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INTEGRABILITY IN NONLINEAR BIOMATHEMATICAL MODELS

JAUME LLIBRE! AND CLAUDIA VALLS?

ABSTRACT. We study the integrability of two biomathematical models described by quadratic
polynomial differential systems in the plane. These two models can be divided in six families
of differential systems. For five of these families we classify all the systems which are Darboux
integrable or globally analytic integrable.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

The nonlinear ordinary differential equations appear in many branches of applied mathematics,
physics and, in general, in applied sciences. For a differential system defined on an open subset
U of the plane the existence of a first integral determines completely its phase portrait. Since for
such differential systems the notion of integrability is based on the existence of a first integral the
following natural question arises: Given a differential system on an open subset U of the plane, that
eventually can be the whole plane, how to recognize if this differential system has a first integral?

In this paper we study the integrability (i.e. the existence of first integrals) in two biological
models. The first is due to Swihart et al. [17] in which the behavior of a predator—prey system with
different pathches is studied. The second model due to Hadeler and Castillo-Chavez [9] studies the
homosexual cohorts in which the effectiveness of education is examined.

These two models where analyzed using the Painlevé property by Meletlidou and Leach [14],
and they found some of the systems which can be integrated. In their study they divide the first
model into the following three differential systems:

() = z(l-z-by), y = yla—y+ecz),
(I1) o' = a(-z—by), Y= y(l—y+ecz),
(117) ' = a(-x—by), Y = y(—y+cx),

and the second model again into the next three differential systems:
(Iv) 2= —x+ay— bxy, y = ylc+z—vy),
! ’

V) = —z+y-—uzy, y = ylc—vy),

(V1) ' = —z+ay—uxy, Yy = ylc+ux),

where a, b, c € R and the prime indicates derivative with respect to the time.

For these six families of differential systems we characterize the systems which are Darboux
integrable (i.e. which have a Liouvillian first integral [16]) or which have a global analytical first
integral. Only system (IV) resist a complete analysis. Thus for that system we only can characterize
the previous integrability when the parameter b € {0,1}.

Systems (I)-(VI) have always the invariant algebraic curve y = 0. Furhtermore, the systems
(I)—(I11), systems (IV) with a = 0 and systems (VI) with a = 0 have also the invariant algebraic
curve z = 0. These systems are a particular case of the well-known Lotka—Volterra systems in the
plane, i.e.,

(1) ' =z(ox+By+7), ¥ =y(Az+ By+0),

with «, 3,7, A, B,C € R. From the Darboux theory of integrability (see Section 2.1) we will see
that if systems (1) have another invariant algebraic curve or an exponential factor, then the system
has a Liouvillian first integral. Systems (1) are completely studied from the view point of Darboux
theory of integrability (see [15] and [3]), and also their analytic integrability (see [12]). This is the
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reason why in this paper the proofs of the results concerning the systems that are a particular cases
of a Lotka—Volterra system (1) will be different than the proof of the rest of the systems.

We start with a brief description of the notions and some preliminary results that we will use.
We also state the main results of this paper.

2. BASIC DEFINITIONS AND RESULTS

2.1. Darboux theory of integrability. By definition a complex planar polynomial differential
system or simply a polynomial system will be a differential system of the form

(2) ¢’ = P(z,y), ¥ =Q(zy)

where the dependent variables z and y are complex and the independent variable (the time) ¢
is real, P and ) are polynomials in the variables x and y with complex coefficients. In all this
paper m = max{deg P,deg Q} will denote the degree of the polynomial system. The vector field X
associeted to system (2) is defiend by

0 0
X=P— —_—.
ox +@ oy
Let f(z,y) € Clz,y]. As usual, Clz,y] denotes the ring of all complex polynomials in the variables
z and y. We say that f = 0 is an invariant algebraic curve of the vector field X if it satisfies
of of

(3) X[ =Py +Qy

the polynomial K = K(z,y) € C[z,y] is called the cofactor of f = 0 and has degree m — 1.

=K/,

Proposition 1. We suppose that f € Clz,y] and let f = fi"™* --- f'" be its factorization in irre-
ducible factors over Clz,y]. Then, for a polynomial system (2), f = 0 is an invariant algebraic
curve with cofactor Ky if and only if fi = 0 is an invariant algebraic curve for each i = 1,...,r
with cofactor Ky,. Moreover, Ky = niKy + ...+ n.Kjy,.

This proposition can be found in [5].
An exponential factor F of a polynomial vector field X of degree m is an exponential function
of the form F = exp(h/g) & C[z,y] satisfying that
OF

OF
(4) XF=Pa+Qy. = LF,

for some polynomial L = L(z,y) € C[z,y] of degree at most m — 1. The polynomial L is called the
cofactor of F'.

Proposition 2. The following statements hold.
(a) If F = exp(h/g) is an exponential factor for the polynomial system (2) and g is not a
constant polynomial, then g = 0 is an invariant algebraic curve.
(b) Eventually e for k=1,2,... can be exponential factors, coming from the multiplicity of
the infinite invariant straight line.

For a geometrical meaning of the exponential factors and a proof of Proposition 2 see [6].

Let U C C? be an open set. We say that the non—constant C' function H: C* — C is a first
integral of the polynomial vector field X on U, if H(z(t),y(t)) = constant for all values of ¢ for
which the solution z(t), y(t)) of X is defined on U. Clearly, H is a first integral of X on U if and
only if XH =0on U.

A non-constant complex function R: C* — C is an integrating factor of the polynomial vector
field X on U, of one of the following three equivalent conditions holds

A(RP) _ 9(RQ)

div(RP,RQ) =0, XR = —Rdiv(P,Q)

Ox oy
on U. As usual, the divergence of the vector field X is given by
oP  0Q
div(P,Q) = — + —.

The next result summarizes the main results about the Darbouxian theory of integrability that we
shall use in this paper.
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Theorem 3. Suppose that the polynomial vector field X of degree m defined in C? admits p invariant
algebraic curves fi = 0 with cofactors K;, fort=1,...,p and q exponential factors F; = exp(g;/h;)
with cofactors Lj, for j =1,...,q. Then the following statements hold.

(a) There exist A;, p1j € C not all zero such that

P q
(5) Z/\iKi+Z,LLij =0
i=1 j=1

if and only if the function of Darboux type
(6) MR E - F

is a first integral of the vector field X.
(b) There exist Ai, p1; € C not all zero such that

P q
(7) S ONK A Y il = —div(P,Q),
i=1 j=1

if and only if the function of Darboux type in (6) is an integrating factor of the vector field
X.

(c) If p+q = [m(m+1)/2] + 1, then there exist \i, u; € C not all zero such that (5) holds. If
p+q=m(m+1)/2, then there exist \i, u; € C not all zero such that (5), or (7) holds.

2.2. Polynomial first integrals. All quadratic polynomial differential systems having a polyno-
mial first integral where characterized in [4] using normal forms. Moreover in [8] are provided all
their phase portraits. In [2] the authors using the results of [4] and applying the invariant the-
ory provide invariant conditions on the coefficients of any non degenerate quadratic system (i.e.
quadratic systems having finitely many singular points) in order to determine if it has or not a
polynomial first integral without using any normal form. Thus, in [2] and using the invariants 6,
wo, K, M, B1, B3, R; for j =1,...,8, F1, F2, and a cubic polynomial ®(z) (see [2] for the definition
of these invariants) the authors provide the following result.

In the rest of the paper we shall use the following notations N, Z, Q, Q™ and Q*, which are the
set of positive integers, integers, rationals, negative rationals and positive rationals respectively.

Theorem 4. A non-degenerate quadratic system has a polynomial first integral if and only if either

A) it is Hamiltonian, or it is not Hamiltonian but one of the following sets of conditions holds:
B) If 0 =puo=0, KM # 0 then R1 =0 and, either

Bi) Ry <0, R3=0,Bs#0, Fi =—2k, k€N, or

Bz) R2<0,R3=0,Bs=0,F1€Q, or

Bs) R2>0,B3760,f1:—§eQ_,}"2:

N

€Q+,%GN,}—2<F3, or

Cnm‘ ‘EMQM‘ =

Ba) R2>0,B;3:0,.7:1:*§€Q_,}—2: €Q", Fa < Ff, or

Bs) Ro=0,R3=0,B3#0, F1€Q, F1 < —1.
C) ]f@Z/,Lo:K:MZO then Bs =0, Rg#o,fge(@_.
D) If Ouo #0 then By = Rys =0, ®(2) has three roots in Q~ and, either
Dl) Rs ;é 0, Bs = 0, or
Dz) R5#O,B3#O,R6:O,R7:0,0T‘
Ds3) Rs =0, Rg=0.

Now using Theorem 4 we can determine if a given quadratic polynomial differential system has
a polynomial first integral and its expression. The determination is a little tedious because we need
to evaluate all the mentioned invariants.

2.3. Liouvillian first integrals. A Liouvillian first integral is a first integral H which is a Li-
ouvillian function, that is, roughly speaking it can be obtained “by quadratures” of elementary
functions, see [16] for a precise definition.

An integrating factor R is called Darbouz if it is of the form in (6) with A;, u; € Zfori=1,...,p
and j=1,...,q.

To prove the results related with Liouvillian first integrals we have the following result proved
in [16].



4 J. LLIBRE AND C. VALLS

Theorem 5. If system (2) has a Liouwvillian first integral, then it has a Darbouz integrating factor.

2.4. Analytic first integrals. A global analytic first integral f = f(z,y) of system (2) is a first
integral described by a function f: R?> — R which is analytic in the variables = and y.

A local analytic first integral f = f(z,y) of system (2) is a first integral which is an analytic
function defined in a neighborhood of some point of RZ.

We introduce in this subsection two auxiliary results that will be used through the paper. We
will denote by D f(0) the Jacobian matrix of system (2) at (z,y) = (0,0) and by Df the Jacobian
matrix of system (2) at an arbitrary point (z,y) = (7, 7) that will be explicitly specified.

