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Abstract

We apply the Darboux theory of integrability to polynomial ODE’s of dimension 3.
Using this theory and computer algebra, we study the existence of first integrals for the
3—dimensional Lotka—Volterra systems with polynomial invariant algebraic solutions
linear and quadratic and determine numerous cases of integrability.

1 Introduction

In this paper we are concerned with the 3-dimensional Lotka-Volterra [1,2] system (LV3),
having first integrals formed with linear and quadratic polynomials. The LV3 is

& = x(a1 + by1x + boy + b132) = Pi(x,y, 2),
Y = y(ag + ba1x + bagy + bo3zz) = Po(x,y, 2), (1.1)
z = z(az + b31x + baay + bzzz) = Ps(z,vy, 2),

where the overdot means time derivative. This system typically model the time evolution
of conflicting species in chemistry and biology [3], where the linear terms a; (also called
Malthusian terms) denote growth (or decay) rates of each species independently of the
others; the self-interactive terms, also called Verhulst terms (b;;) represent the control
on over-population of each of the respective species (such as cannibalism or depletion of
resources), and the cross-interactive terms (b;;,7 # j) represent inter-species interactions
(such as predator-prey). It has been extensively studied, starting with the pioneer works
of Lotka [1] and Volterra [2], in the case where all the Verhulst terms vanish. Then in
three dimensions the essential parameters reduce to only 6. A detailed study of this case
can be found in Ref. 4

There are many other natural phenomena modeled by (1.1), such as the coupling of
waves in laser physics [5], the evolution of electrons, ions and neutral species in plasma
physics [6]. In hydrodynamics, they model the convective instability in the Bénard problem
[7]. Similarly, they appear in the interaction of gases in a background host medium [8].
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In the theory of partial differential equations they can be obtained as a discretized form
of the Korteweg-de Vries equation [9]. They also play a role in such diverse topics of
current interest as neural networks [10], biochemical reactions etc. The systems interest
became crucial after the work of Brenig and Goriely [11,12] wherein they prove that a
large class of ordinary differential equations implied in various fields of physics, biology,
chemistry and economics, can be transformed into a Lotka-Volterra of greater order using
a quasimonomial formalism. In the context of plasma physics, all the nonlinear terms
represent binary interactions or model certain transport across the boundary of the system.

In solving for the LV3, it is worthwhile to know, given a set of initial conditions, what
its long-time asymptotic behaviour will be or whether stable periodic solutions exist. The
existence of stable periodic orbits would be rather important for experimentalists wishing
to obtain and maintain a stable oscillatory state. Since in general the solutions of the
LV3 cannot be written in terms of elementary functions, the two questions of asymptotic
behaviour and the existence of periodic orbits are rather hard to answer. Nor it is easy
to explore the general solution using numerical schemes since one has to prescribe all
the parameters of the LV3 in terms of real numbers. It will then be of most interest
to possess constants of the motion, which, as such, contain the trajectories, and permits
the localisation of the solutions or find the asymptotic state. Particularly, if a three-
dimensional dynamical system admits a constant of motion, then the phase space is foliated
into two-dimensional leaves and therefore certain types of irregular orbits cannot occur. In
some cases it is even possible to find for a given three-dimensional dynamical system two
functionally independent constants of the motion. Then the orbits are the intersections
of two-dimensional flow invariant solutions and therefore nonchaotic. (Indeed, chaotic
behaviour is associated with nonintegrability of the dynamical system.) In fact, obtaining
a constant of motion corresponds to a partial integration and is interesting both from an
analytical and numerical point of view. In this last point of view, obtaining a constant of
motion is equivalent to reducing by one unit the dimension of the phase space. Since in
nonlinear problems we are usually interested in a full exploration of initial conditions, any
reduction of the dimension corresponds to a dramatic saving of numerical computation.
Moreover, the existence of a constant of motion provides a welcome check of the numerical
scheme with respect to its accuracy and stability.

