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Abstract We study periodic solutions and first integrals in a three-dimensional
quadratic system of ODEs. Coefficient conditions for existence of centers on
center manifolds are obtained. Some bounds of the number of limit cycles
bifurcating from the centers under small perturbations are given.

Keywords Integrability, limit cycle, center, center manifold, polynomial sys-
tem.

MSC(2010) 37G15, 37J15, 37J35.

1. Introduction

Quadratic autonomous systems of ordinary differential equation represent an im-
portant object to study in the qualitative theory of ODEs. The theory of planar
quadratic systems, that is, systems of the form

jj:P(x,y), y:Q(l‘,y>7 (1'1)

where P and @ are quadratic polynomials, is well developed and the classification
of phase portraits of this system is almost completed [1], however the question of
the second part of Hilbert’s 16th problem about the upper bound for the number
of limit cycles remains unanswered even for system (1.1).

The quadratic three dimensional system, that is, the system

T =ag+ a1x + a4x2 + a2y + asxy + a6y2 + a3z + agxrz + aryz + agZQ,
1§ =bo + bz + byx® 4 boy + bszy + bey® + bsz + boxz + bryz + bgz?, (1.2)
z=cop+crx+ 04952 + Ccoy + CsxY + 06y2 + C3z + Cgxz + Ccryz + ng2,

is much less investigated. It is practically impossible to study system (1.2) in full
generality, so only some subfamilies of the system have been studied. In particular,
integrability of some subfamilies of (1.2) was studied in [2,3,6,12,18].
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Limit cycles of (1.2) were studied in many works. An example of a quadratic
system with infinitely many non-isolated limit cycles was presented in [5]. Twelve
limit cycles in a subfamily of system (1.2) with Zs symmetry were constructed
n [16]. An example of a subfamily of (1.2) having 10 small amplitude limit cycles
was given in [9] and recently it has been shown in [17] that 12 limit cycles can
bifurcate from two foci at the center manifold in the system

T =xy,
§=—(Bi+dy+z— (2> +2%)/2+ Biyz — Bay?, (1.3)
z=—C3z— Oly - Czy2 + C1yz + 032’2.

Polynomial systems having some kind of symmetry have attracted much atten-
tion (see e.g. [9,16,19] and the references given there). In this paper we study
integrability and limit cycle bifurcations in a family of system (1.2) with “YOU”
symmetry, which is different from the one considered in [9] and [17]. Simple com-
putations show that system (1.2) is symmetric with respect to z — —z and has
singular points F; = (1,0,1) and Es = (—1,0,1) if and only if

a0:a4:a2=a6:a3:a7:a8:b1:b5:b9201:c5209:07
bg = —by — b3 — bg, (1.4)

Cop = —C3 — C4 — Cg.
To simplify the further computations we set
a; = ag = O, as = 721)4, b3 = 72[)8

Then, under conditions (1.4) system (1.2) is written as

T = — 2bsxy,
y=—>by+bg+ b4$2 + boy + b6y2 — 2bgz + bryz + b82’2, (].5)
Z=—cC3—C4—Cg+ C4x2 + coy + 06y2 + c3z +cryz + 0822.

If by = bg = —%, ¢y = 0,c3 = —cs, cg = —co, then system (1.5) is the same as

system (1.3). We obtain another subfamily of (1.5) setting in (1.5) by = ¢z = 0,
that is,

T = — 2bsxy,
1§ = — by + bg + byx? + bgy? — 2bsz + byyz + bgz?,
Z=—cC3—Cq4—Cg +C43:2 —|—62y—|—c6y2 +63z+08z2.

We can rescale all equations of this system by —2by4, or, equivalently, we set in it
by = —1/2. Additionally, we set c3 = —1 — 2¢g obtaining after moving the origin to
the point F; the system

T =y +zy,

. z? 2 2
y:—x—7+b7y+b6y + bryz + bgz”, (1.6)
i=— 24241+ cyz® + coy + 06y2 + cg22.

In the present paper we study first integrals and periodic solutions of system
(1.6). We first obtain some conditions on the parameters of the system under which
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it has families of periodic solutions on the center manifolds passing through the
points F7 and E5. In fact, in such situation the system has analytic first integrals
in the neighborhoods of F; and F5. Then, we study bifurcations of the families of
periodic solutions and estimate the number of limit cycles which appear near F;
and Fs after small perturbations.

