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Abstract. The concepts of persistent and weakly persistent centers were introduced in
2009 and the same concept was applied in the study of some families of differential
equations in 2013. Such concept was generalized for complex planar differential sys-
tems in 2014. In this paper we extend the notion of persistent center to a linearizable
persistent center and a linearizable weakly persistent center. Using the methods and al-
gorithms of computational algebra we characterize the planar cubic differential system
having linearizable persistent and linearizable weakly persistent centers at the origin.
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1 Introduction

In the qualitative theory of differential systems there are many important open problems, for
instance, the existence and number of limit cycles bifurcating from periodic orbits or singular
points, problem of distinguishing between center and focus, linearizability problem, problem
of critical periods etc. One of demanding problems is also characterizing centers and lineariz-
able centers for a given planar polynomial differential system. A center of an analytic system
is called a linearizable center if and only if there is an analytic change of coordinates which
brings the original system to a linear system. To obtain conditions for linearizable centers one
can compute the so called linearizability quantities whose vanishing ensures necessary and
sufficient conditions for a center being linearizable (see Section 2 for more details). In spite
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of the capability of nowadays computers only the first few linearizability quantities can be
computed. The problem also becomes more difficult with increasing of the number of param-
eters of the considered system. Thus, linearizability problem as well as also center problem
only for some special families of polynomial systems have been investigated (see for instance
[2,3,7,9-15,18,27,28,30,31]).

In [4] the authors generalize the concept of a center by introducing the concept of persistent
and weakly persistent centers for real differential systems. Such kind of problem is equivalent
to find the systems with centers which are structurally stable under perturbations inside the
same class of systems (i.e. polynomial systems, analytic systems, smooth systems, etc). The
same concept also appears in [5] in the study of some Abel equations. In [3] the authors
generalized the notion of persistent center and weakly persistent center to complex planar
differential systems and found all conditions to get a persistent center in planar cubic systems
and all conditions to get a weakly persistent center for complex cubic Lotka—Volterra system.

In this paper we introduce the concepts of linearizable persistent and linearizable weakly
persistent centers and find necessary and sufficient conditions for planar cubic systems to
have a linearizable persistent center. We also present the necessary and sufficient conditions
for the existence of a linearizable weakly persistent center for the family of systems which
define a kind of a generalization of the Kolmogorov systems.

2 Preliminaries
For planar analytic differential systems of the form
w=-v+P(uv), 9=u+Q(unv), (2.1)

where u,v € R and P,Q are analytic functions whose series expansions start from degree
at least two, it is well-known that the origin can be either a focus or a center. The problem
to distinguish between a center or a focus is called the center-focus problem. The origin
O = (0,0) is called a center of system (2.1) if it is surrounded by a family of periodic orbits.
By the Poincaré-Lyapunov theorem [20,25] O is a center of (2.1) if and only if it admits a first
integral of the form
D(u,v) =2 +02+ Y ¢;lok.
j+k>3

One of the main difficulties in the study of the center problem comes from the complexity
in computing the irreducible decomposition of the affine variety” of the ideal generated by the
Lyapunov quantities, which are the coefficients of the Poincaré first return map (see e.g. [29]).
Since it is easier to study complex varieties than real ones it is common to complexify the real
system as follows. First setting x = u + iv from system (2.1) we obtain the equation

X =ix+F(x,%), (2.2)

where i = v/—1, and F(x,X) = (P+iQ)((x +X)/2, (x —X)/2i). Adjoining to equation (2.2)
its complex conjugate we get the system

¥ =ix+F(x,%), x=—ix+F(x,%).

*The affine variety of an ideal I = (fy,...,fs) € k[x1,...,x,], where k is a field is the set V(I) = {a =
(ai,...,an) € k" : fij(a) =0 for each f; € I}.
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Consider y := X as a new variable and G = F (x,X) as a new function we obtain a system of
two complex differential equations which we write in the form

x=ix+F(xy), yv=—-iy+G(xy), (2.3)

where x,y € C and F and G are analytic complex functions whose series expansions start
from terms of degree at least two.

The next definition is natural in view of the Poincaré-Lyapunov theorem and the complex-
ification procedure described above.

Definition 2.1 ([29]). System (2.3) has a complex center at the origin if it admits an analytic
first integral of the form
Y(oy) =xy+ Y, gyt (24)
j+k>3
There are several generalizations of the classical center-focus problem. One of these no-
tions is the following. The singular point O in a complex systems of the form

X=px+P(xy), y=—-qy+Q(xy),

where x,y € C, p,qg € N, and P,Q € C [x,y] is called a p : —q resonant center if there exists a
local analytic first integral of the form

Q(xy) =2y + Y Gghp¥y"
jk>p+q+1
Some results for p : —g resonant centers can be found in [2,9,10,12,13,21,22,28,33]. A different
approach to similar systems is presented in [26]. Some other generalizations are discussed also
in [11] and [23]. The classical center-focus problem for a class of cubic systems was recently
considered in [31].
Another generalization of the concept of center to real system was presented by [4].

Definition 2.2 ([4]). The origin of (2.2) is a persistent center (respectively, weakly persistent
center) if it is a center for
Xx=ix+AF(x,x), xe€C

for all A € C (respectively, A € R).
Such concept was extended to the complex case by [3].

Definition 2.3 ([3]). The origin of (2.3) is a persistent center (respectively, weakly persistent
center) if it is a center for

x=ix+AF(x,y), y=-iy+uG(xy), xyeC (2.5)
for all A, u € C (respectively, A = u € C).

In [4] authors found some general systems of type (2.2) where the origin is a persistent
center: a) ¥ = ix + Ax? 4+ Cx? (quadratic), b) x = ix + F (x), with F (0) = F' (0) = 0 (holomor-
phic), ¢) x = ix + F (¥), with F (0) = F/ (0) = 0 (Hamiltonian), d) ¥ = ix + xXF (X) (separated),
and e) ¥ = ix + Bx*¥'¥ (x¥), with k # [ 4 1 (reversible), where A, B,C € C and ¥ a real an-
alytic function such that the series expansion for x*¥'¥ (xx) starts with second order terms.
Furthermore, for some special cases of (2.2), where

F(x,%) = Ax* + BxX + C¥* + Dx° + Ex*X + Fx¥* + G¥°,
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the origin is proven to be a persistent center (see [4, Theorem 1.2]). This result was generalized
in [3] to systems (2.3), see [3, Theorem 2.2].

If the singular point at the origin of system (2.1) is known to be a center we say that this
center is isochronous if all periodic solutions of (2.1) in a neighbourhood of the origin have the
same period. Moreover, system (2.1) is said to be linearizable if there is an analytic change of
coordinates

u=uy+2Z(uy,v1), v=uv1+W(uy,v1),

that reduces (2.1) to the canonical linear center
L[1 = —01, Ul = Uq.

Of course that there are similar definition for complex systems (2.3). The following theorem
(see e.g. [29] for the details) shows us that there is an intimate relation between linearizability
and isochronicity.

Theorem 2.4. Assume that the origin of (2.1) is a center. Then the origin is an isochronous center if
and only if system (2.1) is linearizable.

It follows from Theorem 2.4 that solving the isochronicity problem is equivalent to solving
the linearizability problem which is, from a computational point of view, much simpler.