The following result is due to Poincaré (see [1]) and its proof can be found in [7]. Throughout
the paper Z™ will denote the set of non—negative integers.

Theorem 6. Assume that the eigenvalues A1 and A2 of Df at some singular point (Z,7) do not
satisfy any resonance condition of the form Aiki + A2ke = 0 for ki, ke € 7t with k1 + ks > 0. Then
system (2) has no local analytic first integrals.

The proof of the following result can be found in [11].

Theorem 7. Assume that the eigenvalues A1 and A3 of Df at some singular point (z,y) = (T, 7)
satisfy that A1 =0 and A2 # 0. Then system (2) has no local analytic first integrals if the singular
point (Z,7) s isolated.

2.5. Main results. We state a result for each class of the systems (I)-(VI), where we characterize
for every class the systems having Liouvillian or global analytic first integrals. The explicit expres-
sions for the integrating factors can be found in the proof of each one of the theorems. Their proofs
are given in separate sections one section for each class of systems. For classes (I)—(III), class (IV)
with a € {0, (1-0)(14c¢)} and class (VI) with a € {0, —1 —c}, because they are particular classes of
Lotka—Volterra systems in the plane we only provide explicitly the integrable ones, the Liouvillian
first integrals and the global analytic first integrals. For class (IV) with a ¢ {0,(1 — b)(1 + ¢)},
and class (VI) with a ¢ {0, —1 — ¢} we additionally provide their polynomial first integrals, their
Darboux polynomials and their exponential factors. The reason of separating the classes of systems
(I)-(VI) in these two groups is that the Liouvillian integrability of the Lotka—Volterra quadratic
polynomial differential systems have been completely studied in [15] and [3] while the global analytic
first integrability has been completely studied in [12].

For completeness of the paper we provide an appendix where the results needed from [15], [3]
or [12] are given. We also provide an appendix with a result in [13] which characterize the global
analytic first integrals for a quadratic-linear polynomial differential system on the plane having a
singular point.

Theorem 8. The following holds for systems (I).

(a) The unique Liouvillian integrable systems (I) are the ones having parameters (a, b, c) in the
following list. For every subsystem we provide their integrating factor.

a,bya(b—1)—1)

1/(b— 2), b, (3 — 26) /(b — 2))
a,—1, —2—a)

a,1,0)
2,(34+20)/(2+¢),¢)
a,1/2,—2 —a)

( ( (0,0,¢)

( ( (a,2+1/a,—1/2)
( ( (1/2,b,(3 —2b)/(b - 2))
(a,2+ 1/a,1) (=7/3,11/7,—2/3) (—4/7,-2,-10/7)
(3,10/3,—11/4) (=7/4,10/7,2) (=3/7,2/3,—11/7)
(1/3,11/4,-10/3) (—3/2,7/3,-1/2) (—4/3,-1,-5/3)
(2,5/2,—7/4) (—3/4,5/3,1) (—2/3,1/2,-17/3)
(1/2, 7/4 —5/2) (2,7/6,—3/4) (—1/6,—3,—1/2)
(4,—-1,-7) (—6,1/2,3) (1/2,3/4,-17/6)
(1/4, 7 1) ( (1/3,15/7,-1/2)
(—=8/7,-1,2) (3, (1/2,15/8,-2/3)

2,2/3,—15/8)
3,1/2,—15/7)
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(- 7/8 -2,1) (6,5/3,1) (—2/3,1/2,—5/6)
(1/2,-5,-5/2) (—3/2,5/6,—1/2) (1/6,—1,—5/3)
(2,5/2, 5) (=6,1/2,1) (1/2,1/2,~7/6)
(1/2 7 1) (2,7/6,—1/2) (-1/6,—1,—1/2)
(2,—1,-7) (3,11/6,4) (=5/6,4/5,—2/3)
(1/5 —2 —11/5) (=6/5,2/3,—4/5) (1/3,—4,—11/6)
(5,11/5, 2) (2,2/3,-20/13) (1/33,20/7,-1/2)
(-13/7,—1,2) (3,1/2,-20/7) (1/2,20/13,—2/3)
(=7/13,-2,1) (2,-1,-1/2) (1/2 1/2 1)
(2,5/2,—2/3) (=3/2,-2,-1/2) (3,—1,-5/3)
(—2/3,1/2,2) (1/2,2/3,—-5/2) (1/3 5/3 1)
(2,7/2,—1/2) (=5/2,—1,—1/2) (2,—1,-7/5)
(—2/5,1/2,1) (1/22,1/2,-7/2) (1/2 7/5 1)
(—4/3,9/4,—2/3) (=5/4,—2, —7/4) (3,7/3,-9/5)
(—4/5,7/4,2) (=3/4.2/3,-9/4) (1/3,9/5,—17/3)
(—9/4,14/9, —3/4) (=5/9,—3,—13/9) (4,13/4,-14/5)
(—9/5,13/9,3) (—4/9,3/4,—14/9) (1/4,14/5,—13/4)
(=3/2,10/3,—1/2) (=7/3,—1,-5/3) (2,5/2,—10/7)
(—3/7,5/3,1) (=2/3.1/2,—10/3) (1/2,10/7,-5/2)
(=5/2,13/5,—1/2) (=8/5,—1,—7/5) (2,7/2,—13/8)
(—5/8,7/5,1) (—2/5.1/2, —13/5) (1/2,13/8,-17/2)
(—10/3,17/10, —2/3) (=7/10, -2, —13/10) (3,13/3,—17/7)
(—10/7,13/10,2) (=3/10,2/3, —17/10) (1/3,17/7,-13/3)
(—(2U+1)/(21 —1),—1,1) (2,1/2,—41/(2l + 1)) (1/2,41/(21 — 1), —1/2)
(1/2,41/(21 + 1), —1/2) (1=20)/(2L+1),—1,1) (2,1/2,—41/(21 — 1))
511)) (a,0,-1) (-1,1/2,-1)

The first 102 subsystems correspond to ¢ # —1. Additionally the fourth has b & {1,2}, the
fifth has ¢ # —2, the sizth has a # 0, the seventh and eight have a # —1, the ninth has
b ¢ {1,2}, and the tenth has a # 0.

There are six subsystems corresponding to the cases 103 to 108 for which we do not
provide the integrating factor because their third invariant algebraic curve is of degree 2[
where | can be any positive integer. The explicit expression of these invariant algebraic
curves can be computed from [10].

The cases 110 and 112 have a # 0.

(b) Systems (I) have a polynomial first integral if and only if a,b € Q~ and ¢ = ab—a — 1.
Moreover these integrals are the unique global analytic first integrals of systems (I).

Theorem 9. The following holds for systems (II).
(a) It has a Liouvillian first integral if and only if b=1, or if b# 1 and c = —1.
(b) It has no global analytic first integrals.

Theorem 10. The following holds for systems (III).

(a) It is Liouvillian integrable.

(b) It has a polynomial first integral H = z!*t 1yl =bl((c + D) + (b — 1)y) =*~ ! if and only if
b and a are rational and the signs of c+ 1, 1 —b and —bc — 1 are equal. Moreover these are
the unique global analytic first integrals of system (III).

Theorem 11. The following holds for systems (IV) with b € {0,1} and a = 0.
(a) It has a Liouvillian first integral if and only if c = —1.
(b) It has no global analytic first integrals.
Theorem 12. The following holds for systems (IV) with b € {0,1} and a = (1 —b)(1 +¢) # 0.

(a) It has a Liouvillian first integral if and only if b = 0.
(b) It has a global analytic first integral H = y(x — y)°e® if and only if b =0 and c € QT U{0}.
It has no polynomial first integrals.

Theorem 13. The following holds for systems Systems (VI) with a =0 .
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(a) It is Liouvillian integrable.
(b) It has a global analytic first integral H = yx°e® Y if and only if c € QY U {0}. It has no
polynomial first integrals.
Theorem 14. The following holds for systems (VI) with a = —1 — ¢ # 0.
(a) It is Liouvillian integrable.
(b) It has no global analytic first integrals.

Now we start the results related with the systems that are not Lotka—Volterra. Those are
sytems (IV) with a ¢ {0, (1 — b)(1 + ¢)}, systems (V) and systems (VI) with a ¢ {0, —1 — c}. We
start with systems (V).

Theorem 15. The following holds for systems (V).
(a) It is Liouvillian integrable.

(b) It has no global analytic first integrals.

Theorem 16. Systems (IV) with b € {0,1} and a &€ {0, (1 — b)(1 + ¢)} have neither Liouvillian
first integrals, nor global analytic first integrals.

Theorem 17. Systems (VI) with a ¢ {0, —1 — ¢} have neither Liouvillian first integrals, nor global
analytic first integrals.

The rest of the paper is devoted to the proofs of Theorems 8-17. We recall that we provide in
all the proofs the explicit expressions for the first integrals. Theorems 8, 9 and 10 are proved in
Sections 3, 4 and 5, respectively. Theorems 11, 12, 13, 14 and 15 are all of them proved in Section 6,
while Theorems 16 and 17 are proved in Sections 7 and 8, respectively.

3. PROOF OF THEOREM &

We consider different cases.

Case 1: ¢ # —1. In this case doing the change of variables

1
8 = —X,Y
(8) (z,y) (C+1 ; )
we have that system (I) becomes equation (40) with
A=a, B=—— C=1-b
c+1
In view of Proposition 28 and setting (when they are well defined)
1 1 1
= —qg—c—1 =_ - —ph—1-=
P amemh A cr1 1-b b a’

we have that system (8) has a Liouvillian first integral if and only if
(a,b,—1+ a(b — 1)) (Case 1 of [3]) has the integrating factor
btc 2+b (—1+¢)
R=X75(-1—-c+X+(-14b)Y) -5 .
(a,1,0) (Case 2 of [3]) then R~ = Y~ % X% (—a+Y)%.
(0,0,c) (Case 2 of [3]) then R= X"'Y2(14+c— X)"'7°.
(1/(b —2),b,(3 —2b)/b — 2) with b ¢ {1,2} (Case 3 of [3]). Then R™" is equal to

XY\/(—1+b+(—2+b) X2 420 4b(~1+X)—2X) Y(b—1)(b—2) + Y2(b— 1)2(b— 2)2.
(2,(84+2c)/(2 + c),c) with ¢ # —2 (Case 4 of [3]). Then
R=X2y "o (2402 X2 +2 (140) 2+4¢) XY +(1+¢)* (~2+Y) V)T,
(a,2+1/a,—1/2) witha # 0 (Case 4 of [3]). Then R = Y 2X 1+ (72a2X + (a— Y)z)f(%)ia.