2. Preliminaries

Consider a three-dimensional system of the form

= ou—v+ P(u,v,w; ) :ﬁ(u,v,w;,u)
0=+ av+ Qu, v, w; 1) = Qu,v,w; ) (2.1)

W= —Aw + R(u,v,w; u) = R(u,v,w; u),

where P, @, R are power series without constant and linear terms, which are con-
vergent in a neighborhood of the origin, u = (u1, ..., 1), and the parameter space
is some algebraic set F = (\; u, @) which is a subset of (A\;u, ) = R* x RP x R,
where R* =R\ {0}.

In this section we assume that oo = 0. Then the Jacobian of (2.1) at the origin
has the eigenvalues i and A. According to the Center Manifold Theorem (see
e.c. [7]), system (2.1) has a local center manifold W¢ passing through the origin
defined by a function w = f(u,v) and tangent to the (u,v)-plane at the origin. The
phase portrait in a neighborhood of the origin on W€ can be, depending on the
nonlinear terms P, @ and R, either a center, in which case every trajectory (other
than the origin itself) is an oval surrounding the origin, or a focus, in which case,
every trajectory spirals towards the origin or every trajectory spirals away from the
origin as the time increases.

Let

X=PZ+QL+REZ (2.2)
be the vector field corresponding to system (2.1).
The following theorem is proved in [4, §13].

Theorem 2.1 (Lyapunov Center Theorem). The origin is a center for X|W¢ if and
only if X admits a real analytic local first integral in a neighborhood of the origin in
R3. Moreover when there exists a center the local center manifold W€ is analytic.

For system (2.1) one can always find a function

®(u,v,w) = u? + v + Z djreud v’ (2.3)
J+k+e=3
such that
XB = waip(u® +0v?) (2.4)

i=1

For any fixed value A € R* the coefficients vy; 1 are polynomials in parameters of
system (2.1) (see [14] for more details about the properties of vg;41). Obviously, for
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fixed values of the parameters function (2.3) is a first integral of (2.1) if and only if
v9;41 = 0 for all 7 € N.

However if system (2.1) depends on many parameters the calculation of ve; 1
becomes an extremely difficult computational problem. It has been observed already
by Lyapunov that computations are easier, if we introduce complex phase variables
setting

X =u+1v.

Then the first two equations in (2.1) are equivalent to a single equation
X =iX +P(X, X,w).

Adjoining to this equation its complex conjugate, replacing X everywhere by Y,
regarding Y as an independent complex variable, replacing w by Z and rescaling
time dt — —idt we obtain the complexification of family (2.1) given by the system

X= iX+ > ape(wX?Yiz"
pHq+r=2

V==Y + Y bpr(w)XPYZ" (2.5)
pHq+r=2

Z=-N+ Y Cpr(W)XPYZ",
pFq+r=2

_ N - .
where bgpr = Gpgr and the cpq, are such that 37 ) ¢per2P2%0" is real for all

x € C, for all w € R. Existence of a first integral ®(u,v,w) = u? +v? +--- for a
system in family (2.1) is equivalent to existence of a first integral

U(z,y,2) = XY + > djreX/yY*z! (2.6)
J+k+e=3

for the corresponding system in family (2.5).
Let 3 denote the vector field on C? corresponding to system (2.5). It is always
possible to find a function ¥ of the form (2.6) such that

3U(X,Y, Z) = g1 (XY)? + g2(XY)? + g3(XY) 4, (2.7)

see, for instance, [13] for more details. The polynomial g on the right hand side
of (2.7) is called the kth focus quantity of system (2.5). Vanishing of all focus
quantities is necessary and sufficient for existence of a first integral of the form
(2.6).

Recall that the set of common zeros of a collection of polynomials that generate
an ideal I is the variety V(I) of I. The following theorem gives a characterization
of polynomial systems with a center on the center manifold. It is proved in [13] for
the case of a fixed A and in [14] for general case.

Theorem 2.2. Let (2.1) (with « = 0) be a family of polynomial differential equa-
tions on R3. For any system in the family let X be the corresponding vector field
(2.2) and let W€ be a local center manifold through the origin. Then there exists a
variety Ve in the space E of admissible coefficients such that the origin is a center
for X|We if and only if the coefficients of the components of X lie in Ve N E.