Generalizing these concepts we introduce some new definitions concerning linearizability
of persistent and weakly persistent centers of complex system (2.3).

Definition 2.5. The origin O is called an linearizable persistent center of system (2.3) if it is a
persistent center and there exists an analytic change of coordinates of the form

x=xi+ Y vk, y=m+ Y dpxdyh,
j+k>2 j+k>2
that reduces (2.5) to the system
561 = ixl, }]1 = —iyl (26)
forall A, u € C.

Definition 2.6. The origin O is called a linearizable weakly persistent center of system (2.3) if it is
a weakly persistent center and system (2.5) is linearizable for all A, u € C.

The main goal of this paper is to study the linearizability of some planar cubic differen-
tial systems. In Section 3 some computational techniques for the linearizability of persistent
centers and wealky persistent centers are given. Applying these techniques and some other
ideas, in Section 4 we present two main results. First, in Subsection 4.1 we give the necessary
and sufficient conditions for the existence of an linearizable persistent center for the family of
systems of the form

X = ix + axx® 4 anxy + any® + a30x° + anx*y + apy*x + agy’,

. . 2.7)
y = — iy +bxx® + biixy + booy® + bsox® + bo1x*y + bioy?x + bosy?,

and then, in Subsection 4.2 we present the necessary and sufficient conditions for the existence
of an linearizable weakly persistent center for the family of systems which define a kind of
a generalization of the Kolmogorov systems (which we call “semi-Kolmogorov” systems), i.e.
systems of the form

X = ix +x (axx + a1y + asx> + anxy + any?),

. . (2.8)
y= —1wy+ b20x2 + b11xy -+ bozyz —+ b30x3 + b21x2y + b12xy2 + b03y3.
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3 Linearizability of persistent centers

In this section a general approach used to study the classical linearizability problem and the
linearizability problem for persistent centers and weakly persistent centers for complex sys-
tems (2.3) is described. There are different algorithms to find the necessary conditions for lin-
earizability (see e.g. [7,27,29]). Here we present a brief description of one of these algorithms.
The first step is the calculation of the linearizability quantities, denoted by i, and j;, which
are polynomials in coefficients of F (x,y) and G (x,y). For example, in case of (2.7) this means
ikrjk e C [a, b], where a4 = (6120, a1, 492,430,421, 412, 5103) and b = (bzo, bll/ boz, bg(), b21, b12, b03).
For any polynomial system (2.3) we use the parameters notation (a,b) in a similar way. We
want to decide whether system (2.3) can be transformed into the linear system (2.6) by means
of the inverse linearizing transformation

x=x+ Y cm1j(@b) X"y, yi=y+ Y dy_y;(ab)x"y. (3.1)
m+j=2 =2

If such a transformation exists, we say that the system is linearizable. Differentiation of each
part of (3.1) with respect to t, applying (2.3) and (2.6), and then equating the coefficients of
the terms x71 "1y and x71y%2*! yields the following recurrence formulae [29],

q1+q2—1

(ql - qz) Cq = z [(51 + 1) Cs1,5,0q1—s1,q2—s, —52Csy,8, b%*sl"h*sz ] 7 (3'2)
s1+s2=0

q1+42—1

(ql - qZ) dﬂh,ﬂh = Z [Sldshszam—quz—sz - (52 + 1) d51,52bq1—511q2—52 ] ’ (3'3)
51+s2=0

where 51,5 > —1,41,92 > =1, 91+ 92 >0, ¢c1,—1 = c_11 =di,—-1 =d_11 =0, cop = dop = 1,
and we set a,, = by, = 0if p+g < 1. Using the recurrence formulae (3.2), (3.3) one can
compute the coefficients ¢y, 4,, dg, 4,, Wwhere q1 # q2. For g1 = g2 = k the coefficients ¢y, dix
may be chosen arbitrary [29]. We set ¢, = di = 0. The system is linearizable if and only if all
the polynomials for g1 = g, = k € IN on the right hand side of (3.2), called i, and on the right
hand side of (3.3), called ji, are equal to zero. The quantities 7} and j are called linearizability
quantities for polynomial system (2.3). This means that system (2.3) is linearizable if and only
if
i (a,b):jk (a,b):O, vk € IN.

In the space of the parameters of a given polynomial family of systems (2.3) the set of all
linearizable systems is the affine variety of the ideal (i, j1,i, 2, .. .), i.e. V({i1, 1,12, j2,--.))-

Now, we restrict our attention to the cubic polynomial systems (2.7) and its respective
family

= ix + A (a0x” + a1 Xy + any” + az0x° + anx’y + apy*x + agy’) ,

T (3.4)
¥ =—iy+ p (baox® + bi1xy + booy? + bsox + by x*y + biayx + bosy®) -

Obviously for any fixed A and u one can compute iy = iy (A, y,a,b) and jx = jx (A, p, a,b) for
system (3.4) and obtain

ic = Y i (@, )A", = Y1 (0, ) A (3.5)

mn
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We look at these linearizability quantities as polynomials in A and p and denote the coeffi-
cient of A"u" as i,((m’n) and j,Em’”) for ix (A, pu,a,b) and ji (A, u,a,b), respectively, and call it the
K (m,n) —th persistent linearizability quantity (according to i and ji). If the origin is a linearizable
center of (3.4) for all A,y € C, then it is by Definition 2.5 a linearizable persistent center of
2.7).

( 1)\Tote, that by Theorem 2.1 of [3] one can always assume that Ay # 0 in (3.4). This gives
rise to define the following sets of polynomials

L= {i"", j"; mneNo,m+n#£0}, k=123,..
and the ideals

Eﬁ : :<L1,L2,...,Lk,...>,
L= (L, Ly, ..., L).

According to Definition 2.3 setting A = u to (2.5) one can consider the linearizability of a
possibly weakly persistent center. Now, one can consider ix (A,a,b) and ji (A, a,b) and define
the coefficients, i,((m), jlgm), corresponding to A™ in the series expansion of the linearizabilizy

quantities
iv=Y i (a,)A", e =Y " (a,0)A", (3.6)

and call them k(,,) —th weakly persistent linearizability quantities. Next, defining the following
sets of polynomials

C={i" " meN}, k=123,
one can define the ideals

Lo = (LV, LY, ..., L¥,..),
LY = (LY, LY,...,LY).

Note that the ideals £*?, £,*, £P and L} are ideals in the polynomial ring C [a,b]. By the
Hilbert Basis Theorem (see e.g. [6]) any of them is finitely generated and every ascending
chain of ideals ﬁf - ﬁg - Eg C --- and ﬁzlvp - ﬁ;‘)p - C;Up C --- stabilizes, which means
that there exists N > 1 such that for every k > N, ﬁlf = ﬁﬁ,. Now one can define the
corresponding persistent and weakly persistent linearizability variety for systems (2.5) in a
natural way

Ve = V(LF), Vpw =V (LY).

In the rest of the work we will search for V., for systems (3.4) and V,«» for systems (3.4) with
a2 = ap3 = 0. Note that the persistent center variety and the persistent linearizability variety is
much easier to obtain than the (regular) center variety and (regular) linearizability variety for
a cubic system (2.7) since the corresponding persistent linearizability quantities, i,((m’”) , jlgm’"),
are split compared to (regular) linearizability quantities iy (A, i, a,b) and ji (A, p, a,b).