(a,—1,—2 —a) witha # —1 (Case4 of [3]). Then R = ((1 +a+X)? - 2XY) 2
(a,1/2,—2 — a) with a # —1 (Case 4 of [3]). Then

R=X"2Y""% (a(l+a+X)* - Y(1+a)?) " .
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(1/2,b,(3 —2b)/(b —2)) with b & {1,2} (Case 4 of [3]), then
R=Y 72X "7 (C146) X+ (b= 2)(X + (—1+b) Y)?) 77
(a,2+41/a,1) with a # 0 (Case 4 of [3]), then

1 1
2" T+a

R=X "%y e (a—-Y)*(1+a) +aXY)
(-7/3,11/7,—2/3) (Case 8 of [3]), then R™' is equal to
XT5VY (—259308 X* + 63X (—28+Y) (T+3Y)>+4(7+3Y)" - 37044 X* (-7 + 5Y))% .
(—4/7,—2,-10/7) (Case 8 of [3]), then R™! is equal to
YT X3E (AB4+7X)'—63(3+7X)? (-1+28X) Y +37044X (-5+7X) V? - 259308XY3)%
(3,10/3,—11/4) (Case 8 of [3]), then
R ' =VXY3 (324 X" + 9604 (—3+Y)’Y +2646 X* Y (—5+4Y) +189X> (3+16Y)
+1029 XY (—180+Y (=69 +16Y)))% .
(—7/4,10/7,2) (Case 8 of [3]) then R™* is equal to
X8y (87808 X° Y + 27 (7T+4Y)* + 9408 X7V (=35 + 12Y) + 63 X (T+4Y)* (=T +48Y)) ¢ .
(—3/7,2/3,-11/7) (Case 8 of [3]), then R is equal to
Y EVX (27(447X)" - 63 (—48+7X) (4+7X)°Y — 9408 (—12+35X) Y + 87808Y3)%
(1/3,11/4,—10/3) (Case 8 of [3]), then
R =X3 VY (256 X (7+3X)% +336 X (—980 +3X (161448 X)) Y
+3528 X (35+36 X) Y? 4+ 3087 (—7+48 X) Y + 64827 Y4)% .
(—3/2,7/3,—1/2 (Case 9 of [3]), then
R =VXYE(108X°+ (3+2Y)° +6X (—18+Y (30+Y)))¢.
(—4/3,—1,—-5/3) (Case 9 of [3]), then

e

R'=X3 VY ((243X)° =6 (-146X (-5+3X)) Y +108 X Y?)°.
(2,5/2,—7/4) (Case 9 of [3]), then
R =X3y5 (8X° +27(—2+ Y)Y +18XY (1043Y) +6X> (1+6Y))°.
(—3/4,5/3,1) (Case 9 of [3]), then
R = VXYH (<288 X7V —2(3+4Y)° + X (2747207 — 384Y2))¢.
(-2/8,1/2,-7/3) (Case 9 of [3]), then
R = X3 VY (=2(4+3X)° + (—384+ 720 X +27 X?) ¥ — 288Y?)",
(1/2,7/4,-5/2) (Case 9 of [3]), then
R =X3Y5 (-32X(3+2X)° - 44X (-5 +2X)Y —27 (-1 4+8X) Y? - 54Y3)%.
(2,7/6,—3/4) (Case 10 of [3]), then

ol

R =Xx%vs (216 X° +18X (=2+4Y) Y + (-2+Y)?Y 454 X? (-1 +2Y))°%.
(-1/6,—3,—1/2) (Case 10 of [3]), then

ol

R =X6Y?(4X%+(14+6Y)* —2X (24+9Y (2+3Y)))".
(4,—1,—7) (Case 10 of [3]), then

1
R =X3Y3((6+X)°—2(27+2X (9+X)) Y +4XY?)".
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(—6,1/2,3) (Case 10 of [3]), then

ol

R =Xx%vs (54X°+432X (6+Y) - 96 (6+Y)” —27X” (24+Y))°.
(1/4,7,1) (Case 10 of [3]), then
R = Xx5Y? (<96 X (1+6X)*+432X (1+6X)Y —27 (1+24X) V? +54Y3)%.
(1/4,7,1) (Case 10 of [3]), then

o=

R =X5Y5 (-32X%Y —18(~1+4Y)* —3X (3+16Y (-3+8Y)))".
(2,2/3,-15/8) (Case 11 of [3]), then
R = X?Y 5 (27X% (T+8X) +98 (T+9X) ¥ — 34375,
(1/3,15/7,—1/2) (Case 11 of [3]), then

5
6

R'=x"8y? (686 X2 +216Y° +7X (—49+9Y (14+3Y)))°.
(—8/7,—1,2) (Case 11 of [3]), then
RU=X3Y 5(2164+7Y (27T+7X (18 = TX +14Y)))5.
(3,1/2,-15/7) (Case 11 of [3]), then
R = X2 8 (—54X% 432X Y +27X°Y +192 (-3 +Y) V) 5.
(1/2,15/8,—2/3) (Case 11 of [3]), then
R = X73Y? (=576X> + 48(4 — 9Y) X +27(1 — 2v)v?) ™",
(—7/8,—2,1) (Case 11 of [3]), then
R'=X"0Y 5(—18+X (9+16 (-9 +4X —12Y) Y))5.
(6,5/3,1) (Case 12 of [3]), then
R=X?y"% (12X (=6 +Y)* +4(-6+Y)* +9X? Y)é .
(—2/3,1/2,—-5/6) (Case 12 of [3]), then

ol

R=X3Y7?(<4(-146X)*+12(1-6X)’Y +9Y?)",
(1/2,-5,-5/2) (Case 12 of [3]), then
R=X 8y 3(X(3+2X) 72X 2+ X) Y +432 (1+ X) Y* —864Y?) %
(—-3/2,5/6,—1/2) (Case 12 of [3]), then

ol

R=X"2Y 3(-108X*+12X (3+2Y)* - (3+2Y)*)".
(1/6,—1,—-5/3) (Case 12 of [3]), then
R=X 8y 2(-(2+3X)* +12(2+3X)*Y — 108 X V?) 7.
(2,5/2,5) Case 12 of [3]), then

-

R=X 3y 8(-108Y — (2X +3 (—4+Y)) (2X +3Y)?)7.
(—6,1/2,1) (Case 13 of [3]), then

ol

ol

R =X2YE (3X2Y +24X (6+Y) —8(6+Y)?)
(1/2,1/2,-7/6) (Case 13 of [3]), then

1
R'=X3y? (-8X(1+6X)*+24X (1+6X)Y +3Y?%)%.
(1/2,7,1) (Case 13 of [3]), then

ol

R =X6Y5 (3X -8 (-3+X) XY —48 (-3+2X) Y? - 288Y")".



INTEGRABILITY IN NONLINEAR BIOMATHEMATICAL MODELS 9

(2,7/6,—1/2) (Case 13 of [3]), then
1 25,1 2 21\ %
RT'=X?Y3 (18X° 46X (—24Y) Y +(-2+Y)’Y)".
(-1/6,—1,—1/2) (Case 13 of [3]), then
RU=X6Y2(14+6Y +2X (—2+2X +3Y (—2+3Y)))5.

(2,—1,—7) (Case 13 of [3]), then R~* = X3 V& (X (X —2Y) (6+ X —2Y) + 18Y)s.
(3,11/6,4) (Case 14 of [3]), then

R=Xy s (1296 X* +3000 X (-3 +Y)’Y +625(—3+Y)’Y + 2700 X*Y (-7 +2Y)
1
+2160 X* (=3 +2Y))°.
(-5/6,4/5,—2/3) (Case 14 of [3]), then

ol

R=X " Y72(—16875 X% —45 X (544Y) (54+6Y)*+ (5+6Y)" +3375 X% (54+8Y))".
(1/5,—2,—11/5) (Case 14 of [3]), then

R=X¢ Y*%((6+5X)4 —45 (4+5X) (64+5X)°Y +3375X (84+5X) Y* — 16875XY3)é.
(—6/5,2/3,—4/5) (Case 14 of [3]), then

R=X72y % (216 (1 -5X)" - 180(1 - 5X)* (—=3+10X) Y — 150 (-3 +20X) Y” + 125Y3)%.
(1/3,—4,—-1/6) (Case 14 of [3]), then

R=X 8y (X(5+6X)°—120X (5+6X)*Y +900X (35+36X) Y> —9000 (5+ 12X) Y*°
+135000 Y4)% :
(5,11/5,2) (Case 14 of [3]), then R is equal to

ol

XTTYTE(216(—5+ V) + 125 X3V + 150 X2Y (=20 +3Y) + 180X (—5+ Y)? (~10+3Y)) 7.
(2,2/3,-20/13) (Case 15 of [3]), then
1 T2 4 2 2 3\ 5
RU=Y5X%(648X" - 36 X" (T+6X) Y +98 (7T+12X) Y? - 343Y?)5.
(1/33,20/7,—1/2) (Case 15 of [3]), then

ol

R'=X5Y? (686 X2 +216Y> (—1+3Y) —7X (49+12Y (-14+3Y)))°.
(=13/7,—1,2) (Case 15 of [3]), then
R =X 0Y 5(648+ X (—216+7Y (=36 +7X (24— 7X +14Y))))5.
(3,1/2,-20/7) (Case 15 of [3]), then
R'=y sx? (144 X° (134 7X) — 507 (169 + 4 X (26 + X)) Y+28561Y2)%.
(1/2,20/13,—2/3) (Case 15 of [3]), then

oo

R'=x"6y? (—85683 X% +1008Y" + 516 X Y (=13 4+ 12Y) — 2197 X* (13 4+ 24Y))°.
(—=7/13,—2,1) (Case 15 of [3]), then

R = X5V 6(1008—13Y (~144+ 13X (12+13Y (24— 13X +39Y))))5.
2,-1,-1/2) (Case 16 of [3]), then R = X3 Y3 (X2 +Y + X (-3+Y)Y).
1/2,1/2,1) (Case 16 of [3]), then R~ ' = X3 Y3 (X + (-3+X) XY +Y?).

