UNIVERSIDADE DE SAO PAULO

Instituto de Ciéncias Matematicas e de Computacao
ISSN 0103-2577

FIRST INTEGRALS OF THE MAY-LEONARD
ASYMMETRIC SYSTEM

V. ANTONOV
W. FERNANDES
V.G. ROMANOVSKI
N.L. SHCHEGLOVA

Ne 436

NOTAS DO ICMC

SERIE MATEMATICA

SAO CARLOS

ICMCEE
(17

Sao Carlos — SP
Mai./2017



FIRST INTEGRALS OF THE MAY-LEONARD ASYMMETRIC
SYSTEM

V. ANTONOV!, W. FERNANDES?,
V.G. ROMANOVSKI»#4, N.L. SHCHEGLOVA*

ABSTRACT. For the May-Leonard asymmetric system, which is a quadratic Lotka-
Voltera system depending on six parameters, we first look for systems admitting
invariant algebraic surfaces of degree two. Then for some families of such systems we
construct first integrals of Darboux type identifying subfamilies of the May-Leonard
asymmetric system with one first integral and with two independent first integrals.

1. INTRODUCTION

An important class of mathematical models describing different phenomena in biol-
ogy, ecology and chemistry are the so-called Lotka-Volterra systems which are written
in the form

n

(1.1) B =, ayzi+b)  (i=1...n)

j=1
They were introduced independently by Lotka and Volterra in the 1920s to model the
interaction among species, see [?, 7], and have been, and continue to be, intensively
studied. For the class of systems (??) most studies are devoted to the case n = 3.
One of simplest models of such type describing a competition of three species was
introduced by May and Leonard in [?]. It is a model depending on two parameters and
written as the differential system

T =z(l —z —ay — B2),
(1.2) y=y(l - Pz —y—az),
Z2=2(1—-ax— By — z).
where z,y,2 > 0,0 < a <1< f, and
(1.3) a+f > 2.

It was showed in [?] that system (??) has four singular points in R? = {(z,y,2) €
R®, z,y,z > 0}. Three of them are on the boundary of R?,

By = (1>0a0)7 E, = <07 170)7 Es = (0707 1)7
and the forth one is in the interior point

C=((1+a+p)1(1 +1a +8) L +a+ ).
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There is a separatix cycle F' formed by orbits connecting E;, Es and E3 on the boundary
of R?, and every orbit in R?, except of the equilibrium point C' has F' as the w-limit.
It was showed [?] that in the degenerate case a+ 3 = 2 the cycle F' becomes a triangle
on the invariant plane x 4+ y + z = 1, all orbits inside the triangle are closed and every
orbit in the interior of R? has one of these closed orbits as w-limit. Latter on, the
dynamics of (??) was studied in more details in [?, 7, ?] and some other works.

A generalization of model (?7) is the model described by the differential system

T=x(l—z—oy— piz) = X(x,y, 2),
(1.4) J=y(l = o —y — apz) = Y(z,y,2),
Z2=z(1— gz — B3y — 2) = Z(x,y, 2),

where x,y,z > 0 and «;, f; (1 < i < 3) are real parameters, which is called the
asymmetric May-Leonard model. The dynamics of (??) was studied in [?, 7, 7, ?]. In
particular, Chi, Hsu and Wu [?] studied (??) under the assumption

(1.5) O<a;<1l<f (1<i<3)

and showed that under this assumption the system has a unique interior equilibrium P,
which is locally asymptotically stable if A; Ay A3 > B BsBs, (where A; = 1—«;, B; =
Gi—1, (1 <i<3))andif AjAsA3 < B1ByBs, then P is a hyperbolic point with
a one-dimensional stable manifold. They also have shown that if A;A;A3 # B ByBs,
then the system does not have periodic solutions, and if

(16) A1A2A3 = BlBng,

then there is a family of periodic solutions. It was showed in [?] that even if assumption
(??) is dropped system (?7?) still can have a family of periodic solutions. Moreover,
it was showed there, that the periodic solutions of the system do not arise as a result
of Hopf bifurcations, but their existence is due to the so-called Lyapunov theorem on
holomorphic integral.

First integrals of May-Leonard system (??) where studied by Leach and Miritzis [?]
(see also [?]), who obtained the following first integrals:

(1)H1:%1fa+ﬂ:2anda7él

(i) Hy = Y222 if o = B £ 1,

z(y—2)
(i) H3 = /2 and Hy = y/z (two independent first integrals) if « = 5 = 1.

It was shown in [?] that system (?7?) is completely integrable, that is; it admits two
independent first integrals, if either a + 5 = 2, or § = «.