We call the variety Ve the center variety of system (2.1).
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3. The center variety of system (1.6)

The eigenvalues of the Jacobian of system (1.6) at the origin are

1 1
m=2<b7—\/b727—4>, ;@2=2<\/b727—4+b7), g = —1. (3.1)

Thus, the system can have two-dimensional center manifolds passing through FEj
and Fs only if b; = 0. Substituting this value in (1.6) we obtain the system

T =y + xy,
g =—x—2%/2 + bgy® + bg2?, (3.2)
3= — 2+ 241 + cyx® + coy + 06y2 + 682’2.

Clearly, the eigenvalues of the linearized system are +¢ and —1.

In this section we look for the center variety of system (3.2). To make the
computations feasible we introduce new variables setting

X=x+1wy, X=z—1iy, Z=-=z2

Then system (3.2) takes the form

. 1 1 1. 3iX2 XX X2
X = —iX — SibgX? + Zibg X X — Zibg X2 +ibg Z2% — - =
7 42 6 + 2166 42 6 + ibg 3 1 + =
. 1 1 _ 1. - X2 iXX 3iX?
X —iX + ~ibg X2 — —ibg XX + ~ibg X2 — ibg Z% — ! e
4 2 4 8 4 8 (3.3)
. ico X iceX ey X? XX 1 X? _ '
Z=-Z- 2" 4 24 4 T X+t X
2 2 4 2
CGX2 C()XX CGX2 2
4 + 9 4 + CgZ .

From the computational point of view it is more convenient to consider instead
of (3.3) the more general system
X =X+ (1/2+ A)X? — 24, XY + AY? — BgZ2,
Y =—Y — Ay X2+ 24, XY — (1/2+ Ay)Y? + BsZ2, (3.4)
Z=—iZ+C1X + CsX? + CoY + C4 XY + CoY? + Cs Z°.

Simple calculations show that system (3.2) (equivalently (3.3)) is a subfamily of
(3.4), namely, if we set in (3.4)

_ 1 1
T = X, Yy = X, zZ = Z, A4 = *(2[)6 - ]-)aBG = bg, Cl = 5(02 +2iC4),
1 1 " 1 (3.5)
C2 = 5(—02 + 22‘04)7 C4 = ii(&l + Cﬁ). CG = Zi(c4 - 66), Cg = ’ng
and go back to the real phase space we obtain from (3.4) system (3.2) (taking into
account time rescalling dt — idt).

Theorem 3.1. System (3.2) has an analytic local first integral in a neighborhood
of the origin if one of the following conditions is fulfilled:
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1) ca + 2cq = 5 + 2(bses + 4bsci + 2¢ies) = 0

2) C6:b6+2:62:7b8+C§:*%+C408:bsc4f%8:07

3) co = *%+C468+% =bgcy — 5 +cg = —bgcg +bgey +bgeg + G = be? — 2bg +
2c6cs+ 3 = bGQbs —bges? +bscecg—%+% = _b60608+b76+58062—%—i _
b — bucs — 55+ 2ege® + § =0,

4) c2 —2cs = % + cycy = bgeg — boes = bgea — ca + L = bg” — bg — cocs =
bebs — bs — s> = 0,
5) bg = 0.
Proof. For system (3.4) using computer algebra system MATHEMATICA we com-
puted 6 first focus quantities g1, ..., g¢ (polynomials on the right hand side of (2.7)
where 3 is the vector field defined by (3.4)).

The first two polynomials g; and gy are given in Appendix. However the size of
polynomials g; increases exponentially, so we do not present the other polynomials
in the paper, however the interested reader can compute them using an available
computer algebra system. Performing in the focus quantities g; substitution (3.5)

we obtain polynomials
V2i41 = —gi, (i=1,...,6), (3.6)

where vg; 41 are real polynomial in variables bg, ca, bg, c4, cg, Cs.