2,5/2,-2/3) (Case 17 of [3]), then B! = VX YT (8X2+ 16 XY — (—2+Y)?Y).
—-3/2,-2,-1/2) (Case 17 of [3]), then

R'=X5VY (144X (-14+X —2Y (2+Y))).
(3,—1,-5/3) (Case 17 of [3]), then
R =XTYT (XP 424X (4+X)) Y +4XY?).

—~~ —~
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(—2/3,1/2,2) (Case 17 of [3]), then
R'=VXY3T (4+3Y (442 (—4+X) X +3Y)).
(1/2,2/3,-5/2) (Case 17 of [3]), then
R =XTVY (X(3+2X)? —24XY +6Y?).
(1/3,5/3,1) (Case 17 of [3]), then
RI=X1YT (9X?Y +4Y* 46X (1+2(-2+4Y)Y)).
(2,7/2,—-1/2) (Case 18 of [3]), then
R =X3Y5 (8X2—4X (—6+Y)Y +(-2+Y)’Y).
(—=5/2,—1,—-1/2) (Case 18 of [3]), then
R =X5Y5 (m142X (3+2Y +2X (=3+2X —2Y (3+Y))).
(2,-1,-7/5) (Case 18 of [3]), then
R =y ixs (X' —2X2 (243X) Y +4(2+3X (2+X)) Y? -8XY?).
(—2/5,1/2,1) (Case 18 of [3]), then
R'=y iXx3 (32+5Y (125X%Y —20X (2+15Y) +4 (124 5Y (6+5Y)))).
(1/22,1/2,-7/2) (Case 18 of [3]), then
RI=X3Y3 (4X(5+2X)° —100X (15+2X) Y +625Y?).
(1/2,7/5,1) (Case 18 of [3]), then
R=X"3Y5 (500X°Y +32Y* 4+ 40X Y? (=5+6Y) +25 X2 (25+ 12Y (=5+2Y))).
(—4/3,9/4,—2/3) (Case 19 of [3]), then
R =X3VY (576 X%+ (4+3Y)* +96 X (—4+9Y)).
(—5/4,—2,—-7/4) (Case 19 of [3]), then
R =X5Y5 (3+4X)° —96X (-9+4X) Y +576XY?).
(3,7/3,—-9/5) (Case 19 of [3]), then
R'=VXY? (27X° +108X%Y +64(—3+Y)’Y + 144XY (6+Y)).
(—4/5,7/4,2) (Case 19 of [3]), then
R'=X35Y% (576 +5Y (400 X% +120X (—12+5Y)+9 (48 +5Y (12+5Y)))).
(—3/4,2/3,-9/4) (Case 19 of [3]), then
R =VXYs (9(54+4X)> - 600 (=5 +12X) Y +2000Y?) .
(1/3,9/5,—7/3) (Case 19 of [3]), then
R =X VY (125X (4+3X)* +900X (—8+3X) Y +2160 X Y +576Y°).
(—9/4,14/9,—-3/4) (Case 20 of [3]), then
R = X73YH (419904 X° + 972X (9+4Y)? — (9+4Y)* 434992 X2 (~9+8Y)).
(—=5/9,—3,—13/9) (Case 20 of [3], then
R =X6Y"% (449X)" 972X (44 9X)?Y +34992 X (—8+9X) Y? — 419904 X Y°.)
(4,13/4,—-14/5) (Case 20 of [3]), then

R = X3Y% (256 X" +2304 X3 Y 46561 (—4 + Y)> Y + 7776 X* (—2+Y) Y
11664 XY (—24+ (=6 +Y) Y)).
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(—9/5,13/9,3) (Case 20 of [3]), then
R = X"3Y% (419904 + 5Y (91125 X> 4 24300 X2 (~18 +5Y) + 2160 X (9 +5Y)°
+64 (18 4+5Y) (162+5Y (18 +5Y)))).
(—4/9,3/4,-14/9) (Case 20 of [3]), then
R =X3Y "% (64(5+9X)" +10800 (5 +9X)?Y — 121500 (=5 + 18 X) Y + 455625 Y?) .
(1/4,14/5,—13/4) (Case 20 of [3]), then
R = X5Y3F (625X (9+4X)* +9000X (~243+4X (27+8X)) Y
+97200 X (9+8X) Y2 +933120 X Y 4419904 V") .
(—3/2,10/3,—1/2) (Case 21 of [3]), then
R =XiVY (324 X%+ (3+2Y)" +36 X (—9+2Y (12+7Y))).
(-7/3,—1,-5/3) (Case 21 of [3]), then
R =X"1YT (24+3X)" —36X (~2+3X (-8+3X)) Y +34X?Y?).
(2,5/2,-10/7) (Case 21 of [3]), then
R =VXYy i (16 X" +96 X°Y +81(—2+Y)’Y?+216 X Y? (4+Y)+72X*Y (1+3Y)).
(—3/7,5/3,1) (Case 21 of [3]), then R~ is equal to
Xiy (324 + 7Y (3087 X%Y 442X (=94 14Y (—12+7Y))+4 (6 +7Y) (18+7Y (6+7Y)))).
(—2/3,1/2,—10/3) (Case 21 of [3]), then
R =VXYiH (4(7+3X)"—294 (—98+3X (56 +3X)) Y +21609Y”).
(1/2,10/7,-5/2) (Case 21 of [3]), then R™' is equal to
XTIVY (2401 X? (34+2X)? + 16464 (—3+ X) XY +2646 X (—1+4X) Y* +3024 X Y* +324Y") .
(—5/2,13/5,-1/2) (Case 22 of [3]), then R™! is equal to
X~HY3 (125000 X° + (54 2Y)° + 50 X (5+2Y)? (—15+4Y) + 2500 X (75 +2 (=45 +Y) Y)).
(—8/5,—1,—7/5) (Case 22 of [3]), then
R =X"3y5 (245X)° 50X (24 5X)* (—4+15X) Y +2500 X> (24 15X (=6 +5X)) V>
—125000 X° v*) .
(2,7/2,-13/8) (Case 22 of [3]) , then
R = X3y "% (64 X%+ 960 X° Y + 15625 (—2 + Y)* Y + 2000 X° Y? (3+10Y) + 400 X' Y (44 15Y)
+12500 X Y? (=18 4+ Y (=7+3Y)) + 2500 X*Y? (2+3Y (-2+5Y))).
(—5/8,7/5,1) (Case 22 of [3]), then
RIX 8y # (15625 4+ 16 Y (256000 X° Y +20 X (5+8Y)® (=5 + 12Y)
+800X%Y (254 48Y (—15+8Y))+ (5+4Y) (25+8Y (5+8Y)) (75+8Y (15+8Y)))).
(—2/5,1/2,—13/5) (Case 22 of [3]), then
R'=X3Y"3 ((8+5X)° =320 (—12+5X) (8+5X)>Y + 12800 (384 +5X (—144+5X)) V?
+4096000Y?) .
(1/2,13/8,—7/2) (Case 22 of [3]), then
R = X 3Y¥ (262144 X° + 15625 Y + 983040 X° (24 Y) + 50000 X Y* (~4 + 3Y)

4256000 X® (16 4+Y (3+Y) (=124 5Y)) 440000 X° Y (8 +3Y (=4 +5Y))
+102400 X* (48 +Y (28 4+ 15Y))) .
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(—10/3,17/10,—2/3) (Case 23 of [3]), then

R '=Xx 3y (81000000 X* + 21600000 X* (=5 +3Y) — 27000 X* (=20 +Y) (10 +3Y)?
—1200X (10+3Y)" + (10+3Y)°).

(—=7/10,—2,—-13/10) (Case 23 of [3]), then

R =X"1Y% ((3+10X)° —1200X (34 10X)" Y +27000X (34 10X)? (~1+20X) Y?
—21600000 X (—3 +5X) Y* 4 81000000 X Y'*) .

(3,13/3,—17/7) (Case 23 of [3]), then

R = X1y~ (729 X°® 4 14580 X® Y + 1000000 (—3 + V)" Y* + 24300 X' Y (~4+5Y)
4270000 X*Y? (124 Y (=24 +5Y)) 427000 X® Y (—94+4Y (=12 +5Y))
+900000 X Y? (724 Y (33+2 (—8+Y) Y))).

(—10/7,13/10,2) (Case 23 of [3]), then

R'=x 3y 1 (81000000 + 7Y (168070000 X' Y + 28812000 X* Y (—20 + 7Y)
+ 7560 X (10 4+ 7Y)* + 88200 X* (10 + 7Y)? (=5 +21Y)
+81 (20+7Y) (100+7Y (10+7Y)) (300 +7Y (30 +7Y)))).

(—3/10,2/3,—17/10) (Case 23 of [3]), then

R = XTY ™% (81(7+10X)° 452920 (7 + 10 X)* Y — 617400 (=21 + 5 X) (7 + 10 X)? V2
—201684000 (—7 420 X) Y 4 1176490000 Y'*) .

(1/3,17/,—-13/3) (Case 23 of [3]), then

R = X"TYT (117649 X2 (10 + 3 X)* + 1008420 X2 (—4000 + 3 X (550 + 240 X + 27 X?)) ¥
+ 10804500 X (80 + 9 X (16 +3 X)) Y + 61740000 X (—5+3X (8 +3X)) Y?
+66150000 X (8 +9X) Y* + 340200000 X Y° + 81000000 Y°) .