In this paper we study integrability of asymmetric May-Leonard model (??). Using
algorithms of the elimination theory we first find systems of the form (?7) admitting
invariant planes and invariant surfaces defined by quadratic polynomials. Then we look
for first integrals of the Darboux type constructed using these invariant surfaces and
find subfamilies of (??) admitting one or two independent first integrals. As we show
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the set of systems with first integrals is much larger for system (?7?) than for classical
May-Leonard system (?7).

The proposed approach can be used to study integrability of many other mathemat-
ical models described by polynomial systems of differential equations.

2. PRELIMINARIES

In this section we remind some general results on the elimination theory and the
Darboux theory of integrability that we shall use in our study.
Considerer system of differential equations

& =P(x,y, z),
(2‘1> y‘ :Q(x7 y7 2)7
Z=R(z,y, z),

where P, () and R are polynomials of degree at most m, and let X be the corresponding
vector field,

0 0 0
3€_Pax +Q8y+Raz'

A C!' function H : U — R non-constant in any open subset of U C R? is a first
integral of the differential system (??) if and only if XH = 0 in U. Let H; : U; — R
and Hy : Uy — R be two first integrals of system (?7?). It is said that H; and H, are
independent in U; N U, if their gradients are independent in all the points of U; N Uy
except perhaps in a zero Lebesgue measure set. System (?7) is completely integrable
on U; NU, if it has two independent first integrals on U; N Us,.

A Darbouz polynomial of system (77?) is a polynomial f(x,y, z) such that

of ,  of ., 9of
= 891:P+ 8yQ+ azR_Kf’
where K (z,y, z) is a polynomial of degree at most m — 1. The polynomial K (z,y, z)
is called the cofactor of f. It is easy to see that if f is a Darboux polynomial of (?7)
then the equation f = 0 defines an algebraic surface which is invariant under the flow
of system (?7). For this reason f often is referred as invariant algebraic surface of (77).

A simple computation shows that if there are Darboux polynomials fi, fs, ..., fr with
the cofactors K, Ko, ..., K}, satisfying

(2.2) Xf:

k
(2.3) > NE; =0,
=1

then
(2.4) H=fM f

is a first integral of (?7). An integral of the form (??) is called a Darbouz integral of
system (?77).
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To find Darboux polynomials (algebraic invariant surfaces) of system (??) we will
use the following result from computational commutative algebra. Let I be an ideal in
a polynomial ring k[zq,...,x,], where k is a field, and ¢ be a fixed number from the
set {0,1,...,n — 1}. The (-th elimination ideal of I is the ideal

Ig =1IN k’[l‘g_H, . ,{L'n].

According to the Elimination Theorem (see, for example, [?, ?]) in order to compute
(for any 0 < ¢ < n—1) the ¢-th elimination ideal I, of an ideal I of k[z1, ..., x,] one can
choose the lexicographic term order on the ring k[xq, ..., z,] with 1 > 29 > -+ > x,
and compute a Grobner basis G for the ideal I with respect to this order. Then, by
the Elimination theorem, the set

Gr:=GN ke, ..., Ty

is a Grobner basis for the /-th elimination ideal I,. Geometrically, the elimination
means projecting the variety V(I) of the ideal I to the affine space k"¢ corresponding
to the variables zp.q, ..., z,.

3. DARBOUX POLYNOMIALS OF SYSTEM (?77)

Invariant planes of system (??) and Darboux integrals constructed from such planes
were found in [?]. In this section using the Elimination Theorem we look for Darboux
polynomials of system (?7) of degree two. A general form of a polynomial of degree
two 1s

f(z,y,2) = hooo + h1oo® + hoioy + hoo12 + haoo®® + hi10Ty

(3.1) ) )
+ hio122 + hogoy” + hon1yz + hoo22”.

A cofactor of any Darboux polynomials of system (?7?) is a polynomial of degree one
which we write in the form

(3.2) K(z,y,2) = co+ a1z + oy + c32.
Polynomial (??) will be a Darboux polynomial of system (?7?) with cofactor (?7) if
(3.3) xf = K,

where now

xf_a—fX+a—fY+a—£z

with X, Y and Z defined in (?77?).
Comparing the coefficients of similar terms in (??), we obtain the polynomial system

g1 =02 = ... = Gi9 = goo = 0,
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where
g1 = —cohooo,
g2 = —czhooo + hoor — cohoo,
g3 = —hoo1r — c3hoor + 2hoo2 — cohooz,
ga = —2hoo2 — c3hooz,
gs = —Cahooo + hoto — cohoro,
96 = —B3hoor — c2hoor — a2hoio — c3hoio + 2ho11 — cohor,
g7 = —2B3hgo2 — cahoo2 — hoi1 — ashorr — c3ho,
g8 = —ho1o — c2ho10 + 2ho20 — cohozo,
9o = —2ho20 — c2ho20,
g10 = —ho11 — B3ho11 — cahorr — 2ahog0 — c3hoso,

