
resonant infinity for the following complex polynomial differential system

2n
L — pertlun + 3 agpetw’,
B0
“ 2n (16)
% = —qu"tlzn — bagwazﬂ,
a+5=0

where z,w, T, anp,bop € C,p,q € Z*,(p,q) = 1,n € N. A new recursive algorithm for computing generalized
singular point quantities at resonant singular point was derived. Compared with the above results, by using
the method of integrating factor method, we develop a parallel recursive algorithm to the calculation of
generalized singular point quantities at resonant infinity in this paper.



Y. Wu, F. Li, J. Nonlinear Sci. Appl. 9 (2016), 287-294 289

The organization of this paper is as follows. Sec. 2 is a section of generalities: we give the definitions
of generalized singular point quantity, generalized complex center, algebraic equivalence, etc., which we will
use in this paper. In Sec. 3 we state and prove the main result. In Sec. 4, as for the experimental part of
our study, we specialize to a class of cubic systems and discuss the conditions under which resonant infinity
can be a generalized complex center.

2. Generalized singular point quantity and integrability

First of all, we need to clarify the main notation as well as the definitions, lemmas and theorems.
Consider the complex polynomial differential system with the form

o
L —pzt+ > agpziw’ = Z(z,w),
) ath=2 (2.1)
d—qj‘i =—quw— Y, baﬁwazﬂ = -—W(z,w).

a+pB=2

Lemma 2.1 ([I, 4]). For system (2.1), we can derive uniquely the following formal series

o0 o0
E=2+ Z erj2wl, n=w+ Z dijwh 29 (2.2)
k+j=2 k+j=2
where po = qo = 1, cpp1p = dpy16 = 0, k= 1,2,---, such that system (2.1) can be transformed into its
normal form

d > . d = :
% = pé;pz‘(fqﬁp)za % - _Qquz’(ﬁqﬁp)l- (2:3)

Definition 2.2. For system ([2.1]), the quantity ur = pr — g is called the generalized singular point quantity
of order k of the origin. If pu; = po = -+ = pg—1 = 0, ugx # 0, then the origin is called a fine singular point
of order k. If for all k, ux = 0, then the origin is called a generalized complex center.

Remark 2.3. If system (2.1)) is a real system, then ”u;” defined in Definition is "the saddle quantity of
order k” defined in [14].

Lemma 2.4 ([12]). The origin of system (2.1) is a generalized complex center if and only if system (2.1))
has a reqular first integral at the origin.

Definition 2.5 ([7]). For system ((1.6),—¢—1 and any positive integer k, if there exist (i, (2, -, (x—1 which
are polynomials in aqg, bag, such that

pe + Cpn + Qpa + -+ Geo1ftk—1 = Ak, (2.4)
we say that up and Ay are algebraic equivalence denoted by pr ~ Ag.

Lemma 2.6 ([8]). For system (2.1)), we can derive successively the following formal series

o0
M(z,w) = Z capz®w® = 297 wP 4 hot, (2.5)
a+pB=p+q—2

where crgpp = 0,k =1,2,3,---, h.o.t. stands for high order terms, such that

OMZ) OMW) 4 4~
_ = DAy (22wP)™. 2.
e o 29w mg_l(m—l— ) Am (z9wP) (2.6)
If M =X==Ap1 =0 A #£0, then uy = p2o = -+ = -1 = 0, iy, Z 0, and Ay ~ pQli,, m =

”

1,2,---, where” ~ 7 is the symbol of algebraic equivalence.
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Theorem 2.7 ([I1]). Infinity of system (1.6) is a generalized complex center if and only if there exist a
non-zero real number s and a first integral

g(2n+1)k(za w)

G(z,w) = (z7 9w P)* Z

2™ (o) I (27)
3. The algorithm
By means of transformation
z w
o i 0= o AT = (20 1)) Ty )
and renaming (z1,wy,T1) by (z,w,T), system (1.6]) is brought to
2n ~
L=pz+ 2 0[”aaﬁ + (14 Dbgr1,a-1]22wfH (zw) Crmem A = Z (2 w),
e _ (32)
W= —q'w - Eﬂ) [nbag + (n+ Dagi1,a-1]w* 24 (zw)Crme=ftl) = —W(z, w),
a+pB=
where
p =np+(n+1l)q, ¢=ng+ (n+1)p. (3.3)

Accordingly, infinity of system ([1.6)) becomes the origin of system (3.2]). Note that transformation (3.1f) is a
homeomorphism, thus the study of infinity of system (|1.6)) is equivalent to the study of the origin of system
(3-2). The origin is an elementary p* : —¢* resonant singular point of system (3.2]).

Remark 3.1. For system (3.2), the functions on the right hand side have the following peculiarities:
(i) There exist two complex straight line solutions z = 0 and w = 0.
(ii) The degree of every monomial higher than one is 2n+1—a—p)2n+1)+1,a+=0,1,--- ,2n.

