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Abstract

In this paper, we investigate the linearizability problem for the two-dimensional
planar complex system % = x(1 — ajox — ao1y — @oox’> — anxy —apmy>), vy =
—y(1 = byox — bo1y — byox?> — by1xy — bpay?). The necessary and sufficient
conditions for the linearizability of this system are found. From them the
conditions for isochronicity of the corresponding real system can be derived.

PACS numbers: 02.30.Hq, 02.60.L;
Mathematics Subject Classification: 34C35, 34D30

1. Introduction and statement of the results

Consider a planar analytic differential system in the form of a linear center perturbed by
higher-order terms, that is,

uw=—-v+U(u,v), v=u+V(u,v), (1)

where U and V are real analytic functions whose series expansions in a neighborhood of the
origin start in at least second-order terms. Taking polar coordinates we can see that near the
origin either all non-stationary trajectories of (1) are ovals (in which case the origin is a center)
or they are spirals (in which case the origin is a focus). By the Poincaré—Lyapunov system,
(1) has a center at the origin if and only if there is a first integral:

[o.¢]
D(u,v) = w? + v+ Z ¢k,-xkyj,
k+j=3
where the series converges in a neighborhood of the origin. The problem of distinguishing
between a center and a focus at the origin of system (1) is called the center problem.
If the origin is a center, then the problem that arises is to determine when the period
of the solutions near the origin is constant. A center with such a property is called an
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isochronous center. The research of the isochronous center phenomena was started in 1673
when Huygens studied the cycloidal pendulum; see [16]. The isochronous center theorem
of Poincaré and Lyapunov says that the center of (1) is isochronous if and only if it is
linearizable. Hence, the isochronicity problem is equivalent to the linearizability problem.
The history of the study of the isochronous center is interesting also in the sense that this result
has been rediscovered several times. It was rediscovered by Gregor [24] in 1958, Lukashevich
[31] in 1965, Brickman—Thomas [2] in 1977 and Villarini [39] in 1992; see, for instance,
[20, 21, 42] and references therein. There are only few families of polynomial differential
systems in which a complete classification of the isochronous centers is known; see, for
instance, [8, 9, 27, 30, 31, 35, 37].

In 1964, Loud [30] classified isochronous centers of system (1) with U and V being the
homogeneous polynomials of degree 2, and in 1969, Pleshkan [35] found all isochronous
centers in the family (1), where U and V are homogeneous polynomials of degree 3.
However, the classifications of isochronous centers in the form of a linear center perturbed by
homogeneous polynomials of the fourth and fifth degrees turned out to be much more difficult.
In [8, 9], isochronous centers for time-reversible systems (1) in the case of a homogeneous
perturbation of the fourth and fifth degrees were found (by definition, system (1) is time
reversible if it is invariant under reflection with respect to a line passing through the origin
and a change in the direction of time). More recently in [10], all the isochronous centers for
time-reversible systems (1) in the case of a homogeneous perturbation of degree 4 have been
obtained. Moreover, the complete classification of the isochronous centers for a linear center
perturbed by fifth degree homogeneous polynomials has been given in [36].

It is known from the time of Lyapunov [26] that computation of normal forms and first
integrals of system (1) can be considerably simplified if we introduce a complex structure on
the phase plane (u, v) by setting x = u +iv. Then we obtain from system (1) the equation

X = R(x,X).
Adjoining to the later equation its complex conjugate, we have the system
* = R(x, %), i = R(x, %).

Let us consider X as a new variable y and R as a new function. Then, in the case when U
and V are polynomials of degree n, from the later system we obtain, after the change of time
idr = dr and rewriting ¢ instead of 7, a system of two complex differential equations of the
form

n—1

. +1

X=x—- E apqax"y?t = P(x,y),
p+g=1

n—1 (2)
y=—y+ Y bpgxtyPt = 0(x,y)
p+q=1

Here p > —1 and ¢ > 0, and we denote the coefficients of system (2) by (A, B) =
(ai0,a0,1,---,a-1n,b10,b0.1,...,by_1). Itis said that system (2) has a center at the origin
if it admits a first integral of the form

o0
Wix,y) =xy+ Y v xlyl. 3)
I+j=3

The linearizability problem for system (2) is the problem of deciding whether the system
can be transformed into the linear system, z; = z; and Z, = —Zz, by means of the formal
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change of the phase variables:

oo oo
a=x+ Y cuj(ABX"Y . m=y+ Y dujoi(A Byl “)
m+j=2 m+j=2

If such a transformation exists, we say that the system is linearizable, i.e., there is a linearizable
center at the origin. Moreover, it is well known that if there exists a formal series (4) linearizing
(2), then there exists a series which converges in the neighborhood of the origin; see [1]. The
linearizability problem for the complex system (2) is a generalization of the linearizability
problem (isochronicity) for the real system (1) in the sense that if we know all linearizable
centers within a given family (2) then going back to the real coordinates (u#, v) we obtain all
linearizable (isochronous) centers of family (1).