In Figure 3.1 the relation between the varieties of (regular) centers V., weakly persistent
centers Vi, persistent centers V., (regular) linearizable centers V, linearizable weakly per-
sistent centers, and linearizable persistent centers for system (2.7) is presented.

In the next two propositions systems (2.3) and (2.5) are quasi-homogeneous systems of
degree n, i.e. there exists n > 2 such that F (tx,ty) = t"F (x,y) and G (tx,ty) = t"G (x,y),
vx,y,t.
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Proposition 3.1. If system (2.3) is quasi-homogeneous of degree n, n > 2, then the origin is a weakly
persistent center if and only if it is a center.

See [3, pp. 114-115], for the proof.

Proposition 3.2. If system (2.3) is quasi-homogeneous of degree n, n > 2, then the origin is a lineariz-
able weakly persistent center if and only if it is a linearizable center, i.e, Vpw = Vi, where Vi wp and
V¢ are the weak persistent linearizability variety and the linearizability variety, respectively, of system
(2.3).

Proof. Under the assumption of the proposition we write systems (2.3) and (2.5) for A = p in
the form
x=ix+F, (xy), y=—-iy+Gy(xy), (3.7)

and
x=ix+AF, (x,y), y=—-iy+AG,(x,y), (3.8)

respectively, where n > 2, F, (x,y) and G, (x,y) are homogeneous polynomials of degree n in
x and y.

We shall prove that system (3.7) is equivalent to system (3.8), up to a linear change of
variables, so both systems must have the same linearizability varieties. In fact, for any ¢ # 0
consider the linear change of variables

X=9x, Y=nq9v.

Applying this change to system (3.7) and using the homogeneity of F, and G, we obtain the
system

n n
X:iX—i—(%) F (X,Y), Y:—iY—i-(%) G (X,Y).

Setting A = (%) " we arrive to (3.8), which completes the proof. O

Now let us consider the relation between systems
¥ =Ax+X(x), (3.9)

and
¥ =Ax+AX(x), (3.10)

A. (Regular)
linearizable
center

~ Persistent centers — B. Linerizable
weakly
persistent
center

C. Linearizable
persistent
center

Figure 3.1: The relation between the varieties V;, Vy¢, Viype and Vi, Vip, Viw
Vier C Vewp C CH of the cubic system (2.7).
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in terms of the linearizing transformation, where x € C", A € C, A is a complex matrix
and X : C — C is an analytic map starting with quadratic terms. Suppose that (3.9) can be
linearized to

y=Ay, (3.11)
by the linearizing transformation

x=y+h(y).

Suppose that o4 = {x1,%2,...,x,} and A = diag (xy,%2,...,%k,) (i.e. A is in the Jordan form).
We follow the text in ([29, Sec. 2.2]) and denote

h(y) =h® () +h® )+ + 19 () + -
X (x) = X® (x) + X (x) + -+ X® (1) + - -

and write Hy for the linear space of all possible (vectorial) monomials. For example for
x = (x1,x2) € C* we have

{00V M2}

The basis elements of Hj are usually written as (x7'x5%,0 T and (0, ¥ x*2)". Denote
y 1 X2 1 X2

k= (k1,K2,...,%n),

o= (01, 00,...,00).

Now we define the homological operator £ : H; — Hy as

L:p(y)—dp(y) Ay — Ap (v),

where dp is the Jacobian matrix of p. In linear space Hj the eigenvalues, Ay, of £ are defined
by
Am = &K — Ky.

Any monomial x{'x5%...x;" in the m-th component on the right hand side (RHS) of the sys-

tems (3.9) and (3.10) for which & = (a1, a2, ..., a,) satisfies the equation « - k¥ — x;, = 0 is said
to be resonant.

Denote by Ky the complement to Image(£) in H;. Note that resonant terms can not be
removed from the normal form. They are elements of K. Suppose that Ky = & for any k > 2
for system (3.9). According to Theorem 2.2.3 of [29, Sec. 2.2] if for a system (3.9) for all k > 2
one has Ky = &, then this system can be linearized to (3.11).

In the following lemma we find the relation between the linearizing transformation of
(3.10) and the linearizing transformation of (3.9). By a let us denote all the parameters in X (x)
from the RHS of (3.9) and (3.10). Note thath =h (a,y).

Lemma 3.3. Suppose that h = h (a,y) is a linearizing transformation of (3.9). Then h=h (Aa,y) is
the linearizing transformation of (3.10).

Proof. Suppose that for all Hy, k > 2, the corresponding set K is empty for (3.9) and that
dh® (a,y) Ay — AW (a,y) = XB) (y), (3.12)

for all y, then
h(a,y) =h® (a,y) +h® (@,y)+---+h® (a,y)+---.
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It is obvious that systems (3.9) and (3.10) have the same resonant terms. Therefore, there exist
also the linearizing transformation for (3.10) which we denote by h. For h in Hy the set Ky is
empty and dh® (y) Ay — AR®) () = AX®) () for all .
Next we prove that h can be set to the form h= h (Aa,y). First note that for all k > 2 and
for all y and A # 0 we have
1

1
h® (Aa,y) = Wh(k) (a,Ay) and X® (y) = ﬂx(k) (Ay). (3.13)

Substituting y by Ay in equation (3.12) and dividing it by A*~! yields
1 1 1 A
Wdh(k) (a,Ay) - £ AMY — WAh(k) (a,\y) = ﬁx“) (Ay).

Using equations (3.13) we rewrite the above equation in the form
dh® (Aa,y) Ay — AWK (Ag,y) = AXD) (y),
which proves that h (Aa, y) is a linearizing transformation for system (3.10). O

Finally, we recall some notions about the Darboux linearizability and integrability theory
which is the main tool for proving the sufficiency of the main Theorems 4.1 and 4.2 of this
paper. For (2.3) the algebraic partial integral f and its cofactor k are polynomials defined by the

equation
of of

Gy (T HF(oy) + 50 (- + G (ny) = k-,

where the degree of the cofactor k is at most one less than the degree of system (2.3). We
are looking for algebraic partial integrals fo, f1,..., fs and go,41,...,4+ and their cofactors
ko, k1,...,ksand I1,1,...,I; and, in particular, for constants a1, ...,«&s, B1,. .., Bt such that

ko +oaqky + - - +asks =i, (314)

and
lo+ Bili+ -+ Bily = —i. (3.15)

If such algebraic partial integrals, cofactors and constants are found, the linearizing transfor-
mation (3.1) is of the form

x1=fofit - £ ylzgogfl---gft. (3.16)

Sometimes we can not find enough algebraic partial integrals to construct both Darboux lin-

earizing transformations in (3.16). Let say that we can find only transformation x; which

linearizes first equation of (2.3). In such case we can use first integral of (2.3). If we can find

or at least prove the existence of first integral ¥ of the form (2.4) then the second equation of
system (2.3) can be linearized by transformation

b4

=—. 3.17

n X ( )

In some cases the first integral can be also found (or be proven to exist) using the Darboux
theory. If we can find a solution to the equation

Y K =0, (3.18)
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where Kj, ..., K; are cofactors of some partial first integrals py, ..., ps of system (2.3) then

¥ (x,y) = py'py? - p¥,

is the first integral of (2.3), which is called Darboux first integral.