(3.4) g11 = —c1hooo + 100 — colaoo,
g1z = —azhoor — c1hoor — Bihioo — cshioo + 2101 — cohion,
913 = —2azhooz — c1hooz — hio1 — Brhior — ezhior,
g14 = —B2ho1o — crhoo — a1higo — c2hi00 + 2h110 — cohito,
915 = —2B2ho20 — c1hozo — 110 — a1hiig — c2hiio,
g16 = —azhoir — Bahorr — crhoir — arhior — Bshio

— cahior — aohiio — Bihiio — ¢3hiio,

917 = —hioo — ¢1hioo + 2h200 — cohaoo,
g18 = —2ha00 — c1hago,
919 = —hi1o — B2hi10 — c1hiio — 2a1hago — c2haoo,
G20 = —hior — azhior — crhior — 281haoo — c3hapo.

We denote by I = (g1, 92, ---, g19, g20) the ideal generated by polynomials in (77).
Since computations based on the Elimination Theorem are very laborious, to simplify
them we consider separately the cases hggo = 1 and hggp = 0, that is, we look separately
for invariant curves f = 0 not passing and passing through the origin, so from now on
i this section we assume that hogy = 1.

To find Darboux polynomials of system (??) of degree two, we have to determine
for which values of parameters a;, 5; (i = 1,2,3) system (?7) has a solution with at
least one of coefficient hogg, hoo2, ho11, Ro20, P1o1, h11o different from zero. To satisfy this
condition we have six options that can be written in polynomial form as

1 —whygo =0, 1 —whi190 =0, 1—whip =0,

(35) 1— wh020 = 0, 1— wh()ll = 07 1- wh002 = 07

with w being a new variable. For instance, to find systems of form (??) which have
surfaces with hogy # 0, we can compute (for example, with the routine eliminate of
the computer algebra system SINGULAR [?]) the 13-th elimination ideal of the ideal



6 V. ANTONOV, W. FERNANDES, V.G. ROMANOVSKI, N.L. SHCHEGLOVA
I = (I,1 — whag), in the ring
@[UJ, Co, C1, C2, €3, hoo1, hooz, Potos hot1, Ro2o, Pioos Piot, o, a1, B, aia, Ba, as, 53]-

Denote this elimination ideal by 1{}2 and its variety by V; (that is, V; = V(Il(é))).
Proceeding analogously, we can find the other five eliminations ideals Ig), .. .,1{2)
corresponding to the other cases of (??). Denote the corresponding varieties V, =

V(Il(?), . ,V(Il(g)). It is clear that the union V = V; U ... U Vj of these six varieties
contains the set of all systems (??) having invariant surfaces of the form (??) not
passing through the origin. To compute the irreducible decomposition of the variety
V' it is sufficient to compute the ideal J = I 1(?13) N---N1I 1(2), which defines the variety
V = VjU...UVj and then to find the irreducible decomposition of V. The intersection of
ideals can be computed with the routine intersect of SINGULAR, and the irreducible
decomposition of V' can be found with the routine minAssGTZ, which is based on the
algorithm of [?]. Theoretically, such computations should give all systems in the family
(??7) having invariant surfaces of degree two. However all the routines eliminate,
intersect and minAssGTZ rely on computations of many Groebner bases, and such
computations can be rarely completed when computing over the field Q of rational
numbers for polynomials in many variables. To be able to complete our computations
we computed in the field of finite characteristic 32003 and then lifted the resulting ideals
to the ring of polynomials with rational coefficients using the rational reconstruction
algorithm of [?] (a MATHEMATICA code for the algorithm can be found in [?]).
The primary decomposition of the radical of the ideal

6
(3.6) J=14
=1

computed using the routine minAssGTZ in the field of characteristic 32003 consists of
88 ideals, that is, we have 88 irreducible components of the variety V(J) given in
Appendix. It means there are 88 conditions on the parameters «;, 8; of system (?77)
for existence of an invariant surface of degree two not passing through the origin.