The center and isochronicity problems for the so-called cubic system, that is, for the
system

u=—-v+Uu,v)+Us(u,v), V=u+ Va(u,v)+ Vz(u, v), (®))]

where U,, V, and U3, V3 are homogeneous polynomials of degrees two and three, respectively,
have been intensively studied during last few decades (it appears that there are tens or maybe
even hundreds of papers where the center and isochronicity problems for particular subfamilies
of (5) have been discussed (see, e.g., [3-5, 7, 12, 15, 20, 23, 32, 37, 38] and references therein).
In this paper, we study the linearizability problem for the following two-dimensional planar
complex system:

% =x(1 —ax — aoy — axx* — anxy — any?),

) (6)
¥y = —y(1 = biox — bory — baox? — biixy — bay?).

This ten-parameter cubic system contains the family studied in [15] and other families studied
in [37, 38]. To the best of our knowledge it is the largest subfamily of the cubic system
that has been studied so far. The family has two complex invariant lines passing through the
origin, which is why we call it the complex Lotka—Volterra system. The differential equations
modeling the interaction of two species have been studied extensively by real systems of the
form
X =xF(x,y), y=yG(x,y),

being also known as Kolmogorov systems; see [28, 29, 41]. In that case, attention is restricted
to the behavior of orbits in the ‘realistic quadrant’ {(x, y) € R?|x > 0, y > 0}. In the classical
Lotka—Volterra model, F and G are linear, and it is well known that there are no limit cycles. If
F and G are quadratic, of particular significance in applications is the existence of limit cycles
and the number of them that can arise. These types of problems go back to Coleman [13] who
poses a question: whether a predator—prey system can have two or more ecologically stable
limit cycles. A first step to approach the problem of the existence and number of limit cycles
is to solve the center problem for these real systems.

We also mention that the following question regarding a particular subfamily of system
(6) has been raised in [32, p 231].

Problem 1. Let (A) be the family of all systems (5) with two invariant lines u £iv = 0 and two
other (real or complex) lines. What are the isochronous systems and the Darboux linearizable
systems inside the family?

Since the family (6) contains all systems (5) with two invariant lines u & iv = 0, it contains
also the family (A). Thus, we find all isochronous centers not only inside (A), but within a
much richer family. We discuss, in more detail, how our results are connected to the problem
of isochronicity in the final section.
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2. Preliminaries

In this section, we briefly describe the general approach used to study the linearizability
problem for the polynomial system (2). The first step is the calculation of the so-called
linearizability quantities, which are polynomials of the coefficients g; ; and b; ; of system (2).
Taking derivatives with respect to ¢ in both parts of each of the equalities in (4) and equating
coefficients of the terms x9'*!y%2 and x9' y%*! we obtain the recurrence formulae,

qi+qr—1
(g1 — q2)C17M12 = Z [(Sl + 1)CS'I,~Y2afI|—SM12—S2 - SZCSl,Szblh—slaéh—sz]’ (7

51 +52=0

q1+gx—1

(ql — 6]2)dq,,q2 = Z [sldsl,naql—slyqz—sz - (52 + 1)ds1,szbql—sl,q2—52]v (8)

81 +A‘2=0

where 51,50 2 —1,q1,92 =2 —1,q1+q2 > 0,¢c1—1 =c_11 =di,-1 =d_11 = 0,¢c00 =
doo =1, and we seta, 4, = b,, = 0if p+¢q < 1. Hence, we compute ¢, 4, and d, 4,
of the formal change of variables (4) step by step using formulae (7) and (8). In the case
q1 = q> = q, the coefficients ¢, , and d, , can be chosen arbitrary (we set ¢; 4 = dy,q = 0).
The system is linearizable if and only if the quantities on the right-hand side of (7) and (8) are
equal to zero for all ¢; = g2 = g € N. Inthe case g = g» = ¢, we denote the polynomials on
the right-hand side of (7) by i, and on the right-hand side of (8) by — j,, calling them the gth
linearizability quantities. Hence, system (2) with the given coefficient (A, B) is linearizable
if, and only if, i, (A, B) = j,(A, B) =0forallg € N.