If first integral ¥ (x,y) for (2.3) can not be found as described above, we can look for a
differentiable function u (x,y) defined on an open set ) C C?, called an integrating factor.
In particular, for (2.3) the integrating factor is any solution (defined on ) to the following
partial differential equation

ayga;,y) a“é’;y) (—iy+G(x,y))

= _u(xy) <9(ix +ai(x,y)) L 9ty J;yG(x/y))> .

(ix+ F(x,y)) +

If we have s algebraic partial first integrals pi,...,ps with the corresponding cofactors
Ki,...,Ks and we are able to find constants 7, ..., s such that

d(ix+ F(x,y)) N I(—iy+ G (x,y))
ox ay

=0, (3.19)

s
’)/jK]' +
j=1

then
p=rpipd
is an integrating factor of (2.3), which is called the Darboux integrating factor. Using the

obtained integrating factor we can then construct first integral of system (2.3). More details
about Darboux integrability and linearizability an interesting reader can find in [29].

4 Main results

In this section we characterize the linearizable persistent center of type (2.7) and linearizable
weakly persistent center of type (2.8)
4.1 Linearizable persistent centers of system (2.7)

Theorem 4.1. System (2.7) has a linearizable persistent center at the origin if and only if one of the
following conditions holds:

(1) bap = byy = byg = b1z = by = azp = axn = ax =0,
(2) bap = byy = byg = b1z = b1y = azp = an = ann =0,
(3) bap = by = byg = b1y = b1 = an = aip = a1 = agz = gz =0,
(4) bip = by = bz = axn = aip = a1 = agz = gz = 0,
(5) bip = boz = bz = an = a1 = a1 = agz = apz2 = 0.

Proof. The linearizability quantities (3.5) of a complex cubic system (3.4) are polynomials in
(1m,1)

A and p with coefficients i, (a,b), jlgm’n)(a,b) being polynomials in 2 and b. So (2.7) has

a linearizable center at the origin for all A, € C if and only if all polynomials i,((m’n) (a,b)’s
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and jlgm’n)(a,b)'s vanish (i.e. (a,b) € Vrp). We compute the first seven pairs, iy, ji,...,i7, j7,

of linearizability quantities (3.5) of system (3.4). As the quantities are very large we present
below only the first pair

. . ) 2.
i1 = ay A + iayanA* — iay by Ay — glﬂozbzo/\ﬂ,

) ) 2. )
j1 = biop +iay by Ap + glaozbzoMl — iboab11 .

The next computational step is to compute the irreducible decomposition of the variety of
ideal LF = (Ly,L,,...). We use the routine minAssGTZ" [8] of the computer algebra system
SINGULAR [17]. Performing computations the same decomposition is obtained for V(LE),
V(£}) and V(L}), but for V(£}) a different decomposition is obtained. This lead us to expect
that V(LP) = V(LE).

The decomposition of V(L) consists of five components listed in Theorem 4.1 and these
are necessary conditions for a linearizable persistent center at the origin of system (2.7).

Now we need to prove that each of these five conditions is also sufficient.

Case (1). Systems (2.7) and (3.4) are
= ix + anxy + any’ + apxy’ + awsy’, ¥ = —iy + by + bosy’, (4.1)

and
X =ix+ Alanxy + aozyz + alzxyz + a03y3), y=—iy+ y(bozyz + b03y3), (4.2)

respectively. System (4.2) has partial first integrals

80 =Y,

1, TS
g1=1+ 51 (yboz — /[ 4iboz + ]/tb%2> Y,
1, ;
§2=1+5i (Vboz + V1 4ibos + Vb%z) 2

with respective cofactors

lo = —i+ pboy + ubosy?,

1 /-

I = 5 (]/lboz — \/ﬁ 4ibyz + }lb(2)2> y+ ‘Mbogyz,
1 [

I, = 5 (ybog + \/ﬁ 4ibgs + ybgz> y+ ybog,yz.

It is easy to verify that equation (3.15) is satisfied for
5 \/ﬁboz — \/4ibos + ]xlb%z 5 \/ﬁboz + 1/ 4ibos + ybgz
1= an 2 - ’
2. /4ibos + pb2, 2, /4ibos + b3,

so according to (3.16) we obtain that the second equation of (4.2) is linearizable by the change
of coordinates

i = ygh' g,

“minAssGTZ computes decomposition of the affine variety of the corresponding ideal into the irreducible com-
ponents using the algorithm of [16].
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In order to find a change of coordinates for the first equation of (4.2) we use (3.17). By
Theorem 3.2 of [3], (4.2) possess a first integral ¥(x,y). Thus, by (3.17), the first equation of
(4.2) is linearizable by the change of coordinates x; = ¥ /y;. Therefore, O is a linearizable
persistent center of (4.1).

Case (2). Systems (2.7) and (3.4) are
X = ix + axx? + agy” + anxy? +agy’, ¥ = —iy + booy* + bosy”, (4.3)

and
X =ix+ )\(azoxz + aozyz + alzxyz + a03y3), y=—iy+ y(b02y2 + b03y3), 4.4)

respectively. System (4.4) has partial first integrals

g0 =Y,

1. /.

Q1= 1+ El <‘ub02 — \/ﬁ 4ibyz + “l/lb%2> Y,
1. /.

D=1+ El (‘Mboz + \/ﬁ 4iboz + ]/lb%Z) Y,

with respective cofactors

lp = — i+ pboy + pbosy?,

1 .

h=3 <Vboz — 1/ 4ibos + P‘b32> y + ubosy’,
1 .

I, = 5 <yb02 + 1/ 4ibos + ybg2> v + ubosy®.

It is easy to verify that equation (3.15) is satisfied for

‘B \/ﬁboz — 1/ 4ibos + yb?m 4 ‘3 \/ﬁboz + 4 /4ibgs + “le(z)z
1= an 2 = - ’
2. /4ibos + pb2, 24 /4ibos + b,

so according to (3.16) we obtain that the second equation of (4.2) is linearizable by the change
of coordinates

i = ygh'gh.

In order to find a change of coordinates for the first equation of (4.2) we use (3.17). By
Theorem 3.2 (condition 7) of [3], (4.4) possess a first integral ¥ (x,y). Thus, by (3.17), the first
equation of (4.4) is linearizable by the change of coordinates x; = ¥/y;. Therefore, O is a
linearizable persistent center of (4.3).

Case (3). Systems (2.7) and (3.4) are

X =1ix + a20x2 + a30x3, ]/ = —iy + bozyz + b03]/3, (45)

and
X =ix+ /\(azoxz + El3ox3), y= —iy -+ }l(bozyz + b03y3), (4.6)
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respectively. System (4.6) has partial first integrals

llzx,

Lh=1— =i Aay — \/X1 | —4iazg + AEI%O> X

(

i (/\azo + f\/M)
Iy =y,

(

(

oS
—_

Is =1+ 5i | pboz — \/pty/ 4ibos + P‘b()z) Y
le =1+ i | pbor + /py/4ibos + P‘b02> Y

with respective cofactors

k] =i+ /\azox + )Lag,oxz,

1

ky, = 5 (Aazo — VA —diaz + /\a%()) X + Aazx?,
1

ks = > (Aazo + VA —diaz + M%o) X+ Aagx?,

ky = — i+ uboy + ubgy?,

1 .

ks =5 (ﬂboz — /1y 4ibos + Vb(2>2> y + 1bosy®,
1 .

ke = 5 <Mb02 + /11/ 4iboz + ptb%2> Yy + ubozy>.