There are also six cases which correspond to Case 24 of [3]. Those are cases 103 to 109 in the
table given in the statement of Theorem 8. Those six systems have an irreducible invariant algebraic
curve of degree 2l where | can be any positive integer. The explicit expression of these invariant
algebraic curves can be computed from [10].

Furthermore, also in view of Proposition 28(b) (see the Appendix) we obtain that it has a
global analytic first integral if and only if a = —p/q, b = —p1/q1, ¢ = =1+ p(p1 + ¢1)/(qq1) with
P;¢,p1,q1 € N and pp1 — qq1 > 0, then H =z y9 (pp1 + pq1 — qq1@ + p1gy + qquy)"™ ~ " Note
that this first integral is polynomial.

Case 2: ¢ = —1. In this case we consider three different subcases.

Subcase 2.1: a = 0. In this case system (I) becomes
(9) o' =z(l-z—-by), ¥ =ylz-y).

Doing the change of variables (z,y) — (—z, —y) system (9) becomes

o =a(lt+a+by), ¥ =yl+y)
which is equation (44) of the Appendix with A = 1 and B = b. In view of Proposition 32 we get
that system is always Liouvillian integrable. The Liouvillian first integral is H = (x + ylogz —
bylogy + 1)/y.

Subcase 2.2: a # 0 and b # 1. In this case doing the change of variables (z,y) — (y, ) system
(I) becomes
(10) o' =z(a—a—y), y=yl-y-ba)

Doing also the rescaling (z,y,t) = (aX/(1 — b),aY,T/a), we obtain that system (10) is system
(40) of the Appendix with A = 1/a, B = 1/(1 —b), C = 0. In view of Proposition 28 we get
that system (10) is Liouvillian integrable if and only if b = 0 and in this case the integrating
factor is R = Y™ ' (=1 4+ aY) X2 or a = —1, b = 1/2 and the integrating factor is R =
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X2y "2, /(1 +Y)2 — 2X. Furthermore, it also follows from Proposition 28(b) that it has no global
analytic first integrals.

Subcase 2.3: a # 0 and b = 1. In this case system (I) becomes
(1) ¥ =sa-z-y), ¥=yl-z-y)
If a = 1 then system (11) becomes system 2z’ = z, y' = y, which has the first integral H = z/y.
If a # 1, doing the change of variables z = —1/X, y = =Y/X, dt = XdT' /(1 — a), we get that

system (11) becomes X = X(aX +Y +1)/(a —1), Y = XY, which is integrable with first integral
H =Y%aX +aY +1)'~*. This completes the proof of the theorem.

4. PROOF OF THEOREM 9

We consider different cases.

Case 1: b # 1. In this case doing the change of variables (z,y) — (y,z) we get that system (II)
becomes
(12) ' =z(l-z+ecy), vy =y(—y-—bz).
Doing now the rescaling of variables (z,y,t) — (X/(1 —b),Y,T), we obtain that system (12)
becomes system (40) with A = 0, B = 1/(1 —b), C = ¢+ 1. Then it follows from Proposition
28 that system (12) has a Liouvillian first integral if and only if ¢ = 0 and then the integrating
factor is R = X 'Y 72(b—1+ X)*"!, orif ¢ = 1, b = 2 and in this case the integrating factor
is R=X"'Y"2,/(14+ X)2 - 2XY. It also follows also from Proposition 28 that it has no global
analytic first integrals.

Case 2: b= 1. In this case system (II) becomes

(13) o =a(-z—y), ¥ =yl-y+cz)

Doing the change of variables (z,y) — (—y, —z) we obtain that system (13) becomes =’ = z(1 +
z —cy), ¥y = y(z +y) which is system (44) with A =1 and B = —c. It follows from Proposition 32
that it is Liouvillian integrable with Liouvillian first integral H = (ac +ylogz + cylogy + 1)/y

5. PROOF OF THEOREM 10

We consider different cases.

Case 1: ¢ = 0. In this case system (III) becomes
’ 2

(14) o =x(-x—by), ¥ =-y"

Doing the change of variables (z,y) — (—z, —y) system (14) becomes

(15) o =a(x+by), ¥ =y

with is system (41) with A =1, B=5b, C =0 and D = 1. In view of Proposition 29(b) system (15)
is Liouvillian integrable. The integrating factor is R = 2~ 2y*~2. Also in view of Proposition 29 it
has no global analytic first integrals. This concludes the proof of the theorem in this case.

Case 2: ¢ # 0. In this case doing the change of variables (z,y) — (X/c,—Y), we obtain that
system (III) becomes X’ = X (—X/c+bY),Y' =Y (X +Y). System (III) is homogeneous quadratic
and thus it is integrable with the inverse of the integrating factor equal to XY ((1+¢)X +¢(1-0)Y).
From Proposition 31(b) of the Appendix, it has a global analytic first integral if and only if a and
b are rational, c+ 1, 1 — b and —bc — 1 have the same sign and in this case the first integral is the
stated in the theorem.

6. PROOF OF THEOREMS 11, 12, 13, 14 AND 15

We first prove Theorem 11.

Proof of Theorem 11. Doing the rescaling of the variables (z,y,t) — (—x,—y,—t) we have that
system (IV) with b € {0,1} and a = 0 becomes

(16) ' =a(l-by), ¥ =y(—ct+a—y).
Therefore, system (16) is system (40) with A = —¢, B = 0, C = 1 —b. Then it follows from
Proposition 28(a) that system (16) has a Liouvillian first integral if and only if b =0, ¢ = —1 and
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then the integrating factor is R = y ! (x— y)fl. It also follows also from Proposition 28 that it has
no global analytic first integrals. |

Now we prove Theorem 12.

Proof of Theorem 12. System (IV) with b € {0,1} and a = (1 — b)(1 + ¢) # 0 becomes

’

o' =+ (1-0)(1+c)y—bry, y =ylct+z—y).
Doing the change of variables X =z + (b — 1)y, Y = y, it becomes

(17) X' =-X(1+Y), Y =Y(c+X-bY).

We consider two different cases.

Case 1: b= 1. In this case doing the change of variables (X,Y,t) — (— X1, —Y1,—T), we obtain
that system (17) becomes system (40) with A = —c, B = 0, C = 0. Then it follows from Proposition
28(a) in the Appendix that system (17) has no Liouvillian first integrals. It also follows also from
Proposition 28 (b) that it has no global analytic first integrals.

Case 2: b= 0. In this case system (17) becomes

(18) X' =-X(1+Y), Y =Y(c+X),
which clearly has the first integral H = Y XY *¥. This first integral is always Liouvillian and it
is global analytic if and only if ¢ € Q. This completes the proof of the theorem. a

Now we prove Theorem 13.

Proof of Theorem 13. System (VI) with a = 0 becomes =’ = x(—1 — ¥), ¥ = y(c + ), which is
system (18). The theorem follows now from Case 2 in the proof of Theorem 12. |

Now we prove Theorem 14.

Proof of Theorem 1/. System (VI) with a = —1 — ¢ with ¢ # —1 becomes ' = —z — (1 + ¢)y — zv,
y' = y(c+ z). Introducing the change of variables X = z +y, Y = y, we obtain system
(19) X'=-X, YV =Y(C+X-Y).
It is straightforward to verify that system (19) is system (42) in the Appendix with D=-1,A=1,
B =—1and C =c# —1. It follows from Proposition 30(a) that it is always Liouvillian integrable
with integrating factor R = X 7'y ~2¢=X.

Furthermore, it also follows from Proposition 30(b) that it has no global analytic first integrals.
This completes the proof of the theorem. O

Now we prove Theorem 15.

Proof of Theorem 15. It follows by direct computations that system (V) with ¢ # —1 is integrable
with first integral H = y/¢(y — ¢)~“*Y/¢(y — (1 4 ¢)z), and that if ¢ = —1 it has the first integral
H =xz/y+log(y/(y+1)). Both are Liouvillian first integrals and none of them are global analytic.
This completes the proof of the theorem. a

7. PROOF OF THEOREM 16

In this section we prove Theorem 16. For this we divide it into several different partial re-
sults, related respectively with the existence of polynomial first integrals, Darboux polynomials,
exponential factors, Liouvillian first integrals and global analytic first integrals.

Proposition 18. Systems (IV) with b € {0,1} and a &€ {0, (1 —b)(1 + ¢)} has no polynomial first
integrals.

Proof. The proof follows using Theorem 4. With it we can determine if system (IV) has a polynomial
first integral and its expression. The determination is a little tedious because we need to evaluate
all the mentioned invariants in Theorem 4. In any case, doing that, we obtain the non-existence of
polynomial first integrals. O

The next result for system (VI) will be useful also for system (IV).

Proposition 19. The unique irreducible Darboux polynomial with non—zero cofactor of systems
(VI) with a ¢ {0,—1 — ¢} is y.
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Proof. Tt follows by direct computations that fi = y is the unique irredubicle Darboux polynomial
of degree one of system (VI) with a ¢ {0, —1 — ¢} and with non-zero cofactor. Now we shall see
that there are no irreducible Darboux polynomials with non—zero cofactor of degree greater than
one. We proceed by contradiction. Let f be a Darboux polynomial of system (VI) with non—zero
cofactor which is irreducible with degree n > 2. Then it satisfies

of of

20) (ot oyt yiern

B = (a0 + a1z + a2y) f.

If we denote by f the restriction of f to y = 0, we obtain that f # 0 (otherwise would be
reduc1ble) and satisfies (20) restricted to y = 0, that is —xdf/dx = (a0 4 a12) f, whose solution is
f = Cz e 1% with C € C\ {0}. From the fact that f must be a polynomial we obtain that
a1 = 0 and ag = —k with £ € N. Now we introduce the change of variables X =z +y, Y =y. If
we set ¢(X,Y) = f(z,y) we get that g satisfies

(21) X+ (atetr V)2 byerx—v) Y =

£ gy — (@0 +a:¥)g.