Let I be the ideal generated by the polynomials vg;y1, I = (vs,vs,...v13).
Computing with the routine minAssGTZ [11, 15] of the computer algebra system
SINGULAR [10] the minimal associate primes of I over the field Z3003* we find that
they are:

I; = (g + 2¢4, bgch — 16001c3cs + 8001bgey — 12001¢q),

I = (cg,bg + 2, 2, c2 — bg, cacg + 16001, bgcy + 16001cg),

I35 = (ca, cqcs + 16001bg — 8000, bgcy + 16001cy + cg, bgcy + bgcg — bges — 16001cs,
b2 + 2cecs — 2b — 8000, bgcges — beca — 16001bgbg — 160013 + 8000bs,
bgct — bgeges + 16001cgcg — 16001bg — 8001,
bgbscs + 2c6ca + 16000bgcg — bges — 16001cg),

Iy = {(co, cycg + 16001bg — 8000, bgey — ¢4 — 16001cg, bgcy + bgcg — bges + 16001cs,
bz + cocs + 15999bs — 16000, bgcges — beca — 16001bgbg + 16001¢2 + 8000bg,
bgcg — bgcgeg — cgeg + bg — 1, bgbgeg + c6c§ + 16000bgce — 2bgcs + 2cs),

Is = (4 — cg, bg + 16001, bgcg + 16001cs, cies 4 4cies + 2cg, bsca + 2cges + 1),

Is = (cg, ¢, ca,bg — 1,bgca + 3),

I7 = {cg — 2¢4, cqcg — 16001bg, bgcg — becs, bgca — ¢4 — 16001¢q,
bz — coc — bg, bgbg — c2 — bg),

Is = (bs),

Iy = {cg + 15058¢4 + 3766¢q, cgcs — 159990 — 4003, c4cg — 160000 — 2,
becg + 14589c4 — 10355¢¢, bgcg — 17bgcg + 24cg, ci + 13269c4cq — 31220%7
beca — 5649cy + 6589cq, bgcy — 15999¢g, bz + 15999bg + 4002,

*We were not able to complete calculations over the field of rational numbers
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bgbe + 10666¢2 — 10669bs, bscz — 5335¢2 — 14668bs, cg + 9601bgca + 1040153).

Performing the rational reconstruction (lifting to the field of characteristic zero)
with the algorithm of [23] we obtain conditions 1)-5) of the theorem and conditions
1)-3) of the proposition below (the reconstruction of the ideal Iy gives a polynomial
ideal with the empty real variety).

We now prove that under each of conditions of the theorem system (3.2) has an
analytic first integral.

1) If the first condition is fulfilled, the system has the form

T =y +xy,
§=—x—2%/2 + bgy? + bgz?, (3.7)
2 =— 2424z + cax? — 2c4y — 2(bgeq + 4bgci + 2042108)112 + g2,
The search for invariant surfaces gives the invariant planes L1 = 2¢4y + 2z and
LQ = 1 + X.

Clearly, L1, that is, z = —2c4y is the center manifold of (3.7). System (3.7)
reduced on the center manifold has the form

P=y+ay, §=—x—x2/24bsy* +dbgciy’. (3.8)

It has the invariant line /; = 2+ 1 and the invariant conic ly = —1 — 2bgx — 8bgcix —
bew? — dbgcix? — 2bgy? + 2b2y? — 8bgcy? + 16bgbscay? + 32b2ciy? which allow to
construct the first integral

T = 1;115(56*;“4)

in the case when bg + 4bgc? # 0. Then by Theorem 2.1 system (3.7) has an analytic
first integral in a neighborhood of the origin.

If b + 4bgc3 = 0 the system has the integrating factor u = ﬁ which yields the
first integral

1 1
U = 3 (—2(x—|— 1)? +log(z + 1) —y2) .

2) Note that from the fifth equation of the second case it follows that cg # 0.
Thus, under conditions of this case the system can be written as

T =y + zy,
y=—x— %xz — 2y + c32?, (3.9)
z=(2z + 2% — 2cgz + 2c32%) /(2¢s).
Looking for invariant surfaces we find that it has the center manifold defined by
22 + 2% — 2y — day — 22%y — degz — degwz — 2c87° 2 + 232 = 0. (3.10)
Performing the substitution

X =z,
Y =2z 4 22 — 2y — dzy — 222y — degz — degrz — 2e5x%z + 20522,
Z =z
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we obtain the system

I 20377 —23(X (X +2)+2)Z+ X?*+2X - Y

2(X +1) ’
Y =Y (=14 2c:7),
. X2 X
Z=-Z+—+=+c2?
208 Cg

with the center manifold Y = 0. Denoting now X by x and Z by y we see that the
system reduced on the center manifold is written as