In the space of the parameters of a given family of systems (6) the set of all linearizable
systems is an affine variety V of the ideal (i}, ji, i2, jo, ...). We recall that the variety of
a given polynomial ideal F' = (f1, f2,..., fs) is the set of common zeros of polynomials
fi, f2, ..., fs, and it is denoted by V (F). Denote by I; the ideal generated by the first k pairs
of the linearizability quantities,

Iy = {iv, j1, ooy ik Ji)- &)

By the Hilbert basis theorem, there exists N € N such that V is equal to the variety of the
ideal Iy, V = V (Iy). However, the theorem does not give a constructive procedure to find N.
In practice, Ny is taken such that

VN = VUngs1)- (10)

Subsequently, the minimal associated primes of the ideal Iy, = (i1, ji, ..., iny, jN,),» Which
define the irreducible decomposition of the variety V (Iy,) of the ideal Iy,, are computed, and
for each component one tries to find the linearizing transformation (4). The most powerful
method to find linearizing transformations is the so-called Darboux linearization, see [11, 12,
22, 33]. A smooth function, F(x, y), satisfying

—Xx+—y=KF, 1D
is called a Darboux factor of system (6), and the polynomial K (x, y) is called the cofactor.

The following theorem allows us to construct linearizing substitutions if sufficiently many
Darboux factors are known.
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Theorem 1 ([15]). Assume that the coordinate axes are trajectories of system (2) and the system
has Darboux factors F;(x, y) satisfying F; (0, 0) = 1 withthe cofactors K;(x, y),i = 1,...,s.
If

P(x, : -
(1— by O« y)+2aiKi=1 (12)
* Y i=1
for some c,ay, ..., a5 € C, then the first equation of (2) can be linearized by the substitution

X =x!=Cy=ewe ... £ and if

P , , s
—0M+(1—C)M+Z,Bi1(i=—l (13)
* Y i=1
forsomec, By, ..., Bs € C, then the second equation of (2) can be linearized by the substitution
Y =xcylmewes. .. P \vhere W is a first integral of the form (3).

The theorem is a generalization of the theorems of [32, 33]. The difference between
theorem 1 (and other generalizations, see also [22])) and the Darboux linearization theorems
of [32, 33] is that they only permit invariant algebraic curves and exponential Darboux factors
to construct linearizations, but in our generalization we allow any function with a cofactor.
Thus, it allows us to work with some unknown functions as a first integral or an inverse
integrating factor, but with known cofactors. For example, the first integral is a Darboux factor
with the cofactor zero, and the inverse integrating factor is a Darboux factor with the cofactor
being the divergence of the vector field.

If system (2) has a first integral (3) and a linearization of one of the equations of (2) is
known, say the second equation is linearizable by z; = Y (x, y), then the first one is linearizable
by the substitution z; = W(x, y)/Y (x, y).

3. The linearizability conditions

In this section, we will find the conditions for linearizability of system (6). For this system
using a straightforward modification of Mathematica code from [37], we have computed
the first seven pairs of linearizability quantities. The polynomials are too long, so we do
not give them here. The interested reader can easily compute them by using any available
computer algebra system with the algorithms of [12, 37], for instance. Thus, we obtained
the increasing chain of ideals I} € I, € --- C I; and the decreasing chain of varieties
V() 2 V() 2 --- D (I7), where I are ideals (9). By the radical membership test (see,
e.g., [14, chapter 4]), a polynomial f vanishes on the variety of the ideal J C Clxy, ..., x,]
if and only if a Groebner basis of the ideal (1 — wf, J) C Clw, xi, ..., x,] is equal to one.
Using the test we checked that both i7 and j; vanish on the variety V(/), that is, (10) holds
with Ny = 6. Thus, we guess that the chain of the varieties V(I;) 2 V(I,) D - - - stabilizes
on V(lg), thatis, V(Ilg) = V({i1, ji, i2, J2, - - .)), and now we have to prove that this is indeed
the case.

Note that for (6) i} = 3agia10 + 3ai1 + 3aoi1bip and j; = —3ag1b10 — 3bo1b190 — 3b11, SO
from now on we assume that in (6) ayp = —dapiayp — b[oa()l and b]] = _bOlbIO — b]o(lo].
To find necessary conditions for the linearizability of system (6) it is sufficient to find the
irreducible decomposition of the variety V (I) of the ideal I = (iy, ji, ..., s, jo). To do so,

we used the routine minAssGTZ [34] of Singular [25] which finds the minimal associated
primes of a polynomial ideal by means of the Gianni—Trager—Zacharias method [19]. Note
that if for system (6) ag; # 0 and bjy # 0, then by a linear transformation we can set in (7)

5
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ag; = bjp = 1. Using this observation in order to simplify calculations, we split system (6)
into three systems considering separately the cases:

(a)apr = bip =1, (B)aoi =1,b19 =0, (¥)aor = bio =0.