We write g = Z;:o 9;(X,Y) where each g; is a homogeneous polynomial of degree j. Without loss
of generality we can assume g, # 0. Furthermore computing the terms in (21) of degree n + 1 we
get that g, satisfies Y(X — Y)9g,/0Y = a2Y g, that is gn = ¢n(X — V) 2K (X). Since g, is a
homogeneous polynomial of degree n we get gn = e X" ™ (X —Y)™, ag = —m, 1 < m < n with
cn € C\ {0}. We shall show that m = n. It follows from (21) that g,—1 satisfies

(X 4 (a4 c+ D)X =) ealn —m) X" ™ HX = Y) + me, X" ] —

(22) Yee,mX" X —Y)" T + V(X —Y) 8957;1 -

— ke, X" X - Y)" —mY gn_1.

We claim that gn—1 = (X — Y)mflhnfl. Clearly this is true if m = 1. Assume that m > 1.
From (22) we have that g,_1 must be divisible by X — Y, we write it as g,—1 = (X — Y)'h; with
1 <l < m—1 and h; not divisible by X —Y. We will reach a contradiction. In fact, after simplifying
by (X —Y)! we get that h; satisfies

(—X 4+ (a4 c+ D)X =) Hep(n —m) X" ™ HX = Y) + me, X" "] —
oh

Yee,mX" (X —Y)" T 4y (X — Y)oy =

—ken X"T(X = Y)" T — (m = )Y hy,

and since | < m — 1 we get a contradiction with the fact that h; is not divisible by X — Y. Hence
the claim is proved. Moreover h,_1 satisfies

(—X 4 (a4 c+D)V)ea(n —m) X" ™ X =Y) +men X" ™| = Yee,mX"™™

+Y(X-Y) Ohn—y _ —ken X" (X = Y) = Yha_1.
2)4
Evaluating this expression on Y = 0 we get —c,n X" ™! = —ke, X"~ ™! that is k = n. Thus
we have, after simplifying by Y that
ahn—l
X-Y R
( ) =5y +ha-1

=(a4+c+ e X" X —Y)+ (a+c+ DenmX* ™Y — (¢4 DepmX ™™,
Solving this linear differential equation we obtain
h1 = Ko(X)(X —=Y)+ (a+c+Dea(n —m)(X —Y)log(X — V)X """ +ac,mX"™ ™

Since hm—1 must be a homogeneous polynomial of degree n —m and c,(a+c+ 1) # 0 we must have
m = n. Then hy,_1 is a constant and therefore Ko(X) = 0. Hence, ag = a2 = —n, gn = cn (X —Y)"
and gn—1 = ac,n(X —Y)" 1. If n = 1 then go = aci and ag = —1. Since goop = 0 (see (21)) and
a # 0, c1 # 0 we get a contradiction.
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Now we assume n > 2. Computing the terms in (21) of degree n — 1 we get that gn,—o satisfies

(- X+ (a+c+1)Y)(X - Y)"72acnn(n —1) —Yeaco,n(n —1)(X — Y)n72 +Y(X-Y) 3%7;2

= —n2acn(X — Y)"_1 —nYgn_oa,
which can be written as
V(X — Y)% +nY gn_o+ acan* (X —Y)" ' facan(n — 1)(=X + (a+ DY) (X —Y)" 2 =0.
Evaluating it on ¥ = 0 we obtain that ac,nX""" = 0. Since a # 0 and ¢, # 0 we obtain a
contradiction. (|

Proposition 20. The unique irreducible Darboux polynomial with non—zero cofactor of systems
(1V) with a ¢ {0, (1 —b)(1 4+ ¢)} is y.

Proof. 1t follows by direct computations that fi = y is the unique irreducible Darboux polynomial
of degree one of system (IV) with a & {0, (1 —b)(1+ ¢)} and with non—zero cofactor. Now we shall
see that there are no irreducible Darboux polynomials with non—zero cofactor of degree greater than
one. We proceed by contradiction. Let f be a Darboux polynomial of system (IV) with non—zero
cofactor which is irreducible with degree n > 2. Then it satisfies
(23) (—w+ay—bwy)g+y(c+$—y)g = (0 + a1z + azy) f.

ox oy
If we denote by f the restriction of f to y = 0, we obtain that f # 0 (otherwise would be
reducible) and satisfies (23) restricted to y = 0, that is —zdf/dz = (a0 4 arx)f whose solution is
f = Caz%0e ™% with C € C \ {0}. Since f must be a polynomial we obtain in particular that
a1 =0 and ap = —k, k € N. We consider different cases.

Case 1: b = 1. In this case if we write f = Z?:o fi(z,y) where each f; is a homogeneous
polynomial of degree j we have without loss of generality that f, # 0. Computing the terms in
(23) of degree n + 1 we get that f, satisfies

Ofn Ofn
fmy% +y(z — y)afj; = azyfn.

Eliminating y in the partial differential equation and solving it we get fn(z,y) = 27 ?hn((y +
xzlogx)/z), where h, is an arbitrary function in the variable (y + zlogx)/x. Since f, must be a
homogeneous polynomial of degree n, we obtain

(24) n=CcCnx 2, oz =-n, c,€C\{0}.
It follows from (23) computing the terms of degree n that f,,—1 satisfies
(25) (—z + ay)eanz™ ' — ay Jna +y(z —vy) Jnoa = —kenx" — nyfrn-1.

or dy

Evaluating (25) on y = 0 we get, after simplifying by c,z" that k = n. Then ap = —n, and after
simplifying by vy, fn—1 satisfies anc,z™ ™" — £0fn—1/02 4 (£ — y)dfn_1/0y = —nfn_1. Solving this
partial differential equation we get that fn,—1(z,y) = —anc,z™ ' + 2" hn—1((y + xlogx)/z), where
hn—1 is an arbitrary function in the variable (y + xlogz)/z. Since f,—1 must be a homogeneous
polynomial of degree n — 1, we get that h,_1 = 0, and consequently, fn_1 = —anc,z™ 1. If
n =1 then ap = —1 and fo = —ci1a # 0 a contradiction with the fact that aofo = 0 (see (23)).
Furthermore, if n > 2 then computing the terms of degree n — 1 in (23) we get

afn72 o afn72 2 n—1 _
o7 +y(z —vy) 9y =nac,T nyY fn—za.

Evaluating it on y = 0 we get, after simplifying by 2"~ ! that nac, = 0, a contradiction since a # 0,
cn # 0. This concludes the proof in this case.

Case 2: b = 0. We introduce the change of variables X =z —y, Y =y, A=a—-1—-c#0
and A # —1 —c. If we set g(X,Y) = f(z,y) we get that g satisfies (—X(1+Y) + AY)dg/0X +
Y(c+ X)0g/0Y = (oo + a2Y)g, which is equation (20). It follows then by Proposition 19 that the
unique irreducible Darboux polynomials with non-zero cofactor is Y. This concludes the proof of
the lemma. g

—(—z + ay)an(n — Ve z™ % — 2y
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Proposition 21. Systems (IV) with b € {0,1} and a ¢ {0, (1 — b)(1 + ¢)} has exponential factors
if and only if b =0, being in this case of the form F = e® with cofactor L = ay — x.

Proof. Let F be an exponential factor. In view of Propositions 2 and 20 we have that F' has the
form exp(h/y™) with h € C[z,y] and n; is a non-negative integer and where h is coprime with y.
We assume that n1 > 0 and we will reach a contradiction. We have that, after simplifying by the
common factor exp(h/y™") and after multiplying by y"*, h satisfies

Oh oh
(26) (ma+ay —bay)z- +ylc+z - y)afy —ni(c+x—y)h=Ly".
Since n1 > 0, taking Yy = 0 in (26) and denoting by h the restriction of h to y = 0 we have that
—xdh/dx — ni(c+ x)h = 0, that is h = Cre” "%z~ ™¢ with C; € C. Since h must be a polynomial
we obtain h = 0, a contradiction with the fact that h is coprime with y. Therefore, n1 = 0 and
F = exp(h) satisfying

oh oh
(27) (=2 +ay —bay) o +y(c+x—y)a—y:Lzﬁo+ﬂ1x+62y.
Evaluating (27) on z = y = 0 we obtain 8y = 0. Now we write h = Z h;(y)z?, where h;(y) is a
polynomial in y. We claim that
(28) hi(ly)=0 j=2,....,n thatis h(z,y) = ho(y) + zhi(y).

If n = 1 there is nothing to prove. We can assume that n > 2. Then computing in (27) the terms
of degree n + 1 in = we get yh,(y) = 0, that is h,(y) = ¢, € C. Furthermore, computing the terms
in (27) of degree n in = we get —n(1 + by)c, + yhj,_1(y) = 0. Solving this differential equation we
get that hnp_1(y) = cn—1 + bncay + nep logy. Since hy,—1 must be a polynomial in y we get that
¢n = 0 and consequently hn—1 = ¢n—1 € C. This proves (28) with j = n. Proceeding by backwards
induction we obtain that h; =0 for j = 2,...,n and (28) is proved.

Using (28) and imposing that it satisfies (27) we obtain (—z + ay — bxy)hi(y) + y(c + = —
y)(ho(y) + zh’i(y)) = iz + f2y. Computing the terms of degree two in = we get hi(y) = 0 and
hence h1 = ¢; € C. Then we get (—z + ay — bzy)c1 + y(c + x — y)ho(y) = Biz + B2y. Solving this
differential equation we get ho(y) = co + (81 + c1)xlogy/(c + z) + (ac1 — B2 — berx) log(—c — = +
y) — (f1 4+ c1)zlog(—c — z + y)/(c + x). Since ho must be a polynomial we get 81 = —c1, ber =0
and B2 = aci. So ho(y) = co. We consider two cases.

(1) If b =1 then ¢; = 0. This implies that L = 0. Then from (27) h must be a polynomial first
integral of system (IV), a contradiction with Proposition 18.
(2) If b=0 then L = fixz — af1y and h = ¢o — S1z with 81 € C.