To introduce the adopted terminology, we must note that a constant of motion may
be time-dependent. Usually this time-dependency appears in an exponential form [13,14].
Some authors [14] use the name of invariants, name which they apply regardless of the type
of constant of motion. As here we are concerned only with time-independent constants
of motion, we will keep for them the more usual name of first integrals. Much research
effort has been devoted to the problem of finding time-independent and time-dependent
constants of motion for hamiltonian and nonhamiltonian ordinary differential equations.
The reason is that except for some simple cases, this problem is very hard and no general
methods to solve it are known up to now. Nevertheless several approaches were developed
in the last years, thanks to the use of computer algebra facilities. The most important
among them being: specific ansatz for a invariant [13-16], singularity analysis [17,18], the
Lie symmetry method [19,20], the linear compatibility analysis method [21,22], rescaling
method [23,24] and the Darboux method [25-28]. Among the first mentioned methods
one can cite the Carleman embedding procedure [13], the generalised Carleman [14] and
the Hamiltonian methods [15,16]. Although they differ in the details of computation, all



Integrability of the 3D Lotka-Volterra System 513

these methods are based on an a priori hypothesis on the form of the invariant or the first
integral H.

In 1878 Darboux [25] showed how can be constructed the first integrals of planar poly-
nomial ordinary differential equations possessing sufficient invariant algebraic curves. The
Darboux method is based on the possibility of writing the invariant ( or at least an inte-
grating factor) as the product of different algebraic functions f; raised at a given power \;.
It is on the form of these functions f; that it is introduced an Ansatz. The f; are deter-
mined straightforwardly identifying to zero the coefficients of a polynomial expression in
x,y, z . In that sense the Darboux method is not so different from some of the others cited
above. Nevertheless the experiance shows that we have somehow divided the difficulties
of the unavoidable identification. Typically the number of equations obtained is greater
than the number of unknowns. In order to satisfy the whole system of algebraic equations
we must then introduce some conditions on the parameters describing the system (1.1).
From a physical point of view the rule of the game is to find first integrals with as few
conditions as possible on the parameters of the given system.

Although the Darboux theory of integrability works for real or complex polynomial
ordinary differential equations, we are concerned here with the existence of real first inte-
grals of (1.1) when the parameters a;, b;j; of the system, the three dependent variables z,
y, z, and the independent variable ¢ (the time) are real.

The paper is organized as follows. The main lines of the Darboux theory for three-
dimensional polynomial differential systems are presented in Section 2. The first integrals
constructed using the Darboux theory are build here exclusively with polynomial invariant
algebraic solutions. In Section 3, the Proposition 1 exhibits the linear algebraic solutions
of the LV3. The following sections contain the cases for which at least a first integral
has been found. The cases where the LV3 has a single first integral are considered first,
see Sections 4 and 5. In Section 4, the Theorems 2 and 3 concern the cases where all
the f; are linear and in Section 5, the Theorems 4 and 5 are for the cases where f4 is a
quadratic polynomial, the first being when the conic passes through the origin and the
second when not. In Section 6 we consider the cases of integrability, i.e. the cases where
two first integrals coexist. Theorems 6-10 are when at most one of the first integrals
contain quadratic algebraic solutions and Theorem 11 is for the cases where the two first
integrals are formed with a quadratic algebraic solution. Finally in Section 7 we give our
conclusions.

2 Computational method

The Darboux method is based on the existence of algebraic invariant solutions. Suppose
that we can determine two polynomials f;(z,y,z) and K;(z,y, z) such that
ofi dfi ofi

Yip +%ip
Ox 1+3y 2+62

Py =K;f; . (2.1)

Then equation f;(x,y, z) = 0 describes a surface which is formed by trajectories. It is an
algebraic solution of the system. The polynomial K is called the cofactor of f;.