For the case («) we have obtained the necessary and sufficient conditions to have a linearizable
center at the origin presented in theorem 2. The other remaining cases are studied in
theorems 3 and 4. Note that if we apply to the conditions of theorem 3, which give the
conditions for the case (8), the involution a;; <> bj; then we obtain the integrability conditions
of system (6) for the case ag; = 0, bjp = 1. Thus, theorems 2—4 provide the complete solution
to the linearizable center problem of system (6). In the proof of theorem 2, we briefly describe
an approach to find the necessary linearizability conditions, and then we show that the obtained
conditions are also the sufficient conditions for a linearizable center. For cases (1), (2), (4),
(5) of theorem 2, cases (1-5) of theorem 3 and all cases of theorem 4. the sufficiency of the
conditions is established by applying theorem 1, that is, looking for Darboux factors of each
family in order to construct a linearizing transformation of the form (4); however, to treat the
other cases we have developed an approach based on another idea (which has some common
features with the approach of [17]).

Theorem 2. System (6) with ayy = byg = 1 is linearizable at the origin if and only if
ay| = —ayg — ap) and by = —by, — by, and one of the following conditions holds:

(1) bor — by — bz + 1 = apa + boy = azo + by = aio+ba +boa +1 =0,

(2) bo1 — 3by + 1 = ap = axy — byg = aig — bag + 1 = 2b3) — 2by + by = 0,

(3) 2(1()2+b()1 +1= a10+2b20+1 = 2b20b02 —b(n +2b()2 —1= 2(120b02 —b()l +2b20 -1
=b§0+a20+b20 = b01b20+b01 —b20+1 = b(z)l +4b()2 -1 =a20b01 — a) —2b20 =0,

(4) bao = bo1 —brx +1 = ap = azo — box = a0 — bz +1 =0,

(5) by = b1 — by + 1 = agx — box = a1o — 3bp + 1 = 2b%, + azy — 2by, = 0,

(6) b02:b20—2:b01 :2a02+1:a20+4:a10+4:0,

(7) bp+4=2by+1=by+4=ap —2=a=ayn=0,

(8) by +3 =byy —6=by —2=8ap+3 =ay —12=a1p+4 =0,

(9) boz—12=8b20+3=b01+4=a02—6=4a20+3=a10—2=0.

Proof. To obtain the necessary condition for the linearizable center of system (6) with
apy = by = 1 we look for the irreducible decomposition of the variety of the ideal
I = (i, ji,---,16, J6), Where agy = bjp = 1. This is an extremely difficult computational
problem which represents the most laborious part of our study. To perform the decomposition,
we have used our computational approach, described in detail in [36].

Making use of the routine minAssGTZ of the computer algebra system Singular
[25], we have found the irreducible decomposition of the variety of the ideal I =
(i1, j1,---16, jo). The obtained decomposition consists of ten components. Then using
the rational reconstruction algorithm [40], we go back to rational arithmetics. Performing the
check similarly as in [36, p 5912], we see that one of the ten components is not a true one;
the remaining nine, given in the statement of the theorem, give the correct decomposition. The
usage of the modular arithmetics for the decomposition of varieties defined by coefficients of
normal forms of system (2) goes back to the work by Edneral [18]. The difference of our
approach is that we perform an additional check as described in [36].

We now show that under these conditions the system is linearizable. We can omit cases
5,7 and 9 since they are dual to 2, 6 and 8, respectively, under the involution a;; <> bj;.

In order to find the Darboux factors we look for them in the form F = ) 7, 0 i jxlyl

with K = Zﬁ;]:o Bijx'y/ (m is the degree of the system, in our case m = 2; finding a

6
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bound for n is the Poincaré problem, still unresolved). Substituting this expression in (11) and
equaling the coefficients of the same terms on the both sides of the equality, we obtain a system
of polynomial equations in variables «;;, B;;. If a solution of the system exists, then solving
the system we find a Darboux factor F (or a few such factors) of (2), which geometrically is
the trajectory of (2) defined by F(x, y) = 0. Since F is a polynomial, it is called an algebraic
invariant curve of (2).
For case 1, the corresponding system is written as
% = x(1+ byox® + (boz + bao + 1)x — (boa + b2o) yx + booy” — ¥),
= =y(1 = baox® + (boa + bo0) yx — x = boay® = (boa +bao — 1)).