It is easy to verify that choosing fo = 11, fi = I, and f, = I3 equation (3.14) is satisfied for

\/Xllzo — \/ —4iaz + Aa%o \/Xazo + +/ —4iazp + /\[l%o

and choosing g9 = 4, g1 = I5 and g» = I, equation (3.15) is satisfied for

uboa — 1/ 4ibos + b2 uboa + 4/ 4iboz + ybz
ﬁlzf V Hbo2 and B _\f V 02

= and ap = —

2 prm
24/ 4ibys + ]xlb%z 2\/ 4ibos + ngz

So we obtain that (4.6) is linearizable by the change of coordinates

n=xfi'fs2, v =ygh'el”
Therefore, O is a linearizable persistent center of (4.5).

Case (4). System (2.7) satisfying conditions (4) of this theorem can be transformed into system
(4.3), where

(@20, a30, bz, bao, b21, b30) = —(boz, bos, a20, A2, a12, 403),
by the change of coordinates (x,y,t) — (y,x,—t). Therefore, O is a linearizable persistent
center for this case.
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Case (5). System (2.7) satisfying conditions (5) of this theorem can be transformed into system
(4.1), where

(a20, a30, b11, bao, ba1, bo) = —(boo, bos, 411, Ao, 12, 403),

by the change of coordinates (x,y,t) — (y,x,—t). Therefore, O is a linearizable persistent
center for this case. O

4.2 Linearizable weakly persistent centers of system (2.8)

In order to perform the complete analysis of linearizbility problem for a weakly persistent
center of system (2.7) even using powerful computer we were not able to carry out compu-
tations of decomposition of variety V(I), where I is an ideal generated by first seven pairs
of linearizability quantities. We also tried to obtain decomposition over the finite field of
characteristics 32003 but computations were again too laborious. Therefore, we restrict our
attention to systems (2.7) with ap3 = 0 and agp = 0, i.e. system (2.8), which is also called
semi-Kolmogorov system. Kolmogorov systems are an important class of systems due to its
wide use in mathematical biology to describe the interaction of two populations. In fact Kol-
mogorov systems are a general model for the dynamics of biological species because it is the
simplest model to describe the interaction of two species occupying the same ecological niche,
see [19]. In that sense, they are generalizations of the so-called Lotka—Volterra systems, see
[24,32]. We see that system (2.8) is larger family than Kolmogorov systems and it is the largest
family for which we were able to find decomposition of variety V(I).

Note that the Lotka—Volterra systems considered in [3], [7] and [27] are all subcases of (2.8)
for which we state the following result.

Theorem 4.2. System (2.8) has a linearizable weakly persistent center at the origin if and only if one
of the following conditions holds

(1) by = byo = bip = b1y = bz = asp = axn = ax = a12 = bop — 3411 =0,
(2) b3y = bay = b1p = b1y = box = azo = a4z = ag = a3 = 2a1p — bpz =0,
(3) b3p = ba1 = by = b1a = b1y = azp = ax = ax =0,
(4) by = byo = bp = bin = azp = axn = ax = 3a12 — bos = 3a11 + bz =0,
(5) bap = by1 = byg = b1y = b1y = azp = an = ann =0,
(6) b3y = bay = bpo = b1z = byy = a1 = a0 = ag12 = 2411 + bz =0,
(7) bzp = ba1 = by = b1a = b1y = ay = app =an =0,
(8) bap = by = byo = b1p = bz = azp = axn = a1 = az — 2b11 = a12 — 2bez = 0,
(9) bap = byy = byg = b1y = bz = an = a1 = a1 = ax +2b11 =0,
(10) bzp = b1z = b1y = boz = a21 = az = a1p = 2a3p — byy = 2a11 — by =0,
(11) by = b1y = bz = ax = a;p = a1 =0,
(12) bsp = b1p = b1y = az1 = a1 = azp — boy = a12 — bz =0,
(13) b1a = bos = bop = a21 = a1 = a1 =0,

(14) bsg = byg = b1p = ax = azp — by = axy — by1 = a12 — bz = a1 — box = boab?, + bZ,ba1 = 0.
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Proof. The linearizability quantities (3.6) of the system

X = ix + Ax (axx + a1y + a30x% + ax1xy + auyz) ,

] 4.7)
Y= —iy+ A (b20x2 + bllxy + bozyz + b30x3 + b21x2y + bleyz + b03]/3) ,

are polynomials in A with coefficients i,((m)(a,b), jlgm)(a,b) being polynomials in a4 and b. So

(2.8) has a linearizable center at the origin for all A € C if and only if all polynomials i,((m) (a,b)’s
and j,Em)(a, b)’s vanish (i.e. (a,b) € V(L"F)).

We compute the first six pairs of linearizability quantities, i1, ji,...,1, jo of system (4.7).
As the quantities are very large we present only the first pair:

iy = an A + i (anaxp — anbn) A%,
j1 = bioA + i (a11b11 — boobrn ) A%,

Performing computations using routine minAssGTZ of SINGULAR the same decomposi-
tion is obtained for V(£5") and V(L") but for V(L;”) a different decomposition is obtained.
It lead us to expect that V(LYP) = V(L:7).

The decomposition of V(L") consists of 14 components listed in the statement of the
theorem. Thus, the necessary conditions for existence of a linearizable weakly persistent

center at the origin for (2.8) are obtained.
Now we prove that each of these 14 conditions is also sufficient.

Case (1). Systems (2.8) and (4.7) are
X =ix+anxy, y=—iy+ 3a11y2 + bsox?, (4.8)
and
X =ix + Alayxy), v = —iy+ A(Bany® + bzox®), (4.9)
respectively. System (4.9) has partial first integrals
L =x,
I, =14 3idany — A2a11b30x3,
Iz=y+ %l’)\b3ox3,
with respective cofactors

k1 = l+ Aauy,
k2 = 3)\&11]/,
ks= —i+ 3Aa11y.

It is easy to verify that choosing fo = I; and f; = I, equation (3.14) is satisfied for a; = —1
and choosing g9 = I3 and g1 = I, equation (3.15) is satisfied for f; = —1. So we obtain that
(4.9) is linearizable by the change of coordinates

X]=x (1 + 3idany — A2ﬂ11b30x3) e

yi = <y + iz’Abgox3> (1+3idany — AVanbox’)

7
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Therefore, O is a linearizable weakly persistent center of (4.8).
Case (2). Systems (2.8) and (4.7) are
X =ix—+ alzxyZ, y=—iy+ boox? + 2a12y3, (4.10)

and
X =ix + Aapxy?), ¢ = —iy+ A(bpx® + 2a101°), (4.11)

respectively. System (4.11) has partial first integrals

hh =x,

lz =1+ 2i/\6112y2 — 4A2a12b20x2y — i)\3a12b50x4,
1
13 =y+ gi/\bzoxz,
with respective cofactors

k1 =i+ )\5112]/2,
k2 = 4)\6!12]/2,
k3 = —i+ 2Aa12y2.
It is easy to verify that choosing fo = I; and f; = I, , equation (3.14) is satisfied for a; = —}

and choosing go = I3 and g1 = I, equation (3.14) is satisfied for p; = —%. So we obtain that
(4.11) is linearizable by the change of coordinates

—-1/4
X1 =X (1 + Zi)talzyz — 4A2a12b20x2y — i/\3a12b§0x4> ,

-1/2
v = (y + ;i/\b20x2> (1 + 2iAa12y2 — 4/\2a12b20x2y - i}t3a12b%0x4)
Therefore, O is a linearizable weakly persistent center of (4.10).
Case (3). Systems (2.8) and (4.7) are
X =ix+apxy+ alzxyz, y=—iy+ b02y2 + b03y3, (4.12)
and
X =ix + Alapnxy + auxyz), y=—iy+ /\(bozyz + b03y3), (4.13)

respectively. System (4.12) is considered in [7], Theorem 2 (case 4), where the correspond-
ing linearizable change of coordinates is obtained. So, by Lemma 3.3 system (4.13) is also
linearizable. Therefore, O is a linearizable weakly persistent center of (4.12).