. —2c3y? + 2c87%y + degry + degy — 2?2 — 2
r=— = p(l', y)a
2(z+1)

, (3.11)

. T T 9

y=—y gty =q(z,y).
cs  cs

Simple computation shows that the system

t=plr,y)1+z), y=qzy) 1+
is Hamiltonian with the first integral

cg?y3 x? x> 1 x2 2y

A A S A B 2 o9 Ty
3 8cs 205 2OV Tgn @MW — Gyt

U =zxy+

which is also a first integral of system (3.11). Therefore system (3.9) has a center
on the center manifold (3.10).
3) In this case if cg # 0 system (3.2) is written as

&=y +xy,
) 4(1 — 2bg)cg?2? 5 x?
= — _— b _—
N C TR E o (3.12)
4bg® — 8bs +3) y®  (2bg — 3)22 (206 —
z":fzf( 0 0 )y +( 5 = 3)a +( ¢ 3)x+6822.
808 408 208

It has the center manifold

—3x + 2bgx + 3y — 2bgy
z= .
408

Computations show that system (3.12) reduced on the center manifold has 3 in-
variant straight lines. Thus, as it is well know, it is analytically locally integrable.
Therefore (3.12) has a local analytic integral as well.

If ¢g = 0 then the corresponding system is

& =y + xy,
22 2% 3y?

-4 3.13
22 "2 Ty (3:13)

Z=—2— 261 — cgr’ + c6y2.

j=—a
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On the center manifold it has the integrating factor u = m yielding the
first integral

-1
\Il:ii_’_l+log(xfy+1)f2log(x+l).

4) If cg # 0 the system of this case is

T =y + xy,

C%Z2 2

xr
)= — bay? — =—
i e (3.14)

b6$2 b@.’L‘ (b@, — 1)b6y2 b6y
_ -t — = =
268 Cg Cs Cs

z=—2z +08z2.

The center manifold is defined by the equation
—2bgx — bgx® — 2l)6y2 + 2b§y2 — 2c8z + 20§z2 =0

and on the manifold system (3.2) is reduced either to

cs(z+1)2 — \/es? (2bsx(z + 2) — 4(bs — 1)bey® + 1)
2(b6 - 1)08 ’

r=y+tuzy, y=

if cg > 0, or to

\/682 (21)61’(1' + 2) — 4(b6 — 1)66y2 + 1) + Cg(lL’ + 1)2
2(b6 — 1)08 ’

r=y+tuwy, y=

if cg < 0. Clearly, both systems are unchanged under the transformation y —
—y, t — —t, that means, they are time-reversible with respect to the line x =
0. Thus, the singularity at the origin is a center for both systems, yielding the
local analytic integrability of (3.14). (See e.g. [22] for more details about time-
reversibility.)

If ¢s = 0 the system of this case is the same as system (3.13).

5) If bs = 0 the system is decoupled. The system of the first two equations is
time-reversible and, therefore, has a local analytic first integral. O

Remark 3.1. The complexification of system (3.2) was crucial for the proof of the
theorem. Trying to compute function (2.3) for system (3.2) we were ably to find
only three first focus quantities vz, vs, vy satisfying (2.4), whereas for the complex
system (3.4) using the same computational facilities we have computed the first 6
focus quantities g1, ..., gs.

Remark 3.2. System (3.8), as well as the system on the center manifold of case
3) are quadratic systems. So, the obtained integrals are particular cases of known
integrals of the quadratic system, see e.g. [20,22].

Proposition 3.1. System (1.6) has an algebraic center manifold passing through
the origin if one of the following conditions is fulfilled:

b 3 2 5b,
1) 022—564-6408-1—1 =b604—C4—|—%6 = —b608+b864+b806—%8 = bg —TG—F
2
bgb. 3b C
C6CS+% = 628 _b6cg+b86608 — TS — 78 = —b66668+b6+b8062 _CGCS_]- =

bebsce — 2bgcs — 3b306 + 0663 + 2cg = 0,
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2) Cqy — Ce = bg - % = bgCG - %g = 02208 +4C%Cg+206 = bgcg +2CGCS+]— :0,

3) cg=ce=cqg=bg—1=bgci+3=0.