Note that e is a constant and can be removed. Moreover, if e~#1% is a Darboux polynomial with

cofactor L = B1(xz — ay), then e” is another exponential factor with cofactor L = ay — . This
concludes the proof of the proposition. a

Proposition 22. Systems (IV) with b € {0,1} and a € {0,(1 —b)(1+ ¢)} have no Liouvillian first
integrals.

Proof. We consider two cases.

Case 1: b = 1. In this case it follows from Propositions 20 and 21 that system (IV) has one
invariant Darboux polynomial fi; = y with cofactor K = ¢+ = — y, and that it has no exponential
factors. Then since the divergence of system (IV) is —1 + ¢+ z — 3y, we have AK = Ac+z —y) =
1 — ¢ —z + 3y, which is not possible. Then applying Theorems 3(b) and 5 we get the non-existence
of Liouvillian first integrals.

Case 2: b = 0. In this case it follows from Propositions 20 and 21 that system (IV) has one
invariant Darboux polynomial fi = y with cofactor K = ¢+ x — y and one exponential factor
F = e” with cofactor L = ay —x. Then again since the divergence of system (IV) is —1+c+z — 2y,
we have A\K + uL = Mc+z —y)+play—z) =1 —c—ax+2yifand only if a # 1, ¢ = a — 1,
A=(2-a)/(a—1) and p = 1/(a — 1), which is not possible since a # 1 4 ¢. This completes the
proof of the proposition. O

Proposition 23. Systems (IV) with b € {0,1} and a & {0, (1 — b)(1 + ¢)} have no analytic first
integrals.
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Proof. We note that the eigenvalues of Df(0,0) are —1 and c. We consider different cases.

Case 1: ¢ = 0. In this case, since a € {0,(1 — b)(1 + ¢)} we get that a ¢ {0,1 — b}. Then,
since (a,b) # (1,0) the origin is isolated and since the eigenvalues of D f(0,0) are —1,0 in view of
Theorem 7 we conclude that system (IV) has no local analytic first integrals in a neighborhood of
the origin. Consequently they have no global analytic first integrals.

Case 2: ¢ # 0. We consider different subcases.

Subcase 2.1: ¢ € Q. Then for any ki,ks € NU {0} with k1 4+ k2 > 0 we have k11 + kA2 =
—k1 + k2c # 0 and in view of Theorem 6 we have that systems (IV) have no local analytic first
integrals and hence they have no global analytic first integrals.

Subcase 2.2: ¢ € QF. Now we consider two subcases.

Subcase 2.2.1: b= 1. In this case we have that

(361,3.,71):%(—1+a—c—\/4c+(c—|—a—1)2,—l+a—|—c—\/4c—|—(c+a—l)2),
1
(a‘cg,gz):i(—1+a—c+ Vidc+ (c+a—1)%—1+a+c++/dc+ (c+a—1)?),

are also singular points of system (IV), among (z,y) = (0,0). The eigenvalues of (Z1, 1) are A1, A2
that satisfy

(29) A2 = %(4c+(c+a— 1)? —(c+a—1)\/(c+a—1)2 +4c).
On the other hand, the eigenvalues of (Z2,72) are A3, A4 that satisfy
(30) Asha = %(4c+(c+a— 1’ + (c+a—1)y/{eta— D2 +4c).

Now we consider different cases:

(1) If c+a—1 >0, then it follows from (30) that AsAs > 0. Therefore, given k1, k2 € NU {0}
with k1 4+ k2 > 0, since A3 and A4 have the same sign we have that k1 A3 + k2 A4 # 0. Then,
in view of Theorem 6 we have that systems (IV) have no local analytic first integrals and
hence they have no global analytic first integrals.

(2) If c4+a—1 <0, then it follows from (29) that A1 A2 > 0. Therefore, given ki, ks € NU {0}
with k1 + k2 > 0, since A1 and A2 have the same sign we have that k1 A1 + k2 A2 # 0. Then,
in view of Theorem 6 we have that systems (IV) have no local analytic first integrals and
hence they have no global analytic first integrals.

This completes the proof of the lemma in this case.

Subcase 2.2.2: b = 0. Since b = 0, then a # 1. Then system (IV) becomes ' = —x + ay,
y' = y(c+x —y). This system has (z,y) = c¢(a,1)/(1 — a) as a singular point among (z,y) = (0,0).
The eigenvalues of Df(Z,y) satisfy that A1A2 = ¢ > 0. Therefore, given ki,k2 € N U {0} with
ki + k2 > 0, since A1 and A2 have the same sign we have that ki A1 + k22 # 0. Then, in view of
Theorem 6 we have that systems (IV) have no local analytic first integrals and hence they have no
global analytic first integrals. d

Proof of Theorem 16. The proof of Theorem 16 is immediate from Propositions 22 and 23. O

8. PROOF OF THEOREM 17

In this section we prove Theorem 17. As we did in Section 8 we divide it into several partial
results.

Proposition 24. Systems (VI) with a & {0,—1 — ¢} has no polynomial first integrals.

Proof. The proof follows using Theorem 4. With it we can determine if system (VI) has a polynomial
first integral and its expression. The determination is a little tedious because we need to evaluate
all the mentioned invariants in Theorem 4. In any case, doing that, we obtain the non-existence of
polynomial first integrals. |

Proposition 25. Systems (VI) with a ¢ {0, —1—c} has exponential factors of the form F = e~ @+¥)
with cofactor L =z — (a + ¢)y.
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Proof. Suppose that I’ is an exponential factor. In view of Propositions 2 and 19 we have that F’
has the form exp(h/y™') with h € C[z,y] and n1 is a non-negative integer and where h is coprime
with y. We assume that nq > 0 and we will reach a contradiction. We have that h satisfies

oh oh o
(31) (ot ay o) 5 +yletz) 50— miet x)h =Ly,

where we have simplified the common factor exp(h/y"") and multiplied by y™'. Since n1 > 0, taking
y = 0in (31) and denoting by h the restriction of h to y = 0 we have that —xdﬁ/dm—nl (c—i—:c)iz =0,
that is h = Cie ™%z ™ with C; € C. Since h must be a polynomial we obtain h = 0, a
contradiction with the fact that h is coprime with y. Therefore, ny = 0 and F' = exp(h) satisfying

oh oh
(32) (—x—s—ay—xy)a—x—s—y(c—l—m)a—y:L:50+le+ﬂgy.

Evaluating (32) on z = y = 0 we obtain 8y = 0. Now we write h = E?:o h;(y)x?, where h;(y) is a
polynomial in y. We claim that

(33) h = ho(y) + zh1(y).

If n = 1 the claim (33) is clear. Hence we can assume that n > 2. Then computing in (32) the
terms of degree n + 1 in x we get yh),(y) = 0, that is h,(y) = ¢, € C. Furthermore computing the
terms in (32) of degree n in x we get —n(1+y)c, + yhi,_1(y) = 0. Solving this differential equation
we get that hn—1(y) = ¢n—1 + neny + ney logy. Since hynp—1 must be a polynomial in y we get that
¢n, = 0 and consequently h,—1 = ¢c,—1 € C. Proceeding by backwards induction we obtain that
h; =0 for j =2,...,n. Then (33) is proved.

Imposing that h satisfies (32) we obtain (—z + ay — zy)hi(y) + y(c + z)(ho(y) + zhi(y)) =
Bix + B2y. Computing the terms of degree two in = we get hi(y) = 0 and hence h1 = ¢; € C.
Then (—z + ay — xy)c1 + y(c + x)ho(y) = Bz + PB2y. Solving this differential equation we get
ho(y) = co+ (Br1+c1)zlogy/(c+x)+ (B2 —aci +c1x)y/(c+x). Since ho(y) must be a polynomial in
y we have ¢ = —f1 and 2 —ac1 = cic, that is, 2 = —(a+c¢)B1. Therefore, L = p1(x—(a+c)y) and
h=co— Bi(y + =) with B1 € C. Thus F = e~ **¥) is an exponential factor with L = z — (a + ¢)y.
This completes the proof of the proposition. |

Proposition 26. Systems (VI) with a ¢ {0, —1 — ¢} have no Liouvillian first integrals.

Proof. 1t follows from Propositions 19 and 25 that system (VI) has one invariant Darboux poly-
nomial f; = y with cofactor K = ¢+ x and one exponential factor F = e~ %) with cofactor
L =z — (a+ ¢)y. Then again since the divergence of system (VI) is —1 — y + ¢ + x, we have

AK +pL = Acta)+pz—(a+oy) =1+y—c—=
if and only if

(34) Ad=1l—-¢, A4+p=-1, —(a+cjp=1.
Since a ¢ {0, —1 — ¢}, we get that (34) has no solutions. Then it follows from Theorems 3(b) and
5 that system (VI) has no Liouvillian first integrals. d

Proposition 27. Systems (VI) with a & {0, —1 — ¢} have no global analytic first integrals.

Proof. We note that the eigenvalues of Df(0,0) are —1 and c. We consider different cases.

Case 1: ¢ = 0. In this case the origin is isolated and in view of Theorem 7 we conclude that
system (VI) with a # 0 and ¢ = 0 has no local analytic first integrals in a neighborhood of the
origin.

Case 2: ¢ # 0. We consider two different subcases.

Subcase 2.1: ¢ ¢ Q*. Then for any ki, k2 € NU {0} with k1 + k2 > 0 we have k1 Ay + k2o =
—k1 + k2c # 0 and in view of Theorem 6 we have that system (IV) has no local analytic first
integrals.

Subcase 2.2: ¢ € QT. In this case we consider two subcases.

Subcase 2.2.1: ¢ # —a. In this case system (VI) has also (Z,7) = —c¢(1,1/(a + ¢)) as a singular
point. The eigenvalues of Df(Z,y) satisfy AiA2 = ¢ > 0. Therefore, given k1,k2 € NU {0} with
ki + k2 > 0, since A1 and A2 have the same sign we have that ki A1 + kaA2 # 0. Then, in view of
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Theorem 6 we have that system (VI) has no local analytic first integrals and it also has no global
analytic first integrals.