Case (4). Systems (2.8) and (4.7) are

¥ = x(i+any +any?),

]] = — Z]/ + b30x3 - 36111]/2 + 3&12]/3,
and

X = x(i+apAy +apAy?) = P(x,y),

T (4.14)
y= —iy+ bypAx® — 3a11)ty2 + 3u12Ay3 = Q(x,y).
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For system (4.14) we find only one partial integral fy = x, with the corresponding cofactor
Ko =i+ x (a0 + a3px) A, which is not enough to construct neither a Darboux first integral nor
an integrating factor. To prove that there exists a first integral of the form (2.4) we follow the
approach in [14] and first make the substitution z = x/y. In the new coordinates system (4.14)
takes the form

z = z(2i +4an Ay — 2a12/\y2 - bgo)\y223),

415
y = — Zy — 36111/\]/2 + 3(112Ay3 + b30)\y323. ( )
We look for a first integral for (4.15) of the form
F(zy) =zy" ) fi(2)y".
k=2
The functions fi are determined recursively by the differential equation
. _ — — (k— 3 4Aayfo (2
£i(z) - Efk@) _ —AMBk—2)an ((C 1)b30z°) fr—2(2) 11f1ff1( )
2z 2iz 21 (4.16)
(Bn—DAanfi1(z)  ARan +b302°) fi_,(2)
+ . + - .
2iz 2i
Fork=2,3,4,5,6,7 we find
. 1. .
f2(z) =z, fa(z) =4iranz, fa(z) = Ez/\z(bg,ozg’ + 28iAa?; — 8ayy),
1
f5 (Z) = §A2a112(84a12 — 13b3023 — 140i/\€l%1),
1
folz) = @/\Zz< — 3(22402, — 96a15b302% + b3y2°) + 40ia?, (1681, — 31b302°) A + 7280a;11A2),

1
fr(2) = 57 (—5880ia11a%2A3 + 2870ia11a12b302° A% — 55ia11b3,z°A% — 2548043, a1,A*

+ 546043, b3o23A 4 + 203841’11{’1/\5) .

We claim that fi(z) = zp_, if k = a (mod 3), where a € {0,1,2} and pi_, is a polynomial of
degree k — a. Thus, we have three cases:

1. k =0 (mod 3);
2. k=1 (mod3);
3. k=2 (mod3).

Assume that fx(z) = zpy_q(z) fork =1,...,n — 1 where k = a (mod 3) and a € {0,1,2}. We
compute fi(z) for k = n. To this end we solve (4.16) for k = n. Let us first consider case (a).
If k=n=0(mod3) thenn —1=2(mod3) and n —2 = 1(mod3) and f,,_1(z) = zg,—3(z),
fn—2(z) = zr,_3(z), where g,_3(z) and r,_3(z) are polynomials of degree n — 3. We want
to show that f,(z) = zpn(z), where p,(z) is polynomial of degree n. Using the induction
assumption about f,_; and f,_, differential equation (4.16) becomes

fa(2) = 5= fal2) = Pal2) +2Qu1(2) = C(2),
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where P, (z), Cy(z) and Q,_1(z) are polynomials of degree n, n and n — 1, respectively and, if
Py(z) = Ao+ Aiz+ -+ Ayz" and Qu(z) = By + Biz + - - + B,z", then C,(z) = co +c1z +
-+ +cuz", where co = Ag,c1 = A1+ By,...,ch = A, + B,_1.

As the general solution of linear differential equation of the form f (z) + p(z)f(z) = q(z)
is

f(z) = Ce /P& =] P(Z)dZ/efP(Z)dzq(z)dZ,

and in our case we have p(z) = —5 and q(z) = C,(z), it follows that e~ Jp@)dz — 73 and the
solution is

Cn(2) dz
2

fulz) = Cz? +z%/

= Cz? +2% /(coz_% +azt i+ cnz%)dz

z

n n _n _n n

= (Cz2 +ZZ(C021 2 +C122 2 4. _|_an2+1)
n

= Cz2 +cpz+ 122+ - + ¢zt

= Cz2 +z(co+crz+ - +cpz).

Choosing C = 0 we obtain f,(z) = zp,(z).

Now we shortly consider case (b). If n —1 = 0(mod3) then n —2 = 2(mod3) and
n =1 (mod3). Assuming that f,_1(z) = zq,-1(z) and f,_2(z) = zr,_a(z), we want to show
that f, = zp,_1, where q,,_1 and py_; are polynomials of degree n — 1 and r,,_4 is polynomial
of degree n — 4. Using the induction assumption about f, 1 and f,_, differential equation
(4.16) becomes

fal2) = 3= fa(2) = Pua(2) +2Qu2(2) = Caa (2),

where P,_1(z), Cy,—1(z) and Q,_»(z) are polynomials of degree n — 1, n — 1 and n — 2, respec-
tively. Then the solution to (4.16) is

n C —1(Z
22/ u ,1( )dz
z2
w [Co+C1z4 - Fcp1zt
z2 - dz
z2

n n _n _n n

= (Cz2 —|—ZZ(C()Zl 2 —|—C122 2 +"'—|-Cn7122)

= Cz2 +z(co+crz+ - +cp_1z2"N).

@)
[?\11\:
_|_

fu(2) =

I
@]
NI
_|_

z

Choosing again C = 0 we have shown that f,(z) = zp,—1(z).

In the case (¢) when k —2 = n — 2 = 0 (mod 3) the proof is similar as in the previous two
cases. We assume that f,_» = zr,_2(z) and f,—1 = z4,+1(z) and we prove that f, = zp,41(z).

Thus, we have shown that f>(z) = z, f3(z) = 4iAa;1z and for k > 3 we have proven that
fx = zPk—a, if k = a(mod3). Therefore, (formal) first integral of system (4.15) is F(z,y) =
2yt + ¢ijz'y’ (and ¥ (x,y) = \/F(x/y,y) is a first integral of system (4.14) of the form
(2.4)).

Now we look for a linearization Y = Y(x,y) of the second equation of system (4.14). The
function Y should satisfy the equation

Y Y )
aP(X,y) + @Q(x,y) +iY =0.
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After the substitution z = x/y, this equation is written as

19Y Y zdY ,
?EP( L) <ay_yaz) Q(x,y) +iY =0.