Using the described approach we find that the system has the invariant lines:
K] =1+ %(b02 + b20 — \/(b02 +b20 — 1)2 +4b02 + l)x
+3(=boy — by — V (boy + by — D)2+ 4bs + 1)y,

boy by 1 1
=1 — 4+ — + =/ (b by — 1)% +4b —
2 +(2+2+2\/(02+ 20 — 17+ 02+2>x

1
+ 5(—1702 — oo+ v/ (boa + bag — 1)2 + 4oy + 1)y,

which yield the Darboux linearization

21 = x03e5, 21 =y} e,
where
b02+b20—A+1 b02+b20+A+1
“= 21 - F= 20 ’
__b()2+b20+A—1 6_b()2+l72()—A—1
24 ’ B 2A ’

and A = v/boo? + 2(bag + Dby + (bag — 1)2.
In case 2, the system admits the invariant lines:
2xyb%0
by -2
€3 = 2x%ybl, + 4xybl, + 2ybay — 2xbyg — 4xybyg — 3ybyg — 2byg + X + y + 1,

£y =1—byx, =1 — 2yby,

and a Darboux linearization is given by

T Tl e RO )
where
b20 1
o) = — ) oy = ) a3 = —0,
! b20 +1 2 bz() +1 3 2
by — 1
oy = 20(2, o5 = 20(1, O = 20—
by + 1
The system of case 3 is written as
) 2 baoy?
X = x | bao(bao + Dx” + (2byg + 1)x — 2bypyx + bl y+1)=Px,y),
20
(14)
. 2byoyx byy* (b — Dy
§=—y | —bypx*+ —x - 5 — +1)=0(,y).
by + 1 (by + 1) by + 1
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In addition to the coordinate axes it has the invariant line,

However it is impossible to find a Darboux integral or an integrating factor using these lines.
Although we are not able to find a closed form for a first integral (3) of system (14) we prove
that such an integral exists. To this end, we make the substitution z = y/x. In the new
coordinates (14) takes the form

X = x(x7b3) + 2x7b3y + 2xb3y — 2x7zb3 + X7 by + x°27bog + 3xbag

— 2)6221)2() — )Csz() + b20 +X —XxXZ+ 1)/(b20 + 1),

Z= —z(xzbgo +2x%b3 + 2xb3y — 2x7zb3 + x2b3y + x%2°b3 + 4xb3, — 2x%zb3,
— 2x2b3) + 2b3 + 2xbag — 2x2bog + 4bag +2) [ (bao + 1)7. (15)
We look for a first integral of (15) in the form
o0
Y(x,2) =x"z ) fildx, (16)
k=2

where f;(z) are polynomials satisfying a first-order linear differential equation,

k by by
fi — Z_ka +aifi_ +rarfi,+ ;fkq + ?fk72 =0,

where a;, b; for i = 1, 2 stand for some polynomials in z of degree i. Solving the equation,

we obtain f>(z) = z, f3(z) = z(—4bx — b;il — 4) and by induction we conclude that the

other function f; can be chosen in the form

fi(@) = z2pr2(2),

where py_»(z) is a polynomial of degree k — 2 in z. Then W(x, y) = /¥ (x, y/x) is a first
integral of (14) of the form (3). (In more detail, the approach is described for case 6 of
theorem 3 below.)
It is obvious that we can write system (2) with a first integral (3) in the form
x=rv,, y=—rV¥,, 17

for some analytic function r(x,y) with (0,0) = 1. Eliminating ¥ in (17) gives us
7 = div(x, y)r, which means that r is a Darboux function with the cofactor div(x, y), and
therefore r is an inverse integrating factor. Equation (12),

A= HPx,y)/x— fOx, y)/y+cKi+hdiv(x, y) — 1,
where K is the cofactor of ¢, and P, Q are the right-hand sides of (14), has the solution

2Dy 1 by

T hp+2 T T bp+2 T T hp+2

Therefore, the linearization of (14) is given by

2% 2

Lo _bo g 1 __1 bzo% byotl by _botl byt —bz;%
p— bryo+2 by+2 bry+2 by+2 —_ byg+2 3 byp+2 bryo+2 bro+2

71 = Whot2p 02 x 2072y b0 Zl Z2p = Whot2 pha+2 x b y 20 El .

’

For case 4, we found the invariant lines,
L =1—=bypy, € =1—>bypx, ¥£3=>bypx+2bpxy+(byp—1)y—x+byp—1,
which allow us to obtain the Darboux linearization,
71 = xl80, ", 2 = ye; 05,
where o = 1/(1 + byy).