However some of these conditions give systems with the same dynamics in the phase
space, since system (?7?) has a symmetry with respect to simple linear transformations.
Namely, it is easily seen that the transformations

(3.7) Tz, Y =T, 2,
(3.8) Ty, Y=z, 2,
(3.9) Ty, Yy =T, 22,
(3.10) Tz, Y=Y, 22,
(3.11) T X, Y2, 2,

which correspond to relabelling of the coordinate axes, do not change the shape of
the system. For instance, under transformation (??) system (??) is changed into the
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system
T =x(l —z — agy — Br2),
(3.12) g =y(l — sz —y — azz),
Z2=z2(1—- oz — Py — 2),
which can be obtained from system (?7) by the change of parameters
(3.13) ap = az, b1 — P3, ag = ai, Bp = P, az — az, B3 — Pa.
Thus, if we have a condition on the parameters of (??) under which the system has an
algebraic invariant surface, another condition will be obtained by the transformation
of the parameters according to rule (??). For example, as we will see below, system
(??) has the invariant surface
f=2—dx+22° —2y+yz
if condition (4) of Theorem ?7? is fulfilled, that is, if
Bg:Bl:&3+1:ﬁg—3:&2+1:a1—1/2:0.

Applying to (??) transformation (??) we obtain that system (??) has the invariant
surface
f=2—4z+222 -2+ ay

if the condition
Bo=PFs=a+1=5—-3=a1+1=a3-1/2=0

holds, that is, condition (4) is changed according to (?7). Similarly, after substitutions
(?7)—(??) the conditions for existence of invariant surfaces are changed according to
the rules

(3.14) ar = ag, B — Ba, ag — asz, B — B3, az — ay, B3 — P,
(3.15) oy = Ba, P1 = a9, ag — P1, By — a1, ag — Pz, B3 — as,
(3.16) ar = B3, i — az, ag = Bay, B2 — ag, az — P, Bz — g,
(3.17) ay — By, B1— aq, ag — B3, Po — a3, az — P2, b3 — ao,
respectively.

We say, that two conditions for existence of invariant surfaces are conjugate if one
can be obtained from another by means of one of transformations (??)-(??). For
instance, condition (4) (which is the same as condition (7) from Appendix) and con-
ditions (10), (19), (25), (33), (47) from Appendix can be obtained from each other by
one of transformations (?7?)—(?7?), so all these conditions are conjugate.

Note that some of the obtained 88 conditions give Darboux polynomials of degree
two which are not irreducible, but they are products of two polynomials of degree one.
Namely, if
(i) a9 = B1 = 0 (condition (1) of Appendix), then system (??) has the Darboux
polynomial (—1+x)? (and the conjugate conditions are (22) and (36) from Appendix);
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(i) ag = 1 = P2 + a1 — 2 = 0 (condition (5) of Appendix), then system (?7) has the
Darboux polynomial (=1 + z + 2)? (and the conjugate conditions are (44) and (78)
from Appendix);
(iii) 1+ a3 —2 = Po+ a1 —2 = 3+ az — 2 = 0 (condition (88) of Appendix), then
system (?7) has the Darboux polynomial (=1 + x + y + 2)2.

From the analysis of the obtained 88 conditions we obtain the following result.

Theorem 3.1. System (7?) has an irreducible invariant surface of degree two not
passing through the origin if one of the following conditions or conjugated to it holds:
(1) a Bl Po—1/2=01—-3=0,
62—3—@1—3_0
51f043+ﬁ2—1f042+1f041—043—1*0;
51—043+1—ﬁ2—3—042+1—061—1/2—0
61—0&3-3—&2—3—042 3/2—0&1+1—0
63—3—043—3—52—1—Oé2—1/2—0(1 0
53-3—@3—1/2—62—1/2—062+1—041—3—0
63-1/2—0[3—3—52—3—012 3/2—0&1—1/2—0
53-3—0&3+3—52-3—O&2+1—O&1—3—0
/8: 3—1/2—0[3—2—52—3—@2 3/2—0&1—1/2:0,
fr=a3=p—0B—1=ay+Ps—-2=a,+p—-1=0,
5:53—3—043—1‘52—4—0424‘1—041—Oé3+2—0
53—1/2—053—1/2_062 3—51 3—051"‘52—2—0
63—1/2—0[3-3—52-3—0&2—3—61—3—Oél—]./2—0
63—1/2—62-3—042-3—0[3"‘51—2—0é1—1/2—0
fg—3=a3—3=ay—3=03—-3=a1+3—-2=0,
(17 63-3—0(3+52 4—&2—3—0[3+51—2:O[1—(13+2:O.