From Lemma we have

Theorem 3.2. For system (3.2)), we can derive successively the following formal series

o0
M(z,w) = Z Cap2®w’ = 24 TP 7 L hoot., (3.4)
a+pB=p*+q*—2
where Crgr ppr = 0,k =1,2,3,---, such that

IMZ) dMW) _ IR i
% 9w mE:‘lm—i—l (29 wP )™, (3.5)

and Xm ~ D¢, m = 1,2, - - -
The coefficients cop and Ay, above are determined as follows: for V(o ), when p*(a + 1) = ¢* (8 + 1),
Cap are arbitrary; when p*(a+ 1) # ¢*(6 + 1),

2n+1

CaB = 1 no — —1]a —In n o—
Cap = q*(ﬂ+1) (Oé—{—l) k—‘zl{ ( +1)ﬁ 1] k,j—1 [ /B ( +1) 1] 5, k— 1} (36)

X Ea+nk+(n+1)jf(2n+1)(n+1)7ﬁ+nj+(n+1)kf(2n+l)(n+l)-
For any positive integer m,

2n+1

Am = (277, + 1) Z (pbj,kfl - qak,jfl)gq*(m+1)+nk+(n+1)j—(2n2+3n+2),p*(m+1)+nj+(n+1)k—(2n2+3n+2)‘ (37)
ktj=1
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In expressions (3.6) and (3.7), for p* +¢* —2 < a+ B < p*+ ¢* + 2n — 2, we have already let

~ _ ]-aa:q*_l?ﬁ:p*_]-a
Cof = { 0, for other (a, ) (3.8)

and if o <0 or B <0, let ang = bag = Cap = 0.
Proof. System (3.2) can also be expressed as

2n+1
;l% _ p*z + Z [nakz,j—l + (n + 1)bj’k_l]Zk+1+(2n+1—k—j)(n+1)wj+(2n+1—k—j)(n+1) _ Z(z,w),
k+j=1
d 2n+1 (3.9)
% — —q'w— Z [nbjs_1 + (n + 1)ak’j_1]Zk+(2n+1—k—j)(n+1)wj+1+(2n+1—k—j)(n+1) _ _’W(%w)'
k+j=1

Taking partial derivative of MZ and MW with respect to z and w, we have

00MZ) OOIW) _ OM My 07 W o

_ _ 7 Yo 9
0z ow ( 0z ow ) (82 ow )
o) 2n+1
- Z 0Cop2® TP {p* 2 + Z nag -1+ (n+ 1)bj k1]
a+B=p*+q*—2 k+j=1

% Zk+1+(2n+1fkfj)(n+1)wj+(2n+lfkfj)(n+1)}

) 2n+1
_ Z 6Ea,82awﬂ_1{q*w + Z [nbj,k—l + (n+ 1)ak,j_1]
a+fB=p*+q*—2 k+j=1

% zk+(2n+l—k—j)(n+1)wj+l+(2n+l—k—j)(n+1)}

00 2n+1
+ Y G {0 =g+ Y {1+ @n+ 1=k —j)(n+ 1)][nag; 1+ (n+ )bk ]
a+B=p*+q*—2 k+j=1
— A1+ Cn+1—k— ) (n+1)][nbjr1 + (n+ )ayj_1]}2EHEnFImk=) 0D+ Cntl=k=j)(n+1)y
= > [pla+1) =g (B+1)cap"w’
a+f=p*+q* =2
00 2n+1
+ ). > A{alnar;1+ (n+ 1)bjp1] = Blnbjr—1 + (n + Dag 1}

a+B=p*+q*—2 k+j=1

X Eaﬁzo“"k‘*‘(2"+1—k—j)(n+1)wﬁ+j+(2n+1—k—j)(n+1)

o0 2n+1

+ Y ST Alk+1+@2n+1—k—j)(n+1)][nag—1 + (n+ 1)bj 1]
at+B=p*+q*—2  k+j=1

Sl L+ @ L= k= )+ D]yt + (04 Dagjoa])

X Top2 @ ThHEnF1—k=d)(n1) ) By +@nt1-k—j) (n+1)

o0

= > [ple+l) =g (B+ )]sz’