8
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Case 6 is treated similarly to case 3. Performing the change, z = y/x, and looking for a
first integral of the obtained system in the form

Y(x,2) =x"z ) fulx,

k=2
one can easily see that the functions f;(z) can be found recursively in the form

k(@) = zpr—1(2),
where py_;(z) is a polynomial of degree k — 1 in z. Then ¥ = /v (x, y/x) is a first integral
of the form (3) and using (12) we find that a linearization is given by the substitution

WS/Ap1/4 v
2= —

2l =~ = —,
x1/4y5/4 2

where r is defined from (17) and therefore r is an inverse integrating factor.
Case 8: the corresponding system is written as

3 2
X=x (—12x2—3yx+4x+% —y+1> = P(x,y),
5 (18)

3
yz_y<—6x2+3yx—x+%—2y+1)=Q(xvy)-

We look for a linearization of the second equation of the system ¥ = Y (x, y). The function Y

should satisfy the equation
aY aY
—P+—0+Y=0.
dx ay
After the substitution x = yz, the latter equation is written as
10Y ayY aY
——P+<——£—>Q+Y:O. (19)
y 0z dy y 0z

On can easily check using induction on & that a solution to (19) can be obtained in the form

Y(z,y) =y (1 + ng(z)yk> :

k=1
where gi(z) is a polynomial of degree k. Then, Y (’}—‘, y) is a series in x and y of the form
Y(x,y) = y+ 305 - Yiyx*y/. Since

xy—2x —3+1
= 3/4
(6x - %y + 1)

is a first integral of (18), the first equation of (18) is linearizable by the substitution X = W/Y.
O

To obtain the necessary conditions for cases (8) and (y), presented in theorems 3
and 4, respectively, we found the minimal associate primes of the corresponding ideals
Is = (i1, j1,-..,16, jo). For these ideals, we were able to complete all the calculations
with Singular over the field of rational numbers.

Theorem 3. System (6) with ayy = 1, b9 = 0 is linearizable at the origin if and only if
aj; = —ay, b1y = 0 and one of the following conditions holds:
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(1) by = ap — by +2 =ap =0,

(2) boyo = bo1 + by — 1 =ap +bpy +1 =0,

(3) by = ax =0,

(4) boy = bo1 +2 = ag = 2axy + by = ajp =0,

(5) boy +8 = bo1 — 6 = apy = 2axyp — by = ajo =0,

(6) b(2)2+ 10b02 —4 = 2b()1 —boz —-20 = 2a02+3b02+24 = —5b2()b02+8a20+6b20 =dajp = 0.

Proof. We now prove that they are the sufficient conditions. In case 1, system (6) with
conditions (1) takes the form

& =x(1 —a)x® —y+@2—bo)y>), ¥ =—y(1 = bory — bay*). (20)
System (20) has two invariant lines given by

1 /
f[»z =1+ 5(_b01 + b(z)l +4b02)y.

Moreover, we can construct an inverse integrating factor of the form V = x3 y3 6’13 ! 652, where

gy 0= (bor + boa = [0, +4bra)
1,2 = .
boz\/m

Multiplying both parts of (20) by Z‘f '1352, we obtain a system

X =Px,y), y=0x,y), 2D
such that V = xy? is an inverse integrating factor for (21), and the coefficients of x3y? and
x2y? in the series expansions for P and Q, respectively, are equal to zero. Therefore, by
theorem 4.13, and (4.28) of [11], system (20) admits a first integral ¥ of the form (3). (Note
that using the integrating factor it is possible to find a first integral of (20) in the closed form,
but it is a long expression involving the Appell hypergeometric function.)

Looking for a solution of the equation Q(x, y)/y+>_ «; K; = —1, we find that the second
equation is linearizable by the substitution z, = y€{'¢5*, where «; ; are given by
1 bo

o2 = —= + (22)

2 2./}, +4bn

Finally, using the existence of the analytic first integral W the first equation is linearizable by
the substitution z; = ¥/z,.
In case 2, system (6) with conditions (2) takes the form

% = x(1 —ajpx — axx® — y +aioxy + (1 + bp)y?), ¥ =—y(1 — (1 —bp)y — bpy?.
(23)

System (23) has four invariant lines given by

51 =1 -y, Ezz 1+b2()y, 33,4 = 1+%(—a10:l:,/af0+4a20)x—y.

Moreover, system (23) has a first integral of the form ® = xyi5*1£*17* with
1+ by 1 ao

Br=— , ,33,4=—§i—,
21 / a120 + 4020
and system (23) is linearizable by the substitutions

bo2
IR 2] —ay 1Pr—az j03
21 = XIlllgoy 22 = yll 1122 2133144,

where o) = 1/(1 + boz), Oy = (—1 — 2b02)/(b02(1 + boz)) and o34 = ,33,4 given in (24)

(24)

10
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In case 3, system (6) with conditions (3) takes the form
& =x(l —aipx — y +aixy — any?), y ==y = bory — boay?). (25)

This system admits the invariant lines

£1,2 =1+ %(—bm + \/bg] +4b02)y,

which allow us to construct an inverse integrating factor of the form V = x? yzé’f ' 82’32, where

an (£ bor + /b3, +4bo) + bor(F 2 £ bot + /b, + 4by)
21702,/[731 +4b02 .