— = =

2) a
) B
) B
) B
) B
) B
) B
) B
)
)
)
)
)
)
)
)

Proof. For each case of the theorem we give below the irreducible Darboux polynomial
f of degree two which defines quadratic invariant surface f = 0 not passing through
the origin and the corresponding cofactor:
() f=1l-2-2y+y* K=—x—2y
2) f=1-20+2%—2y 2oy +y*> K=-2x+y);
) f=2—-20—-2y+yz; K=-x-—uy;
Y f=2—do+22% -2y +yz;, K=-2x—y;
Yy f=2—do+ 222+ 20y — 22 +x2; K =-21— 2z
) f=2—do+ 222 —dy +day +29° — 22+ 2z, K= —22—2y — z;
) f=1—x—2y+vy*+yz;, K=—x—2y
) f=2—4x+22° -2y —2z+x2; K=-20—y—2z
) f=1-20+2" =2y —2zy+y* +yz K=-2(x+y);
Y f=1-20+4+2>—y—2+4+ax2;, K=-22—y—2z;
Y f=l—ax—y—2z2+x2; K=—-2x—9y—2;
) f=1—-20+22—2y+2xy+y*+yz; K=-2(z+vy);
Y f=l—2—y—22+2% K=-z-—y-—2z
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(14) f=1—-20+a2?—y—22—222+2% K= -20—y—2z;
(15) f=1—-2zv+2>—y—22+222+2% K=-20—y—2z
(16) f=1—-2w+ a2 —2y+2zy +y*> — 2z — 202 —2yz + 2% K=-2(x+y+2);
(A7) f=1—-20+2*> =2y +2zy +y* — 22+ 222 — 2yz + 2%, K = -2(x+y+ 2).

O

4. FIRST INTEGRALS OF SYSTEM (?7)

In this section we look for Darboux first integrals of system (?7?), which can be
constructed using the invariant surfaces obtained in the previous section.

Theorem 4.1. a) If one of conditions 1-3, 11, 12, 17 of Theorem ?? holds, then the
corresponding system (??7) admits at least one Darbouz first integral.

b) If one of conditions 4-10, 13-16 of Theorem ?? holds, then the corresponding system
(??) is completely integrable on R? (it admits two independent Darbouz first integrals).

Proof. First note that system (?7) always has the following three invariant surfaces of
degree one, with the respective cofactors:
h=z Ki=1-z—ay— pz;
(4.1) o=y Ko=1— [ —y— aaz;
Js=2 Kz=1-—azr— Py — z
Case a). To prove statement a) of the theorem we present the Darboux first integrals

for each case mentioned in the statement.
If condition 1) of Theorem ?7 is satisfied the system has the form

(4.2) t=x(1—2-3y), y=y(l—2/2—vy)y, 2=2z(1—asx— L3y—=2).

Besides the invariant surface fi, fo and f3 given above and the invariant surface f =
1 — 2 — 2y + 2, system (??) has the following surfaces fy, f5 (with cofactors Ky, K,
respectively),

Ji=x+4y; Ky=1—1x—y;
fs=ax+2y—2y% Ks=1—1a—2y.
From the corresponding equation (??) we find that Ay = A3/2, s = Ay, A5 = —A3 —

204, A6 = 0. Thus, for arbitrary A3, Ay, not both equal to zero system (??) has a
Darboux first integral

~ N A3
=2y @+ ap™ (z— 27 +2) N (co b2 =2y +1) 7.
In particular, taking Ay = 1 and = A3 = 0 we have the Darboux first integral
x(z +4y)
w2y - 292
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Since first two equations of (??) are independent of z we cannot construct another
independent first integral Hy(z,y) of (7?) using only the surfaces given above, since if
such integral would exist then the two-dimensional system

t=x(1-2-3y), y=y(l—-x/2-y)y,

would have two independent first integrals, which is impossible.
Similarly as above we find families of Darboux integrals for other cases. We list
below representatives of the families for the corresponding cases:

Ty

2) H= ;

) (mz+a? —y — 2oy +y?)
2+ 2zy + y? — 2yz’

11>H:mz(1—x—y—z+xz)'
(—x—y—z+222)?

12) H = - ;
(—x +2? —y+ 20y + 3% + y2)?

17) H = v

(—x+ 22 —y+ 22y + 9% — 2 + 202 — 2yz + 22)%

Case b). For each system of this case we present two independent Darboux first
integrals.

Condition 4). Besides the invariant surface fi, fa, f3 above and f of the previous
theorem, we have the invariant surfaces f, = 4x + y — 2z with the cofactor K, =
1 —x —y — z. Using these polynomials we can find the following two Darboux first
integrals:

" 2(2 — 4z + 22 — 2y + y2)

e (4z +y — 22)

Y

_ Yz
HQ—F.