We look for a transformation of the form
Y(zy) =} 8k(2)v",
k=1
where gi(z) are polynomials satisfying a first-order linear differential equation,

(k —2)A(3a1p + b30z>)gk—2(z) — 3(k — DAangr_1(z) — (k — 1)igi(z)
+2(—A(2a12 + b302®) gk »(2) +4Aayig, 4(z) +2igi(z)) = 0. (4.17)

Solving the equation we obtain

. 3. 1.
21(z) =1, g(z)=3iran, g(z) = _EZMH + Zz)\b3023 - 9)\251%1,

3 .
84 (Z) = 1)85[11(14&!12 — 3b3023 — 361)\&%1).

We assume that ¢(z) = pr_,(z) where k = a (mod3) and a € {0,1,2}. We prove this again
by induction. We assume that equation gx(z) = px_,(z) holds for k = 1,2,...,n — 1 and we
want to show that this is the case also for k = n. To end this task one must consider three
cases: a = 0, a = 1 and a = 2. The proof is very similar as the proof of integrability for system
(4.14), thus we only briefly consider the case @ = 0, i.e. k = n = 0 (mod 3). By the induction
assumption we have ¢, 2(z) = r,—3(z) and g,-1(z) = gn—3(z), and we want to show that
<n(z) = r,(z). Differential equation (4.17) becomes

o) - " e = 9,

z

where C,(z) is polynomial of degree n. The solution of the latter equation is

gu(z) =Cz'7 +2'7 / C"ﬁ>dz

zZ 2
n-1 n
=Cz7?2 4+cg+ciz+---+cuz".

Choosing C = 0 we obtain g,(z) = pn(z), where p,(z) is polynomial of degree n. In a similar

way one can prove thatif n —2 =0(mod3) (n —1 = 0 (mod 3)) then g, = pu—2 (§n = Pn-1)-
Then Y(§,y) is a series in x and y of the form Y(x,y) = y + ¥f2;-, Y;;x'y/ and the second

equation of (4.14) can be linearized by the transformation Y = Y(x,y). The first equation of

(4.14) can be linearized by the transformation X = X(x,y) = ‘585 ;
Case (5). Systems (2.8) and (4.7) are
X = ix + x(axpx +apy?®), v = —iy +y(boxy + bosy?), (4.18)

and
X = ix + Ax(axx + alzyz), y = —iy + Ay(boy + b03y2), 4.19)
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respectively. System (4.18) is considered in [7, Theorem 2, case 3], where the corresponding
linearizable change of coordinates is obtained. So, by Lemma 3.3 system (4.19) is linearizable.
Therefore, O is a linearizable weakly persistent center of (4.18).

Case (6). Systems (2.8) and (4.7) are
X =ix+ x(a30x2 +an1y), y=—-iy+y(—2ay+ bogyz), (4.20)
and
X = ix + Ax(azox® + any), ¥ = —iy + Ay(—2ayy + bosy?), (4.21)

respectively. System (4.20) is considered in [7, Theorem 2, case 5], where the corresponding
linearizable change of coordinates is obtained. So, by Lemma 3.3 system (4.21) is linearizable.
Therefore, O is a linearizable weakly persistent center of (4.20).

Case (7). Systems (2.8) and (4.7) are
X = ix + x(a0x + asx?), v = —iy + y(boay + bozy?), (4.22)
and
X = ix + Ax(axx + az0x?), v = —iy + Ay(boay + bosy?), (4.23)

respectively. System (4.22) is a subcase of the case considered in [27, Theorem 3, case VIII (3)],
where the corresponding linearizable change of coordinates is obtained. So, by Lemma 3.3
system (4.23) is linearizable. Therefore, O is a linearizable weakly persistent center of (4.22).

Case (8). Systems (2.8) and (4.7) are
X =ix + x(2bp1x + 2b03y2), y=—iy+y(bux+ b03y2), (4.24)
and
X =ix+ Ax(Zbllx + 2b03y2), y= —ly —+ /\y(bnx + b03y2), (4.25)

respectively. System (4.24) is considered in [7, Theorem 2, case 6], where the corresponding
linearizable change of coordinates is obtained. So, by Lemma 3.3 system (4.25) is linearizable.
Therefore, O is a linearizable weakly persistent center of (4.24).

Case (9). System (2.8) satisfying conditions (9) of this theorem can be transformed into system
(2.8) satistying conditions (6) of this theorem, where

(a30, bos, b11) = —(boz, 30, a11),

by the change of coordinates (x,y,t) — (y,x,—t). Therefore, O is a linearizable weakly
persistent center for this case

Case (10). Systems (2.8) and (4.7) are
X =ix+x(any + az0x?), y=—iy+ boox? + 2a11y2 + 2a30x2y, (4.26)

and

i = ix 4+ Ax(any +ax?),  § = —iy + A(bwx” + 2a11y> + 2a3x7y), (4.27)
respectively. System (4.27) has partial first integrals

ll =X,
L=1+ ZiAtu — (i)\a{go —+ /\Zallbzo) X2,

13 =Y + %i)\bzoxz,
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with respective cofactors

ki =i+ Aany + )\agoxz,
ky = 2Aany + 2Aazpx?,
ks = — i+ 2Aany + 2Aazx’.

It is easy to verify that choosing fo = [ and f; = I, equation (3.14) is satisfied for a; = —%
and choosing ¢p = I3 and g1 = I, equation (3.15) is satisfied for f; = —1. So we obtain that
(4.27) is linearizable by the change of coordinates

X1 =X (1 =+ 217\6111]/ — (iAﬂBO + )\Zanbzo) x2) e ’

1 ' ' -
yi = (y - 317\bzox2) (1+2iAany — (iAasx + Aarbyp) ¥%)

Therefore, O is a linearizable weakly persistent center of (4.26).

Case (11). Systems (2.8) and (4.7) are

X = ix + x (a0x + azox?),
Y= — iy + byox® + bsox® + by x*y + boay?,

and

X = ix + Ax (a0x + asx*) = P(x,y),

o ] (428)
y= —1y —+ /\(bzoxz + b30x3 + b21x2y + bozyz) = Q(x,y)

We find partial first integrals

fo=x,
1
fi=1+3x (—iang — /A (diaz agoA)> ,

1 . .
=1+ 5% <—za20}\ + \/)\ (4iazo — a%o)\)> ,

with the corresponding cofactors
ko =i+ x (a0 + azox) A,

kl = %x (5120)\ —|— 2613OX/\ — Z\/A (4ia30 - a%OA)> 4

ky = %x <a20)\ + 2az0xA + i\/)\ (41'5130 N aéOA)) '

We found the solution to (3.14) for k; and k; to be

1 ano \//\ (4iﬂ30 — u%O/\) B 1 ano \//\ (4iﬂ30 — LZ%O/\)
27 sap+2idr T2

a0 = —
! 2 Sax + 2iad0

Therefore the first equation of (4.28) is linearizable by the change of coordinates

x1=xf11 52
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Using partial first integrals p; = f; and p, = f, with corresponding cofactors Ky = k; and
K, = k, we can construct an integrating factor u = p]'p,* by solving equation (3.19) for 71, 72
and obtain

20+ (41921 +ay <\/A (diazo — a2y)) + 3ia20/\>)