Using the equation Q(x, y)/y+>_ a; K; = —1, we see that the second equation is linearizable
by the substitution z, = y£{'¢5’, where «;, are given in (22). Using the existence of the
inverse integrating factor V it is possible to find a first integral of (25) in the closed form (3),
but it is a long expression involving the Appell hypergeometric function. On the other hand,
multiplying both parts of (25) by leﬁzﬂz we obtain a system, such that V = x?y? is an inverse
integrating factor for it, and the coefficients of x>y and x y? in the series expansions for the first
and the second equations, respectively, are equal to zero. Thus by theorem 4.13 and (4.28) of
[11] system (25) has a first integral W of the form (3). Using the integral, the first equation is
linearizable by the substitution z; = V/z5.

Case 4 is a particular case of the dual to case 3 under the involution a;; <> bj;.

In case 5, the system has two cubic invariant algebraic curves given by

0 =1 — 12y + 12byox>y + 48y% — 64y°, O =1—4y +4byx>y.
1/3

B2 =

Moreover, the system has a first integral of the form W = £, '~ ¢, and the expansion of ¥ — 1
has the form W — 1 = x2y?+- - .. Applying theorem I, the system is linearizable by the change
of variables z; = x2y€; > £,(W — 1)""2 and z; = x 2y~ ey (W — 1).

In case 6, system (6) with conditions (6) takes the form

& = x(1 — (5bortbay — 53b)x?/4 — y — (18 — 3bg1)y?),
¥ ==y = byox* — bory — 2bo; — 20)y?),

where by, = (15 \/@) /2. We have not been able to find more algebraic curves than x = 0
and y = 0. But applying theorem 1, system (26) is linearizable by the change of variables
71 = xU79y=¢Wera and 7z, = W/z;, where r and W are an inverse integrating factor and a
first integral of system (26), respectively, and

—956 & 463+/29 3(—853 £ 3494/29)
‘= 1495 7 1495
To complete this case it remains to prove the existence of an analytic first integral ¥ and
consequently the existence of the integrating factor r. We are going to prove that system (26)
has an analytic first integral by induction. First, doing the map {z = y/x, x = x} system (26)
becomes

(26)

% = x[4+ (53 — 5bo1)bax? — 4xz + (12bg; — 72)x%2%1/4,
2 = —2z[8 + (49 — 5bg1)byox? — (4 + 4bg))xz + (8 + 4bo; ) x*z%] /4.

System (27) admits an analytic first integral of the form

27)

Yx, ) =x"z ) fild)xh,

k=2
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and one can easily see that the functions f;(z) can be found recursively in the form
fi(z) = zpx—1(z) where py_1(z) is a polynomial of degree k — 1. The polynomials f;(z)
satisfy the following recurrence differential equation:

a(@) fi-a +b(@) fio1 + @) fi_y +d(@) fi_; — 22" f{(2) + (k = Dzfi(z) =0, (28)
for k > 4, where a(z) = (53k +4 — S5kboy) bppz/4 + ((3k + 2)bg; — 18k — 20)z3, b(z) =
(o1 — (k + 1))2%,¢c(z) = (5bor — 49)bxz*/4 — 2z + bo)z*, d(z) = (1 + bo)2’.
Calculations yield that we can choose f>(z) = z and f3(z) = 2(—1 + b01)z>. Assume

that for k = 4, ..., m, there are polynomials f;(z) satisfying (28) and such that deg( f;) = &,
then for k = m + 1, solving the linear differential equation (28), we obtain

m+2 m+2 _m+d
S (@) =Cz 2 +§Z 2 /Z > s,

where h10 = a(2) fu—1 +0(2) fu +¢(2) f;,_ +d(2) f,,. Since h,, is a polynomial of degree
m + 2, taking C = 0 it is easily seen that deg f,,+; = m + 1. Thus, the inductional claim is
fulfilled. Hence, going back to the original coordinates W = /v (x, y/x) is a first integral of
the form (3). O

Remark. Some functions appearing in the proofs of theorems 1 and 2 are not defined for
specific values of parameters. The existence of an integral (3) for these specific values follows
from the fact that the set of all systems (6) with a center at the origin is a closed set in the
Zariski topology.