Proof. 1) In this case if ¢g # 0 the system has the form

T =y + zy,
_ 2(2b + 1)c3z? 5 ?
y:—x—w‘f‘bﬁy T
2b3 — 5be +3) y®  (2bg — 3)z>  (2bg — 3
z‘:—z—(G 6 )y+(6 )z~ (2bs )334_6822’
208 408 208

and admits the center manifold

— 1824 24bgx — 82w — 9% +12bg x> — 4bZa? +-18y — 24bgy +8b2y — 18y* +42bsy>
— 32b§y2+8bgy2— 24cgz+16bgcgz+12¢csyz —32bgcgyz+ 16b268yz+40§z2+8bgc§z2 =0.

If cg = 0 the corresponding system is the same as system (3.13).

Simple computations yield that in case 2) the center manifold is 2c3x + 4c3cex +
8cockr +16cgw + c3a? + 2c3cer? + deacka® + 8cia® +2¢3y — dckeey + 8cacky — 16y +
c3y? + 2c3cey? + deacky® + 8c3y? — 4c3z — 16¢22 — 2c92% — 4cgz? = 0 and in case 3)
it is 2c3x + c3a? + 2c3y + 2c3y? — deaz + deaxz + 2022 — 622 = 0. O

Remark 3.3. We believe that under conditions of Proposition 1 system (1.6) has
centers at the center manifold, however there remains an open problem to verify
this claim. To prove it one have to show existence of analytic first integrals for the
corresponding systems. It appears some new methods for proving existence of such
integrals should be developed.

4. Limit cycles in system (1.6)

In this section we study the cyclicity of some centers on the center manifolds found
above. We recall, that the cyclicity of a center or a weak focus is the maximum
number of limit cycles that can bifurcate from it under small perturbations within
a given family of polynomial systems.

Let F, be a real analytic mapping F : R* x R? — R¥ defined by

F/C - (’U3,U5, L a02k+1)7

where vg541 are functions satisfying (2.4) (for each fixed A € R* they are polyno-
mials). We denote by dpFy the k x (p 4+ 1) Jacobian matrix of F} evaluated at
PeckE.

In order to study the cyclicity of centers of system (1.6) we use the following
theorem proven in [14].

Theorem 4.1. Let C be an irreducible component of the center variety Vo C RPFL of
a polynomial system (2.1) with o = 0. Suppose k < p+1 and let P = (\*; u*) € CNE
be a point such that rank(dpFy) = k, i.e., is mazimal. Then letting C' also denote
the set (\;1;0) = (\; 1) € C in RPT2 the following holds:

(i) There exists a neighborhood U’ of P'(\*;u*;0) € C N E' € RPY? such that
CNU' is a submanifold of RPT2 of codimension at least k + 1 and there exist
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bifurcations of (2.1) producing k small amplitude limit cycles from the origin for
parameter values with (X; p; ) sufficiently close to P’.

(ii) If moreover the codimension of C in RPT2 is k+1 then P is a smooth point
of C and the cyclicity of P' and also of any point in a relatively dense open subset
of Cis exactly k.

From (3.1) we see that in system (1.6) the parameter b7 plays the role of param-
eter o in system (2.1). We do not have the parameter X in system (1.6) since the
coefficient of z in the third equation of (1.6) is fixed (equal to —1). Thus, in the
case of system (1.6), p = 6, but the space of parameters is the R” (not R, since we
do not have the parameter \).

Theorem 4.2. For generic points of components 1), 2), 3), 4), 5) given in Theorem
3.1 the cyclicity of the origin of the corresponding system (1.6) is 2, 5, 4, 4, 1,
respectively.

Proof. 1) Computing the Jacobian matrix of the map F» = (v3,vs5), where vz =
—1ig1, vs5 = —igs are polynomials in variables cs, bg, bs, C4, cg, Cg, Obtained substi-
tuting expressions (3.5) into polynomials g1, go given in Appendix we see that its
rank at the generic points of component 1) is 2. In the space of parameters R the
component is parametrized by the equations

by =0,
Co = — 2647

cg = — 2(b604 + 4()862 + 26208).

Thus, the codimension of the component in R” is 3. Therefore, by (ii) of Theorem
4.1 the cyclicity of a generic point of the component is 2.
2) Computing the Jacobian matrix of the map

F5 = (v3,v5,v7,v9, v11), (4.1)

where vs,...,v11 are polynomials defined by (3.6), we obtain that the rank of the
Jacobian at generic points is 5. Since the codimension of the component in the
space of parameters is 6, by (ii) of Theorem 4.1 the cyclicity of a generic point of
the component is 5.