To check if these first integrals are independent we compute their gradients and obtain,
that are

o 7{4(—2+2x+y)(1+x—z)z 2(1+z — 2)%z
e (4r +y —22)? T 44y —22)¥
2(4x — 8x% + 42 +y — 6y + 2%y — y® + dayz + y?z — yzQ)}
(de +y — 22)? ’
2uz 2
G2: _i y}a

237 p2’ 2
respectively. Computations show that the linear combination aG1+bGs, where a,b € R,
is equal to 0 if and only if a = b = 0.
Therefore the Darboux first integrals H; and H, are independents.
Condition 5). Besides the invariant surface fi, fo, f3 given in (?7) and f of the
previous theorem, we have the following invariant surfaces passing through the origin
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with respective cofactors:
fi=—dwy + 2wz + 2% Ky = —2(—1+ 2z + 2);
fs=2y+2z2 Ky=1—-3z—y— 2z
fo=2v+2y+z2 Ke=1—2—y—2z;
fr=—-204+20* +22y —z+wz; Ky =1-22— 2.

Using these polynomials we can find the following two Darboux first integrals:

_ ry?

H, =
YT 220429+ 2)

zy?
2y + 2)(—2x + 222 + 20y — 2 + x2)?

Hy =

The gradients of them are
v3(2y + 2) 2xy(2x +y + 2) zy?(4r + 4y + 32)
2025+ 2y +2)2 202z +2y+2)2 2320+ 2y + 2)?
y?(—2x + 627 + 22y + 2 + 22)
(2y + 2)(—2z + 222 + 22y — 2z + x2)3)’
2ry(—2zy + 2%y — 2wy? — 202 + 20%2 — yz + wyz — 22 + 12?)
(2y + 2)?(—2x + 222 + 2zy — z + x2)3
ry?(—2x + 22% — 4y + 6y — 32 + 3w2)
2y + 2)2(—2x + 222 4 2xy — 2 + 22)3) b
respectively. Analogously to the previous case to show that these two Darboux first
integrals are independent we verify that a linear combination aG,+bG5, where a, b € R,
is equal to 0 if and only if a = b = 0.
Therefore the Darboux first integrals H; and H, are independents.

Using the similar computations we get the following pairs of independents Darboux
first integrals for the remaining cases:

Gl:{ }7

GQZ{—

Y

z
6. H, =
YT 22— 4w+ 2% — Ay + dwy + 22 — 22 + x2)
. — 2(2z + 4y + 2) .
27T 22— dx + 22% — dy + dwy + 242 — 22 + x2)
2
x
7. H, = — ,
! yz(=1+2+2y —y? — yz)
B (r — 22)? ‘
Ay +2)(—l+z+2y—y* —yz)
2—-4 202 — 2y — 2
8. lea;z( T+ 2z 2y z+91:z)7
(y + 2)
H, — (2m+z)(y—|—z)2;

xy?
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Cyz(l =22 42 — 2y — 2y + y* + y2)

9. H, . ,
Ho — y2z(4x — 2) .
2T 22— 2y +y? +yz)
0. H, — — r(y — 2z + w2 + 2?)
2(—2x 4222 —y — 2 + 2x2)’
H, — y*(z +2) _
2(2e — 222 +y+ 2z —222)(y — 2+ xz + 22)
13. H, — (—x —y — 2z + 22?)?
’ 22(1—x—y—2z+2%)
H, — 22272 (z + y + 42)? 2‘”1;
4. H, — (—2z + 2m§/— y — 22 — 4wz + 22%)?
‘ (x —2)2(1 — 2z + a2 —y — 22 — 222 + 22)’
Ho — z(y +42)*(—2x + 22 —y — 2z — 4wz + 22%)*
2T -2 (1 -2+ a2 —y— 2z — 20z + 22)2
15, H, — y(dx +y + 4z)
(22 — 222 + y + 22 — 4oz — 222)%’
o r(de +y+42)' 7% (22 + 2% — y — 2z + daz + 22%) s
2T 2(x+2)%(1 -2+ 22—y — 22+ 222 + 22) ’
16. Hy = (z+y)2

(—x+ 22 —y+ 22y + 4% — 2 — 2wz — 2yz + 22)2’
1
H, :—4:10422_20‘1(1 —2r 4+ 2% — 2y + 2y +y? — 22 — 2x2 — Yz + z2)1_‘“
Y
(—z+2* —y+ 22y +y* — 2 — 222 — 2yz + 2°)°M 2
O