These f; are going to be the “bricks” with which we will build the invariants. Suppose
that we have obtained ¢ functions f;. Let us consider the following function of the variables
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x,y,z and t
H = Hff" (x,y,z)exp(st) . (2.2)

Taking the total derivative

dH O0OH OH OH OH
=—+—P+ P+ D

At ot | ox dy 0z
q
Ai (Of; Ofi ofi
=H — | =P +—PR+ P 2.3
S+;fi<8x 1+8y 2+8z 3 (2.3)
Imposing that H is an invariant and making use of (2.1), we obtain
q
s+ NKi=0. (2.4)

i=1

The equations in the A; are now linear equations. How many f; do we need? The equation
(2.1) shows that if the system is of degree m, K is at most of degree m — 1 independently
of the degree of f;. So, the left hand side of (2.4) is a polynomial in z,y,z of degree
at most m — 1 with a total of (m + 2)(m + 1)m/6 terms. Consequently (2.4) produces
(m +2)(m + 1)m/6 equations where the unknowns are the \;. We see from (2.4) that if
we allow s to be different from zero the system of equations in the A; is inhomogeneous,
and we need ¢ = (m + 2)(m + 1)m/6. If we want a first integral, then s = 0 and the
system becomes homogeneous and we need a priori either a new f;, or a new condition by
imposing that the determinant of the system of equations in the \; is zero. This will be
the case here where we are concerned with first integrals exclusively. The required number
of \; in order to have first integrals is then ¢ = (m + 2)(m + 1)m/6 + 1. However, if it
exists a solution with ¢ = (m + 2)(m + 1)m/6, then a first integral exists. In fact, all
the first integrals presented here are with this value of ¢ (Theorem 3 is for first integrals
having a quadratic algebraic solutions which factorize to linear ones). We see that the
possibility of solving for the A; in the system deduced identifying to zero the coefficients of
the polynomial on z,y, z deduced from equation (2.4) depends on the conditions we put
on the coefficients of (1.1). We should not forget that some conditions come from equation
(2.4) and others from equation (2.1).

We make a comment on the number of conditions on the system parameters in order
to obtain a first integral and its variation with the degree of the invariant solutions tested.
For the existence of invariant solutions of higher degree we require a larger number of
conditions than for solutions of smaller degree. At least this is what happens for degrees
one to three. For higher degrees one can get a saturation as this is what happens in 2d
(see Ref 29). It turns out that the most interesting cases (i.e. the cases with a not too
high number of conditions) will be obtained using straight lines and conics as invariant
solutions for Lotka—Volterra and quadratic systems.

In the case of system (1.1), m = 2 and in this paper we take ¢ = 4. As the axes are alge-
braic solutions, the problem of invariant search is reduced to the determination of only one
algebraic solution i.e. f; = 0. Moreover fy4 is taken here as polynomial of degree at most
two, namely f4 = (77)) where 77 is a vector of dimension 10 and with components 1 or 0
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and f avector of components ( fooo, f100%, fo10¥, foo1 2, foo02>, f1102Y, frora2, foroy?s forryz,
foo22?).

The results presented here are given modulo the three-dimensional Lotka-Volterra sys-
tem equivalences. This is because we can associate to a given LV3 (1.1) five equivalent
three-dimensional Lotka-Volterra systems. The first two are obtained doing circular per-
mutation of the variables x,y,z and of the parameters a; and b;;, next three systems
Vb;; # 0 are obtained doing the transformation

(x, y, 2z, a1, a, az, b1, biz, bz, bar, b, bz, b3, b3z, b33) —
(x, 2z, y, ai, as, az, b1, bz, bia, b3, b3z, baz, bar, baz, ba),

which keeps invariant the system, and the two others obtained doing circular permuta-
tion of variables and parameters. We say that all these Lotka—Volterra systems are F
equivalent. All the results of this paper are stated modulo these E equivalences.

Table 1. Definition of the terminology used for the first integral conditions.

na. | definition na. | definition
a; | a 55 | bik — bjr — b
Cij | ai —aj iz | bik + bjk — brx
C;j a; — 2aj Z;/J 2bzk — bjk — Qbkk
Célj a; + a; Z;/J/ 2b;5 — bjk — brk
cif | ai+2a; j” bir + bjr — 2bik
Vijk | @i +aj +ag ]” bix, + bjr — 4bgy
Ugjk a; + a; — ag j” 2b;1 + bjk — 4by,y,
ik | @it aj = 2ak | mij | bii(bij — bj;) — (bij — 2b55)(bji — bis)

vl | @it aj+2ak | ng; | (b — bj5)(bri — bi) + (bij + by — 2b55) (bji — bii)

ij

Wik | 2a; + aj + ag n;’J bii(bij + b — 3bj;) — bri(bij — bjj)