Subcase 2.2.2: ¢ = —a. In this case system (VI) becomes
(35) ¥ =-z+yla-2), o =—yla-a).
Doing the linear change of variables Y = x + y, X = x we obtain that system (35) becomes
(36) X' =—(a+ D)X +a¥Y - XY +X? Y =-X.
Now doing the rescaling (X,Y,t) — (=X, Y, —t) then (36) is
(37) X' =@+1X —aY — XY +X? Y =X,

which is system (45) with B=a+1,C = —a, D=1, E= —1 and F = 0. In view of Proposition
33 we get that system (37) has no global analytic first integrals. Therefore since all the changes
that we made are linear, we conclude that system (VI) with ¢ = —a has no global analytic first
integrals. g

Proof of Theorem 17. The proof of Theorem 17 follows directly from Propositions 26 and 27. O

9. APPENDIX: KNOWN RESULTS

9.1. Known results for the Lotka—Volterra systems. In this subsection we introduce the
results of [3] concerning the Lotka—Volterra systems that we will use. Given a 3-dimensional Lotka—
Volterra system

(38) & =a(Cy+z), y=ylz+A2), %=zDBr+y),
which can be thought as the planar projective version of the planar Lotka—Volterra system

we associate to it two equivalent systems if ABC = 0, or five equivalent systems if ABC # 0.
The first two are obtained doing circular permutation of the variables x,y, z and of the parameters
A B,C,ie.,
(z,y,2,A,B,C) = (y,2,z,B,C, A)
and the remaining three cases can be obtained doing the transformation
(2,y,2,A,B,C) — (Bz,Az,Cy,1/C,1/B,1/A),

and the two new transformations obtained from this one doing the above circular permutations. We
say that all these Lotka—Volterra systems are E equivalent. All the results in [3] are stated modulo
these E equivalent classes. To obtain the full classes as we do in the present paper, and since we
work with system (39) instead of (38) we will use the fact that all the Darboux polynomials in the
projective must be homogeneous in the variables x,y, z, for more details see [3].

Proposition 28. For system
(40) o' =2(-Bz+(C-1)y+1), v =y((1-B)z—-y+A)
with A, B,C € R, and setting

- 1 _ 1 _
p=-A-=, q=-B-—, r=—C-

I

oo
Q
| =

the following holds.

(a) It has a Liowvillian first integral if and only if either it has an algebraic curve f = 0 different
fromz =0 and y = 0, or the triple (A, B, C) falls, up to E equivalences to one of the cases
of the following list.

(a.1) If ABC = —1, then f =x — Cy + AC.

(a.2) If B =1 and C = 0, then f = y — A. This case has two additional E-equivalent
systems.

(a.3) Ifp=1,q=1 and r = 1 (and consequently ABC =1), f = A*(Bx —1)?> — 2A(Bz +
1y + v

(a.4) If A = 2 and ¢ = 1, then f = (x — Cy)® — 2C?y. This case has five additional
E-equivalent systems.

(a.5) If (A, B,C) = (=7/3,3,—4/7), then f = —259308z> —1852202y+259308z>+567xy> —
13230zy* — 710012y — 864362 + 324y* + 3024y> 4 10584y + 16464y + 9604.
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(a.6) If (A, B,C) = (=3/2,2,—4/3), then f = 1082 4 6xy® + 180zy — 108z + 8y° 4 369> +
54y + 27.
(a.7) If (A B,C) = (2,4,—1/6), then f = 2162 + 108z%y — 542 + 18zy® — 36zy + y> —
y® + 4y.
a. A,B,C ,— R , then [ = z” + r” + Ty — y° 4+ Y.
81f41§q 2,—8/7,1/3), then f = 216z® + 18922 + 882 343y2 4 686
a.9 , = (6,1/2,-2/3), then f = 9z"y + 122y~ — 144xy + 432z + 4y° — 72y° +
I A C h 2 2 3 2
432y — 864.
(a.10) If (A, B,C) = (=6,1/2,1/2), then f = 3z*y + 24a:y + 1442 — 8y* — 96y — 288.

(a.11) If (A, B,0) = (3, 1/5 —5/6), then f = 1296z* 4 43202° v~ 64802° + 5400z%y* —
189002 y + 3000zy”® — 18000xy® + 27000my+ 625y — 5625y + 16875y* — 16875y.
(a.12) If(A,B, C) = (2,-13/7,1/3), then f = 648z* — 21623y — 252x°y + 1176z — 343y° +

686y°.
(a.13) If (A, B,C) = (2,2,2), then f = x> + 2y* — 3zy + .

(a.14) If (A, B,0) = (2,3,-3/2), then f = 8z + 16zy — y* + 4y* — 4y.

(a.15) If (A, B,C) = (2,2,-5/2), then f = 8z° — day”® + 24zy + y* — 6y° + 12° — 8y.
(a.16) If (A, B,C) = (- 4/3 3,—5/4), then f = 57622 +864xy—384x427y>+108y>+144y+64.
(a.17) If(A,B,C) = (— 9/4,4,—5/9), then f = 4199042 42799362y —3149282>+155522y° 4

699841y + 78732x — 256y* — 2304y> — T776y> — 11664y — 6561.

(a.18) If (A, B, C) = (—3/2,2,—7/3), then f = 32422 4 72xy* +864xy — 324x + 16y* +96y> +
21612 + 216y + 81.

(a.19) If (A, B,C) = (—5/2,2,—8/5), then f = 1250002 —50002>y*4-2250002>y—1875002> —
1600zy* — 6000zy> + 15000zy? 4 87500xy + 93750z — 643 ° — 960y° — 6000y* —20000y° —
37500y% — 37500y — 15625.

(a.20) If (A, B,C) = (—=10/3,3,—7/10), then f = 81000000z +64800000z>y —108000000> —
2430002y + 3240000z%y> + 29700000z%y + 5400000022 — 97200zy* — 1296000zy> —
6480000xy? — 14400000xy — 12000000z + 729y° + 14580y° + 1215004* + 540000y> +
1350000y + 1800000y + 1000000.

(a.21) If (A,B,C) = (=2l +1)/(21 = 1),1/2,2), | = 1,2,.... In this case the degree of f is
unbounded and it is not easy to provide the explicit expression of f.

Cases (a.5) to (a.21) provide siz E-equivalent systems, with the exception of case (a.183)
which provides only two E-equivalent systems.
(b) It has a global analytic first integral if and only if A = —p/q, C = 14p1/q1, B = qq1 /(p(p1+
q1)) with p,q,p1,q1 € N and pp1 — qq1 > 0, then

)PPI —4q4q1 .

H = 2" y™ (pp1 + pgr — gz + pray + a1y
Proposition 29. For system
(41) ¢ =x(Az+By+C), y =Dy’
with A® + B? + D? £ 0, the following holds.
(a) It has a Liouvillian first integral. If D # 0 it has the exponential factor exp(1/y). If D =0
then y is a first integral.
(b) It has a global analytic first integral if and only if:
(b.1) D =0 and the first integral is y; B
(b.2) A= B =0 and the first integral is x'P
(6.8) A=0B>0and D <0 and the ﬁrst mtegml sy /ac ;

(b.4) A=0 B <0 and D > 0 and the first integral is xD/yB

Proposition 30. For system
(42) 2 =Dz, y =y(Az+By+0C)
with A® + B? + D? # 0, the following holds.
(a) It is Liouvillian integrable. If D # 0 it has the exponential factor exp(x). If D = 0 then x
is a first integral.
(b) It has a global analytic first integral if and only if:
(b.1) D =0 and the first integral is x; o
(6.2) D >0, B=C =0 and the first integral is eiA yD
(b.3) D <0, B=C =0 and the first integral is e "y~ ;
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(b.4) D/C = —p/q with p,q €N, B =0, and the first integral is e“iqz/équp.
Proposition 31. For system
(43) ' =z(Az + By), ¥ =yz+y).
The following holds.

(a) It is a quadratic homogeneous system and consequently it is integrable. If A # 1 and B # 1
then the fzmctum 2y((A — 1)z + (B — 1)y) is the inverse of an integrating factor of the
system. If A = B =1 then the straight line x +vy = 0 is given by singular points. So, in
R*\{z+y= O} the system has the first integral H = x/y.

(b) It has a global analytic first integral if and only if (A,B) # (1,1), A—1, (1 — B)A

— A have the same sign with A, B € Q. Then H = x!*yle0=I((q — 1)z — (b—1)y)I*~

Proposition 32. For system
(44) ¢ =x(Az+ By+1), ¢ =ylz+y)
The following holds.

(a) It has a Liouvillian first integral if and only if:
(a.1) B =0 and it has the invariant straight line Az +1 =0 if A # 0, and the exponential
factor exp(z) if A =0.
(a.2) If B# 0 and A =1 it has the integrating factor 1/(zy?).
(a.8) If (A, B) = (1/2,—1) then it has the invariant algebraic curve vy + 14+ 22/4 = 0.
(a.4) If (A, B) = (1/2,1/2) then it has the exponential factor exp((2 + x)*/y).
(b) It has no global analytic first integrals.

9.2. Known results for quadratic—linear polynomial differential systems. We consider the
system

(45) &' = Bx+ Cy+ Da® + Exy + Fy?, o ==
It was proved in [13] the following result.

Proposition 33. The quadratic-linear polynomial differential systems (45) having a global analytic
first integral H are the following ones.
(a) Systems (45) with E = ? = F =0 andCE # 0 having H = Q + Ex)? exp(E?y? 2E_’§7).
(b) Systems (45) with B =E = F = 0 and CD # 0 having H = (C+2C Dy+2D?*x?) exp(—2Dy).
(c) Systems (45) with E = B =0 and F # 0 having

H = (2F(CD + F) + 4D’Fx* + 4DF(CD + F)y + 4D’ F*y*) exp[—2D(y + C/(2F)))].
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