Theorem 4. System (6) with agy = byg = 0 is linearizable at the origin if and only if
ay; = by = 0 and one of the following conditions holds:

(1) by =ap =0,
(2) by = ax =0,
(3) aox + by = axy +byy =0,
(4) boy = ap, = 0.

Proof. In case 1, the system has the invariant lines,
El’z =1+ %(—bm + \/ b(%l + 4b02)y, £3’4 =1+ %(—(110 + 1/ a120 + 4a20)x,
and it is linearizable by the substitutions

71 = x@gBKZA, o = yﬂ‘f‘ﬂg‘z,

where

1 b 1
dp=—c k0 L. | (29)

2 2. /b2 +4boy 2./a2, +4ax

In case 2, system (6) with conditions (2) becomes
i =x(1 = ax — apy?), ¥ =—y(1 = bory — boy?). (30)

Similarly to case 3 of theorem 3, system (30) has only two invariant straight lines given by

1 /
51,2 =1+ 5(—bo| + b(z)l +4b02)y.

However, we can construct an inverse integrating factor of the form V = x? yzﬁ’f : 6'232 where

P (aoa + bo2) (£ b1 + \/19314'—4502)
12 = )
2bun /03, +4boy

\®]

12
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Using the equation Q(x, y)/y+>_ «; K; = —1, we see that the second equation is linearizable
by the substitution zo = y£'¢3?, where «; » are given in (29). Finally, using the existence of
the an analytic first integral W of the form (3) guaranteed by the same argument as for case 3
of theorem 3, the first equation is linearizable by the substitution z; = W/z,.

In case 3, system (6) with conditions (3) takes the form

% = x(1 — ayox + byox? + by y?), 3 = —y(1 — bory — byox* — bppy?). (31)
System (31) has four invariant lines given by

E[yz =1- %(6110 + ,/alzo +4a20)x — %(bo] + 1/b81 +4b02)y,
63,4 =1- %(d](} + ,/afo +4a20)x — %(b()] F W/b(%l +4b02)y.

Moreover, system (31) has a first integral of the form ¥ = xyﬁflﬁg ! Applying theorem 1,
system (31) is linearizable by the change of variables z; = x£]'€5°¢3° and z, = y€{*£5* 05,
where o 2 3 4 are given in (29) and as = —a; — a3 — 1.

Case 4 is the dual to case 2 under the involution a;; <> bj;. O

4. Concluding remarks

We have presented the solution to the linearizability problem for the general complex cubic
system of autonomous differential equations with two invariant lines. From our results we
can easily obtain the classification of all isochronous centers in the cubic system (5) with two
complex lines u + iv = 0. To obtain the conditions for isochronicity of such a system from
the conditions of linearizability of system (6) we can set

ajp = aj +ib1, aop 2612+ib2, ayop = as +ib3,
) ) (32)
agy = ay +1by, ain = —(az +iby)ay
and consider the equation
X =1x(1 — ajpX —a()])_C —(12())(2 —anxx —aoz)_Cz). (33)

Substituting in this equation instead of a;; expressions (32) and x = u +iv, and then separating
the real and imaginal parts of (33) we obtain from (33) a system

i=—u+Pyu,v)+ Py(u,v), b= v+ 0s(u,v) + 03(u, v). (34)
Then substituting expressions (32) with a, = 1, b, = 0 into the conditions (1-8) of theorem 2
we obtain nine conditions for isochronicity of system (34). Similarly, substituting expressions
(32) with a, = b, = 0 into the conditions (1-4) of theorem 4 we obtain four more conditions
for isochronicity of (34). Since every system (5) with the isochronous center at the origin
and the invariant lines # & iv = 0 can be transformed to system (34), and systems studied
in theorem 3 have no real counterpart, the obtained 13 conditions present the solution of
the isochronicity problem for system (5) with the invariant lines u £+ iv = 0 (we do not
write down the conditions here; however, the interested reader can easily compute them in
the way described). In particular, performing this computation one obtains the answer to
the first part of problem 1: ‘what are the isochronous systems inside the family (A)’. In fact,
inspecting the proof of theorems 2 and 4 we see that the isochronous systems inside (A) are the
systems corresponding to cases (1), (2), (4), (5), (8) of theorem 2 and all cases of theorem 4
(in particular, system (3)—(5) of [32] corresponds to the case (1) of our theorem (2)). As
to the second part of problem 1: ‘what are the Darboux linearizable systems inside family
(A)’, we see that all systems mentioned above except for case (8) of theorem 2 are Darboux
linearizable. We conjecture that the latter system is not Darboux linearizable in the sense of
[32, 33]; however, at present we cannot prove this conjecture.
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