w;jk 2ai + aj — ak n{L/]/ 3b”bﬂ + bﬂbk] bu(blj + bk]) bjj(bji + bki)
b

wly | 2a; —a; — ag, niY | (bi; — bjj)(bei — 2bi;) — bj;(bji — bis)

ijk ij

w;;lk ai +2(a; + ax) | oiji | (bi; — bJ])( bkk)(bm - bu) (bjs — bis) (b — bj;)(bir — brk)
bi | bi Pij | 2bii(brj — ]J) +bj;(bji — bis)

dij | bij = bjj péj 2b;;b;5 — bij(bri + bii)

di; | 2bij — bj; Py | bribrj — 2bi5(2bg; — bjs)

dij | bij = 2bj; P;/]’ biibkj — bri(brj — bjj)

€ij | bij +bjj Py | 2b4i(bij — byj) + by (bri — bii)

€ij | 20i + by Gij | bijbiibir + bjibj; (b — 2bgi)

e | bij +2bj; aij | biibir(bij — bjj) + bj;bjr(bji — bii)

gij | bik — bjk @ | buabj;(ber + bj) + 2bki(bi; — 2bj;)

9ij | bik = 2bji @7 | bisbyj(bri — 2bi;) — (bry — 2bj;)(bji — 2bi;)
9ij | bik + b rig | @ibjj(bji — bii) + a;bii(bi; — bjj)

g;;/ bix + ijk T;j ajbij — (ai =+ 2aj)bjj

hij | biibkj = bjjbri | 735 | a;bi; — (ai+ a;)bj
h/~ biibkj — bjjbji 7‘,2/]-/ 2aibji — ((li + aj)bii

kij ajbij — aibjj T‘;’;} aibjk — a]‘(bik + Qb]k)
kij | ajbij + aibjj sij | ajbi; — (@i +a; + ax)bj;
lij aibjk — ajbik S;j 2ajbij — (ai + 2a; + ak)bjj

i | aibjr+aibie | si; | (@i +2a;5)bj; — a;j(bij + brj)

mi; | azbi; + agbj; sii | (aibji — ajbii)(bj — bj5)(bjk — bik) + @ibii(bjxbr; — bjjbik)
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3 Invariant algebraic solutions

In this section we study the invariant algebraic solutions of the LV3 systems of degree
at most 1. Thus, in Proposition 1, we present the invariant planes (invariant algebraic
solutions of degree 1) together with their cofactors, and the conditions for their existence.

Proposition 1. An LV3 has an invariant plane f = 0 with cofactor K in the following
cases, modulo the E equivalences, using the notation defined in Table 1

(1) f=z=0 with K = b1z + bioy + b132.
(2) If bja = bi3 = 0 and a1b1; # 0, then f = a1 +bjijx =0 and K = byyz.

(3) If a1 = ag, biz = bas and dyada; # 0 then f = (bay — b11)x — (b12 — ba2)y = 0 and
K =a; + b1z + baoy + bi3z.

(4) If a1 = ag = a3, 0123 = 0 and di2da1dizds; # 0, then f = (ba1 — b11)(b31 — bi1)z —
(b12 — b22)(b31 — b11)y — (b13 — b33)(ba1 — b11)z = 0 and K = a; + bi1x + baoy + b3zz.

(5) If 19 = Trog = T3l — 0 and a1a2a3b11b22b33 7é 0, then f = aiasa3 + a2a3b11$ +
arazbaoy + ajazbszz = 0 and K = by1x + baoy + b3zz.

(6) If b13 == b23 =T12 = 0 and a1a2b11b22 7& 0, then f = aiam + agbnx + albggy =0 and
K = by + baoy.

(7) If ag = bzz = 112 = 0123 = 0 and a1azbi1bay # 0, then f = (b31 —bi1)(araz+azbiz —
Cleng) - agbllblgz =0and K = b11$ + b22y.

(8) If ag = bag = b13 = bz = 0 and a1by1biaday # 0, then f = (b1 — b11)(a1 + byiz) —
b11b12y =0 and K = blll‘.

(9) If az = a3z = bay = b3z = 0123 = 0 and a1b11b3aday # 0, then f = bza(ba1 — b11)(a1 +
bnx) - bnblg(bggy - b232’) =0 and K = bllx.