The proofs of other cases is similar. O

Remark 4.1. In the statement of Theorem 4.2 only limit cycles appearing from
the origin are mentioned. Due to the symmetry of system (1.6) the same number
of limit cycles bifurcate from the point (—2,0,0).

Remark 4.2. Since in case 2) the Jacobian of map (4.1) depends only on one
parameter, the minors of order 5 have simple expressions. Namely, they are

mi1 =mo =mg =0,

my = (387522942112251489696698503020375¢s)/32,

ms = —(387522942112251489696698503020375/(64cs)),
—((387522942112251489696698503020375¢2)/16).

3
|

Thus, from the proof of the previous theorem we see that for any point of component
2) with ¢g # 0, there are perturbations of the system yielding 5 small limit cycles in
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a neighborhood of the origin of system (1.6), and, due to the symmetry, five other
limit cycles around the point (—2,0,0).

To summarize, we have found 8 necessary conditions for existence of local an-
alytic first integral near the origin and the point (—2,0,0) in system (1.6). The
sufficiency of 5 of them is proven in Theorem 3.1, however there remains an open
problem to prove that under 3 other conditions (the ones given in the statement of
Proposition 1) the system has an analytic first integral as well.

The maximal cyclicity of the centers mentioned in Theorem (4.2) is five. In
this connection there remains an open problem to study the maximal cyclicity
of weak foci on the center manifolds. However we can not perform this study
using our computational facilities. Using computations in the polynomial ring
Z32003[C2, bg, bs, ¢4, c6, cg] we checked that v13 does not vanishes identically on the
variety of the ideal (vs, ..., v11 in ZSsg0s, this indicates that most probably v13 does
not vanishes identically on the variety of the ideal I = (v3,...,v11) in C%, so the
order of "complex” focus of system (1.6) can be 6. However we do not see a way to
check if this property takes place for the case of the real variety of the ideal I, so it
is an open problem to determine the maximal cyclicity of foci of system (1.6).
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Appendix
Two first focus quantities of system (3.4) are:

g1=(1/10 4 1/10)Bs((14 — 81)A4CT + (1 + I)C1Co + (22 + 221) A4 C1Co
—(9—21)BsC3Cy — (8 — 141)A4C3 — (11 + 111)BgC?C% + (2 — 91) B¢C1C3
+10C,Cy + (101)CoCy — (2 — 4I)C1 Cs + (4 — 21)C2Cs
— (11 +21)C?CyCs — (2 + 111)C1C3Cy);
g2=(1/1500)1Bg((80 + 801)A3((940 + 1667I)Cy — (940 — 16671)C3)(Cy + ICy)
— (9475—1651) B3CC34+10(150C7 — 15C5Cy ((144-151) + B Co ((23421)
+ (34 1)Cy)) + Co((—48 4 1471) + BsCy((65 + 1241)Co — (18 — 841)BsCs
— (394 4 681)C,4))Cp + 30C,Cs — 4(—3 + (24 + 381)BsC3)C3)
+ (15 + 151)Co(Co((—55 + 101)Cy — (24 — 101)Cs) + (94 + 381) BsC3 C
— (8 —4I)(25C% + (4 — 121)C4Cp + (6 + 4I)C2))Cs + (1140 4 7801)C3 CsC2
— (24 41)B2C? (186 + 481)C + Cy((—252 + 6391) + (5472 4 28051) BsC2
+ (935 — 40851)C5Cy)) + (1 4 1) BsCy (18023 — 180231) B2Cy
+ 5B Cy((1474+20331)Co 4 (1026 — 10681 ) Cy + (6 — 7041)Cy)
— (12504 + 25981) BsC3 Cs + 51Cs((3+91)((-56+171)Ca+(2+321)Co)
+ (2880 + 769I)C2C5)) + (1 + 21)C?((—1961 + 3757I) BECS
+ (44-21) Bg(—800IC2 — (114344871)Cy Cy 4 (154451 C2 +(718+1491) CyCy
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+ (68 + 3941)C4C5 + (152 4 961)CZ) — (2 — 4I) BsC3((909 + 12621)C,