To summarize, we have found some Darboux first integral of May-Leonard asymetric
system (?77?) which are constructed using Darboux polynomials of degree one and two.
We do not know if we found all independent first integrals of system (??) which can be
constructed from Darboux polynomials of degree one and two. To verify if the list is
complete, we have to find Darboux polynomials of (?7), which define invariant algebraic
surfaces passing through the origin, that is, polynomials (??) with hggpo = 0. A naive
expectation is that this case should be simpler, than the case hgyy = 1, which we have
successfully investigated in this paper. However it turns out that the case hgpy = 0 is
computationally much more difficult and we were not able to complete computations for
this case using our computational facilities. We believe that a reason for this difficulty
is that since the origin is a singular point there are many invariant surfaces passing
through the origin and it implies a complicate structure of the elimination ideals which
we have to compute using our approach.
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APPENDIX

Here we list the irreducible components of the variety of ideal (?7), which give
conditions for existence in system (?7?) invariant surfaces of degree two not passing
through the origin of the system:

1) &1:5120

2) —(1/2) +fr=ars=p1=-3+0a1 =0

3) —3+522042:51:—(1/2)+041:O

4) —3+52:Oé2251:—3+0(1:0

5) 062:/81:/82+051_2:0

6) Bgz—1+Oé3+ﬁ2:1+042:61:—1+061—043:0

7) 53:1+C¥3:—34‘52:14‘052:61:—(1/2)4‘@1:0

8) B3=-3+a3=-3+B=—(3/2)+t=5=1+a1=0

9) =3+B3=—-3/2)+az=PFo=14+ay=0 =-3+0a;=0

0) —3+53:1+a3262:—(1/2)+a2:ﬁl:1+a1:0

1) —3+53:—3+&3:—1+B2:—(1/2)+a2251:—1+041:O

2) 3+ 0=—-(1/2)+az=—(1/2)+ o=14+a=5=-34+a1=0
3)1+az=p="2+a+f=05=—1+a+B=0

4) —(1/2)+Bs=-3+a3=-3+P=-03/2)+taw=5=—(1/2)+a; =0
5) =3+ 3=34+a3=-3+fs=14+ay=0=-3+a;=0

6) —(1/2) +Bs=-2+a3=-3+Po=—-(3/2) + =51 =—(1/2) + a; =0
TNaz=—-1+08—f3=-24+a+f=5/=-1+a+B=0

8) —3+03=—-4++lh=14+0w=0=2+a1—a3=0

9) 1+,83:—3+a3:1+62:a2:—(1/2)+,81:al:0

0) 1+f=—-1+as+Pa=a=-2+a3+Bi=a1=0

1) =(3/2) +B3=-34+a3s=-3+F=a=1+F=a,=0

2) ap=0,=0

3) —2+63:_(1/2>+063:—(1/2)+52:Oé2:—<3/2)+51:—3+Oﬂ:0
4) —3—|—53=—(1/2)—1-043:—(1/2)—1—62:@2:—(3/2)+51=—3+0z1ZO
5)1+p3=a3=—(1/2)+fa=ce=1+p1 =—-3+a; =0

6) 3+B3:—3+0z3:—3—|—5g:a2:1+ﬂ1:—3+a1:O

7) —(1/2)—{—63:—3—|—043:—3—|—62:()52:1—|—51:—(1/2)+041:O

8) as=—1+pB—fs=ar=1+p01=—-14+a;+5;3=0

9) 34+0=a3=14+F=0=—3/2)+/=-34+a01=0

0) 3+a=24+0F—Fi=am=14+=—4d+a+03=0

1) 3+08=-3+a3=-1+f=a=-(1/2)+/=-1+a1=0
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Bz=—14+a3+fo=a=-2+4+a3+0=—-1+a;—a3=0
63:—(1/2)+Oé3:62:1+062:—3+61:1+061:0
fs=Pr=14+ay—a3=-2+az+ i =1+a, =0
fz=1+as=pr=-34+a=-3+0=—-3/2)+a1=0

az=f3=0

63:—(1/2)4—043:—3—1-51:&1:0
Ba=—(1/2)+az=—(1/2) + P =2+ = -3+ 1 = —(3/2) + a1 =0
By —(1/2) +ay = —(1/2) + fo= Bt an= 315 = —(3/2) +an =0
Bs=-3+a3=—(1/2)+Bi=a1=0
53:—3+063:—3+B12061:0
fs=-3+a3=-3+P=—(1/2)+aa=—(1/2)+f1=1+a;=0
fg=-3+az3=-3+Bh=3+a=-3+F=1+a,=0
ar=p1+az3—2=05=0
53:—1—|—043:—3—|—52:—3—|—O[2:—1+51:—(1/2)+051:0
fg=-3+Pr=-24+am—az=-24+a3+Bi=1+a;=0