(10) [f as? = az — 622 = 633 = 523 = 632 =0 and a1b11d21d31 7& 0, then f = (bgl -
b11)(b31 — b11)(a1 + brix) + bi1[bi2(bi1 — b31)y + bi3(bi1 — b21)2z] = 0 and K = byix.

(]1) If as = a3 = by = b3z = b1o = b3s = 0 and a1b11d31 75 0, then f = (b31 — b11)(a1 +
bnx) - 6111)132’ =0and K = buw.

(12) If az = ag = bay = b3z = bia = do1 = 0 and a1bi1bazbsads # 0, then f = baz(bz —
bu)(al + bnx) + bllblg(bggy — bzgz) =0 and K = bnx.

Proof. The proof is obtained finding both the linear f and K satisfying equation (2.1).
So doing, we introduce in (2.1) the general form for f and K, namely f = fooo + fi00® +
foroy + foo1z, K = kooo + k100 + ko10y + koo12. The problem consits then in the evaluation
of the coefficients of f and K by solving the algebraic system obtained identifying to zero
the coefficients of the polynomial in x,y, z which results after this introduction of f and
K in (2.1). The number of equations of this algebraic system is usely greater than the
number of the unknown coefficients of f and K. In order to satisfy the entire system of
algebraic equations, it is necessary then to introduce the conditions on the parameters of
the differential system (1.1), which appear in the different statements of the theorem. W
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4 First integrals formed with linear invariant algebraic so-
lutions

In this section we apply the Darboux method to deduce first integrals obtained with linear
polynomial algebraic solutions.

Theorem 2. Let fi = x, fo =y and f3 = z. If a LV3 has a fourth algebraic solution
f1 =0 of degree 1, then using the notation defined in Table 1, we can establish the following
statements
(1) If the LV3 satisfy to the conditions det (b;j) =0 and s = Z?:l a;a; = 0, where the a;
are any non-trivial solution of (b;;)T (cv;) = 0, then the function |x|*|y|*2|z|*3 is a first
integral.
(2) If the conditions c12 = cog = 0123 = 0 are satisfied and diadoidyizdsy # 0, then the
plane f4 = ¢ = (ba1 — b11)(b31 — bi1)x — (b12 — ba2)(b31 — b11)y — (b1z — bs3)(b21 —b11)2 =0
is an algebraic solution of the LV3 and a first integral | fi|**|f2|*2|f3]|*3 f4 exists, the oy
being defined as solution of the system (bi;)T (cv;) = — diag(bij).
(3) If the conditions c1a2 = g12 = ki3 = 0 are satisfied and dyador (|b11] + |ba1| + |bs31]) # O,
then the plane fy = (bo1 — bi1)x + (baa — bi2)y = 0, is an algebraic solution of the LV3
and a first integral | fi|M| f2|2| f3|3| f4]M emists with Ay = (ba1 — b11)(b13bs2 — baszbaz), A2 =
(b12 — b22)(b13b31 — b33b11), A3 = b13(b12 — b22)(b11 — ba1), A = b13[b32(b11 — b21) + b31 (b2 —
bi2)] + b33(b12ba1 — b11b22).
(4) If the conditions b3 = bag = r12 = 0 are satisfied and ajazbi1boadiada; # 0, then,
the plane fi = a1as 4+ asbi1x + a1bey = 0, is an algebraic solution of the LV3 and a first
integral |fl|/\1|fz|)‘2f§‘3|f4|)‘4 exists with A1 = baa(ba1 —b11), A2 = b11(b12—b22), A3 = 0, Ay =
b11b22 — b12boy.
(5) If the conditions r19 = T93 = T3] = a1a3b11b22d23 + a1a2b22b33d31 + a2a3611533d12 =0
are satisfied and ayasaszbi1baobss # 0, then the plane fi = ai1asas + asasbi1x + a1azbooy +
ajagbssz = 0 is an algebraic solution of the LV3 and a first integral |f1]|*]f2]|*2| f3|*® fa
exists, the a; being defined as solution of the system (bi;)T (ay) = — diag(bs;).
(6) If the conditions bis = bag = d12 = do1 = 0 are satisfied and ajasciz # 0, then, the
plane fy = ai1ao + asbi1x + a1bsoy = 0, is an algebraic solution of the LV3 and a first
integral \f1|>‘1]f2|>‘2f§‘3|f4\/\4 exists with A\ = as, Ao = —a1, 3 = 0, \g = a1 — as.
(7) If the conditions ag = big = bag = bag = 0 and by1biabo1day # 0, then the plane
fa = (ba1 — b11)(a1 + biix) — biibioy = 0, is an algebraic solution of the LV3 and a first
integral fM| 2122 £33 fa|M emists with Ay = 0, A = —b11, A3 = 0, Ay = bay.
(8) If the conditions bia = biz = baa = bas = 0 are satisfied and aibi1ka; # 0, then
the plane fy = a1 + bi1x = 0, is an algebraic solution of the LVS and a first integral
| f2 X2 £228 | fal emists with A = asbi1, A2 = —a1bi1, A3 = 0, \g = arbar — asby;.
(9) If the conditions csy = bia = b1z = dbhg = diy = iy = 0 are satisfied and a1byy # 0,
then the plane fy = a1 + bi1x = 0, is an algebraic solution of the LVS and a first integral
M 2)‘2f3A3 M exists with \; = 0, g = —2,A\3 = 1, Ay = 1.
(10) If the conditions vhsy = bia = b1z = ea3 = ez2 = joz = 0 are satisfied and a1byy # 0,
then the plane fy = a1 + bi1x = 0, is an algebraic solution of the LVS3 and a first integral
2 fa3 f emists with A = 1, g = —1, A3 = —1,\g = 1.
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(11) If the conditions chs = bia = b1z = ea3 = esa = joz = 0 are satisfied and a1biy # 0,
then the plane fy = a1 + bi1x = 0, 4s an algebraic solution of the LVS and a first integral
f‘lf2’\2f§‘3 M exists with \; = 0,y = —1,A\3 = —1, A4 = 2.