— 3716C4 —2022C6)Cs — (7871 —51871) BsC4 C2

+(14+1)B2C3 ((—4981+25921)Cy — (4946 — 36021)Cy + (2632 — 87421)Cy
+ (492 + 59061)C2Cg) — (3 — 61)Cg((—212 4 1451)Cq + (65 — 451)Cy

+ (34 — 141)Cg — 4C(45C5 + (226 — 681)Cy + (45 + 391)Cs)Cy

+ (578 + 1501)C3C2)) + (20 + 201) A3 ((—421 + 12491) BsCt

+ C3((—=5706 — 85801)BsCy + (246 + 7161)Cg) + C?((1367 4 19581)

+ (4 — 41)C5(3154B Oy + (374 — 3591)Cy)) + C2((—3964 — 2101)Cy

+ (1812 4 19721)Cg + ICo((—1367 + 19581) + (421 + 12491) BsC3

— (246 — 7161)C2Cs)) + (1 4 I)C1((2087 + 18771)Cy — (1892 — 801)C

+ Cy(37131 + (7143 — 14371) BsgC2 + (1436 — 14961)C5Cy)))

+ 5C1((612 4 541)B2C3 4 2BsC5 (1047 + 211) BsCy + (355 + 3491) BsCs
+(387—661)Cg) —6Co(17+4B(25CF +67C4Cs+44C5) +178C4Cs +28C6Cy)
+6I((75 4+ 701)Cy — (49 — 161)Cs + (2 + 61)(25C7 + (4 + 121)C4Cs

+ (6 — 41)C2)Cg) + C3(2Bg((487 + 11431)Cy — (149 + 7181)Cs)

+ 3Cs((212 4 1451) + (904 4 2721)C4Cs + (180 — 1561)CCy))

+ 2C3((57 + 391)C2 + Bg((149 + 334I) + (1587 + 11611)C4Cs

+ (1341 + 971)C6Cy))) + 2A4((30 + 1401) BECY

+ (5 4+ 151)BsC? ((163 — 11741) BgCy + (17 4 151)Cy)

+(14-31)C} (Bg((234+8831) 4 (21438 +86841) BsC2) — (850 + 74451 ) BsCo Cy
+ (20 + 701)CF) 4 CF(—2Bs((—3395 + 168001 )C; + 54433 BsC3
+(6175—5451)Cy+ (620 + 3801)Cg) + 5((—125+1141) 4 (12714 49511) BsC3)Cs
+ (11680 — 84601)C2C3) + 5((6 — 281)BECS + 90007 4 536C,Cs + 224C7
—2C5((1113 + 13841)Cy + (138 — 10781)Cs) + IC3 ((—218 4 24701) BsCy4

+ (152 + 2481) BgCs — (114 — 1251)Cg) — (28 + 661) BsC5Cy

— (1 = I)C3((—216 + 3411) + (107 + 17471)C4Cs + (470 + 5421)CsCy)

— (1= 1)C3((83 +4001)Bs + (6 + 321)C3)) + CF((—4614 — 729981) B2 C5y
+ 10BsC5(6265C + (1667 — 34511)Cy — (2044 — 29881)Cs)

+ (6355 — 247551) BgC5Cys + 5((—125 + 5571) + 21((820 + 9271)C4

+ (36 + 5061)Cs)Cg + CoCx((3275 — 26881) + 5964C5C5)))

+50C ((—2226+27681)Cy — (276 4+21561)Cg + Co (— 1774+ (368546851 ) B2 Cy
+ 2B6C2((679 + 33601)Cy + (1667 + 34511)Cy — (2044 + 29881)Cj)

+ (4297 4+ 19991) BsC3 Cs 4 Cg((3275 + 26881)Cy — 6228C, — 2008Cs

+ (2336 + 16921)C3C5y)))) + 2C5 ((138 + 137491 B3 C3
+(135+751)C2((1—21)(Ca42Cs) — (21 —201)C2Cs) + B2C32 ((—2930492201)C,
+ (11797 —83191) Cg + Co(—13883 — (4953 — 75511) CoCy) ) — 5B ((345—301)Cy
— (65—1241)Cg+Co((—149+3341) 4 Cg ((909—12621)Cy, — (1587 —11611)Cy
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— (1341 — 971)Cs + 3675C3C%)))))-
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