"= 2 (4az + 12y M)
a20b21 <\//\ (4ia30 — a%o)\) — ib‘lzo)&)
+ 21130 (4(130 + lﬂ%o)\) ’
12a30 + (4b21 + an (3ia20A - \/ A (diaz) — aZ,)) ))
Y2 = —

2 (4azg + iadyA)
arobn (\/)\ (4i(130 — IZ%O)\) + iﬂzo)\)
24as3p (4(130 + ia%o)t)
which implies that system (4.28) has an analytic first integral of the form (2.4) according to

[1]. By Theorem 4.4.3 of [29] the second equation of (4.28) is linearizable by the change of
coordinates

+

7

Y
n= %
Case (12). Systems (2.8) and (4.7) are

X=ix+x (ﬂzox + azox? + tl12y2) ,

Y = — iy + byox? + az0x’y + booy® + any®,
and

% = ix + Ax (az0x + a30x” 4 a2y”) (4.29)

y = —iy + A(bx + az0x’y + booy” + arzy’). ‘

We find partial first integrals

fo=x,

fi=1+ %i(y(boz/\ — VA 4iay, + b3, A) — x(axnA + A+)>,
fhr=1+ %i(y(boy\ — VA iag + b2,A) + x(—axpA + A+)>,
fr=1+ %i(y(boz/\ + VA iy, + B2,A) — x(al + A_)>,
fi=1+ %'(y(boz)& + VA diags + b2,A) + x(—axpA + A,)),

with corresponding cofactors

ko =i+ (x(a20 + azox) + ﬂlzyz))\/

1
ky = 5 (7\ (y(boz + 2a12y) + x(az0 + 2a30x

1

7

- y\ﬁ\m + xA+)
( ( ( ( —yﬁ\/m-xA+>,
(A (y(boz + 2a12y) + x(az0 + 2a30%)) + yﬁ\/m + xA,)
(A ( )

)
Ay (boz + 2a12y) + x(az0 + 2a30x))
)
Ay (boz + 2a12y) + x(az0 + 2a30x) ) + yVAy/ b3, A+ diapp — xA_

ky =
ks =
ky =

NI~ DN~ DN

7
7
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where

Ag = \/)\( — 4diasy + a%O)L — 2bgobyoA £ sz()\/X\ [4iayy + b(z)z/\) .

We find the solution to (3.14) for a1, ay, a3, and a4 to be

B boa VA
ny = — 7
2/ 4iay + bA
b= 1
2 — 2/
—2a0A [4iara + WA + (b VA — \f4iar + 01 ) (A= + A )
a3 = ’
4A_ \/ 4i6l12 -+ b%ZA
Dano)[Aiay, + bR A + (bozf — \Jiap + boz/\> ( - A+)
Ny =

4A_\/4ia;p + b02)\

Therefore the first equation of (4.29) is linearizable by the change of coordinates

X1 = xfixlféxz ;63 14

Now, using partial integrals p; = f1,..., pa = f4 and the corresponding cofactors we construct
the Darboux first integral. First, we solve equation (3.18) for ¢y, ..., ¢4 using kq,..., ks and
obtain 1 = A_, Y = —A_, Y3 = —A, and 4 = A,. Therefore, the Darboux first integral
for system (4.29) is

¥ = pi'pd2pipit.

v-1
A_ALVAN Hiap+030"

form (2.4) and, therefore, the second equation of system (4.29) can be linearized by the change
of coordinates

Actually, ¥1 (x,y) =

is the first integral whose series expansion is of the

Yy

1= —
Yy x

Case (13). Systems (2.8) and (4.7) are

x(i + apox + azox?),
y = — ly + b20x2 + b30x3 + bnxy + b21x2y,
and

X = x(i+ apAx + axpAx®) = Pi(x,y),

4.30
Y= — iy + byoAx? + byoAx® + by Axy + by Ax*y = Qq(x,y). (430

We find partial first integrals

fo==x,
1 5 ‘ .
fi= > 2 + 2iaspAx® + x \//\ (adgA — 4iaszy) — Aayo | (xAang +2i) ),
1 > . .
fa = 5 2 + 2iaspAx® — x \//\ (’Zzo)‘ — 411130) + Aayg ) (xAa +2i) ),
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with the corresponding cofactors

Ko=i+ X/\(azo + a30x),

Ki=x <1120)\ + 2az0Ax + \/)\(—4i€l30 + IZ%O)\)> ,

Ko = x <a20/\ ¥ 2a30Mx — \/ A —diaz + agoA)) .

We found the solution to (3.14) for K; and K, to be

p1 = L 0/ B2 = Ly 420
4 \/A(—4ia30 +a2\) 4 \//\(—4iu30 +a2,\)

Therefore the first equation of (4.30) is linearizable by the change of coordinates

1 2
xn=xfi f;
Using cofactors K; and K> we can construct an integrating factor. We solve equation

P (x,y) 0 (x/ ]/)
+
ox ay

1Ky 4+ ar Ko + =0,

and obtain
Aaxby — 2az30bi1 — axaz) 3 bn

1= - =

Sazg\[A(—tiazg +a%) A0

= A(azobzl — 2azob1y — a20’130) _ § _ bi

dag A (—digy +agpr) A A0

Therefore, the integrating factor of system (4.30) is
n=f'f?
which implies that system (4.30) has an analytic first integral of the form (2.4) [1]. By Theo-
rem 4.4.3 of [29] the second equation of (4.30) is linearizable by the change of coordinates

Y
nh= 1
Case (14). Systems (2.8) and (4.7) are
X =ix+x(any + a30x2), y = —iy+y(—2a31x + b03y2), (4.31)
and
X =ix + Ax(any + azpx?), y = —iy+ Ay(—2a11x + b03y2), (4.32)

respectively. System (4.31) is considered in [7, Theorem 2, case 1], where the corresponding
linearizable change of coordinates is obtained. So, by Lemma 3.3 system (4.32) is linearizable.
Therefore, O is a linearizable weakly persistent center of (4.31). O

Remark 4.3. We see that system (2.8) is system (2.7) with ap» = ap3 = 0. Notice that if we
apply to the conditions of Theorem 4.2 the involution a;; > bj;, then we obtain conditions for
linearizable weakly persistent center at the origin of the dual system of (2.8), i.e. system (2.7)
with byy = b3y = 0:

X =ix+ a20x2 + anxy + a02y2 + a30x3 + a21x2y + alzxyz + a03y3,

y= - iy + y(bnx + b()zy —+ b21x2 + b12xy + b03y2).
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5 Conclusions

In this paper we introduced the notions of linearizable persistent and linearizable weakly per-
sistent centers. We found necessary and sufficient conditions for the existence of a linearizable
persistent center to the general cubic system (2.7) and to the existence of a linearizable weakly
persistent center to the ‘semi-Kolmogorov” system (2.8). For obtaining necessary conditions
for linearizable (weakly) persistent centers of cubic polynomial system (2.7) we used methods
and algorithms of computational algebra. The sufficiency of the obtained conditions in most
cases was proven using the Darboux linearization method, which is one of the main tools to
find a linearizing change of coordinates. However, to simplify the proof in some cases we
used Lemma 3.3, which provide a way to obtain a linearizing transformation for system (3.10)
from system (3.9). In one special case we performed the change of coordinates, named blow
up, in the system to obtain a linearizing transformation.
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