( )+53—043:1+52:—3—|—a2:1+51:a1:0

( )‘i‘ﬂg:—l—i-ag —3—|—ﬁ2:—3+a2:—1+51:a1:0
(1/2)+Bs=a3=Pr= -3+ =0

—(1/2)+ B3 =143 =Pr=-34+a=-3+p1=—(1/2) + a1 =0
(1/2) +Bs=as=—(3/2)+ fo= -3+ ay= -2+ = —(1/2) + a1 = 0
(1/2) —(3/2)+ Bs=-3+ay=-3+/=—(1/2)+a1 =0
(1/2) + Bs = (1/2)+a3 “3+tay=-3+01=-2+a1+B=0
(1/2) + B3 =-3+as=-3+fa=-3+ay=-3+F =—(1/2) +a, =0
(1/2)+53_—3—|—62 —3+0{2_—2+OZ3+61:—<1/2)+O{1:0
3+ pfz=az3=0Fr=—(1/2) +a; =0

—3+532043:B2:—3+062:O
—3+B=—(3/2)+az=0=—(1/2)+as=—(1/2) + fi = -2+ a; =0
B+ 3=-03/2)taz=pr=—(1/2) +aa=—(1/2) + 1 = =3+ a1 =0
B3+Ps=1l4+az3=Fr=-3+a=-3+B=3+a1=0

B34+ B=a3=1+Pa=—(1/2)+as=—(1/2) + 1= -3 +a; =0
B+ 03=a3=14+pPo=-3+a=3+=-3+a1=0

3+ B=—(1/2) taz=—(1/2) + fo=-3+a=-3+F=-3+a1=0
—3+ﬁ3:—3+0é3— (1/2)+@2:—(1/2)+51:—2+041+52:0
—34+03=-34+=-3+0w=-3+0=-24+u+5=0
—3+53:—3—0—a3——3+ﬁ2:—(1/2)—1—042:—(1/2)—1—51:—3+a1:0
—3+53:—4+a3+62:—3+042:—2+a3+ﬁ1:2+a1—a3:0
—3+63:—<1/2)+62:—(1/2)+Oé2:—2+063—|—ﬁ1:—3+061:0
—3+63:—3+ﬁ2:—3+062:—2+0é3+ﬁ1:—3+a120
Btaz+fs=0=-24a+B=1+-F3=a=0
az3=1+p0=-24+a0m+B=1+5—-FB=a=0
1+B3:a?):_(3/2)+ﬁ2:_3+a2:—3+51:&1:0

1+ B3=—(1/2) +az=—(1/2) + fa=-3+az=-3+Bi=0a,=0

P e e i i, i, T i i i R i i R i L i R N N N R T T NP e NP e NPT T T T T T T T T i R L L L
NI IO O OO Uttt OUt OOt OOt Utk bRl lEsWWwWWwWwwwww

WN OO0 UT ik WNFE OO Uk W O OO0 O Ui W= O OO0 UL Wi
NN NSNS A SN A AN N2 N NI A S A AN AN NI A N2 N AN A A AN A AN N N AN A NS AN AN AN 2N

|

—

~

DO

_|_

=@

w

I

o

w
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(74) =(3/2) + B3=-3+az==2+ P2 =—(1/2) +aa = —(1/2) + =01 =0
(75) =(3/2) + B3=—-3+az=-3+ P2 =—(1/2) +aa=—(1/2) + =01 =0
(76) 14+ B3 =-34+a3=3+fr=-3+ay=-3+pF1=0a1=0

() 1+ Ps=—4+az3+fo=-3+a=-2+az3+ 1 =0a1=0

(78) az =By =PB3+a1 —2=0

(19) 1+ as=pr=-24+aa+p3=-3+p=—4+a+p=0

( )—1+53:—(1/2)+063252:—1+052:—3+ﬁ1:—3—1-041:0

(8l) -1+ f3=a3=—(1/2)+fo=—14+ay=-34+0=-3+a =0

(82) =(1/2) +ag=—(1/2) + o= 24+ fP3=-3+ 51 =-34+a1=0

(83) 3+a3=-3+0=-24a+08=—(1/2)+51=—-(1/2)+a3 =0

(84) =34+ a3=-3+fo=-2+4ay+B3=-3+0=-3+a;=0

(85) az+ 3 =—-3+PBo=—24as+PB3=-2+B1—f3=-3+a; =0

( )ag,:1+52:—2+a2+53=—2+B1—53=—3+oz120

(87) 3+a3=2+[r—fB3="24am+P=-3+0=—4+a1+0;=0
(88)
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