a+B=p*+q*—2



Y. Wu, F. Li, J. Nonlinear Sci. Appl. 9 (2016), 287-294 292
00 2n+1
+ Z Z {lna — (n+1)B+ (2n+ 1)k — (2n® + 3n + 2))ag j—1
a+B=p*+q* -2 k+j=1
—mB—=(n+Da+2n+1)j— (2n>+3n+ 2)]bj k—1}
% fcvaﬁzoz+k+(2n+17kfj)(n+1)wﬁ+j+(2n+lfkfj)(n+1).
For p* +q¢* =2 < a+ B <p* +¢* +2n — 2, let cop be a piecewise constant function, such that
~ _ 17a:q*_17/8:p*_17
Cof = { 0, for other (a,f3). (3.10)
So
> plat ) = ¢ (B+1D)]capzw’ = > [p*(a+1) = ¢"(B+ 1)]capz"w’.  (3.11)
a+PB=p*+q*—2 a+pB=p*+q*+2n—1
By calling the new variables
od=a+k+@2n+1-k—-j5(n+1), =8+j+2n+1-k—j)(n+1), (3.12)
we have
4+ =a+B+2n+2-k—5)2n+1)>p"+q¢* +2n—1. (3.13)
We preserve the notation («, ) for (¢/, 8'), then
o] 2n+1
> > {lna—(n+1)B+ (2n+ 1)k — (2n° + 3n + 2)]a,; 1
at+B=p*+q*—2  kt+j=1
—mB=(n+Da+2n+1)j — (2n* +3n + 2)]bjk-1}
« Eoéﬁza+k+(2n+1—k—j)(n+1)wﬁ+j+(2n+1—k—j)(n+1) (314)
00 2n+1
= > > A{lne = (n+1)8 = 1ap;—1 — [ — (n+ a — 1bj 51}
a+B=p*+q*+2n—1 k+j=1
~ a, B
X Co—k—(2n+1—k—75)(n+1),8—j—(2n+1—k—j)(n+1)% W -
Furthermore,
oMZ) (MW i i} i} ~
W) GV _ S () - (5 + Dl
0z ow
a+P=p*+q*+2n—1
2n+1 (315)
+ > {lna— (n+1)8 = Yagj—1 — 8 — (n + Lo — 1]bj 41}
k+j=1
X 5a+nk+(n+1)j—(2n+1)(n+1),6+nj+(n+1)k—(2n+1)(n+1)}Zawﬂ'
Denote that
2n+1
Vas = Y {lna—(n+1)8—1ap;1 — [nf— (n+ 1o — 1]bj1}
ktj=1 (3.16)

X Ea+nk+(n+1)jf(2n+1)(n+1),ﬂ+nj+(n+1)kf(2n+1)(n+1) .
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When p*(a+1) —¢*(8+1) # 0, let [p*(a+1) —¢*(8+1)]|cap+ Vap = 0, from expressions (3.15)) and (3.16),
one can obtain ¢,g = m, namely, formula (3.6). When p*(a + 1) — ¢*(8 + 1) = 0, comparing

(3.5) with (3.15)), one obtains (m + 1)Am = Vg (m41)—1,p*(m+1)—1, namely, formula (3.7). O

This theorem gives a recurrent way to compute the generalized singular point quantities at resonant
infinity of system (1.6]) in terms of its coefficients.

4. An illustrative example

In this section, we present a class of concrete systems of the form ([1.6]) to illustrate the validity of the
theoretical results obtained in the previous section.
Consider the cubic complex polynomial differential system as follows:

dz 9 9
— = a902” + a112w + 2w,

T’ (4.1)

d
% = —bgo’wZ — blywz — 2w?z.

Theorem 4.1. Consider system (4.1)), the following assertions hold.

(i) Computing with the recursive formulae in Theorem 3.1 of [I1], we summarize the first three generalized
singular point quantities at resonant infinity as follows:

3
AL = —§b20(2a20a11 + a11b11 — baob11),

1
A2 = 1b20(2a11a20 + a11b11 — biibag)(46a3 asg + 42a31b11 + 99a11as0bap — 108ay1b11bag

— 67agb3y + 48b11b3,),

1 4 2 4 4 12 (4'2)
)\3 = —%620(2@1@20 + aubn — bnbgo)(861216a11a20 — 617136&110,201)11 + 339120a11b11

— 155312003 a3gbag + 238478043, agob11bag — 1236870a3, b3, bag + 240342003 a3qb3
— 393782042, agob11b3 + 167746503 b2 b3y — 1728280a11a3yb3y + 2567800a11asobi1bsg
— 958230a11b%, b3y + 406524a30bsy — 563224a20b11b3y + 19471502 b3,).
1 omputing with the recursive formulae ([3.6)) an 1), we summarize the first three generalized sin-
i) C ing with th e f lae (3.6) and (3 ize the fi hree g lized si
gular point quantities at resonant infinity as follows:

~ 3
M1 = =5 bao (2020011 + anibin — baobn),

~ 1
A2 = —7bao(2a11a20 + aribn — bi1bzo) (46at1az + 54a;bis + 8Tar1az0bao — 132a11b11boo
— 43&20[)50 + 48611[7%0)7

As = —%bzo(Qallazo + ay1b11 — b11boo)(861216a7; a3, — 102033647, azbi1 + 646920a],b?; (4:3)
— 114992003, a3ybao 4 284288043, asobi1bag — 195597043 b2, bag + 163752043, a2,b3,
— 394112043 agoby1b3q + 230386503, b% b3, — 1005880a11a30bs + 2153500a1 1 azoby1big
— 113013001162, b3 + 194424a3,b5, — 391324a00by1bg + 19471563, b3g).
On the basis of Theorem it is easy to check that the following equalities are satisfied:
AL = A1,
X2 = Aa + 2(2bag — an1)(asobao — aribin) A,
(4.4)

~ 5
A3 = A3 + ﬂ(agobgo — anbn)(—1344a:f1ago + 1026(1?1()11 + 2553@%1@01)20 — 2397&%11)11[)20

— 2408(111&2017%0 + 2088&115115%0 + 707&205%0 - 573b11b§0)X17
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which suggest that A, ~ Xm, m = 1,2,3. And so we can obtain the same integrable conditions at resonant
infinity as those in Theorem 5.2 of [I1].
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