(12) If the conditions cas = bia = by = bag = bsz = d31 = dsa = 0 are satisfied and
a1bi1dsy # 0, then the plane fy = a1 + b1z = 0, is an algebraic solution of the LV3 and a
first integral fi*|f2 2| £ fal™ ewists with \i = 0, 2 = bi1, A3 = —b11, Aa = bi1 — bay.

(13) If the conditions c31 = chy = bia = b1z = do1 = d31 = dby, = dfy3 = 0 are satisfied and
a1bi1 # 0, then the plane f4 = a1 + b1z = 0, is an algebraic solution of the LV3 and a
first integral f{\1f2sz?;\3 ;\4 exists with Ay =0, Ao =1, A3 = =2,y = 1.

(14) If the conditions c12 = ¢, = big = baz = bz = e31 = ez2 = 0 are satisfied and
dyodo1 # 0, then the plane fq = (ba1 — bi1)x — (b1 — bag)y = 0, is an algebraic solution of
the LVS8 and a first integral ff‘l 2>‘2f3)‘3 2‘4 exists with Ay =0, Ao =0, A3 =1,y = 1.

(15) If the conditions c1a = ¢y = b1 = b1z = bag = baz = b3y = bz = g13 = 0 are satisfied
and biabo1 # 0, then the plane fy = bo1x — bioy = 0, is an algebraic solution of the LV3
and a first integral fl)‘lfQ)‘ng\i” 24 exists with Ay =1, =0, A3 = -1,y = 1.

Proof. The cofactors of fi, fo, f3 are K1 = a1 + bi1x + bioy + b3z, Ko = ag + bo1x +
baoy + besz, K3 = a3 + b31x + by + bssz respectively. Statement (1) use only these three
algebraic solutions. For the other statements, it is easy to check, that under suitable
assumptions, fy = 0 is an algebraic solution of the LV3, i.e. that f; verifies eq (2.1)
where K, the cofactor of f; takes the values Ky = 0 for statement (1) where f4 = 1,
Ky = a1 4 b112 + bogy + bssz for statement (2), Ky = a3 + b11x + baoy + b132 for statements
(3),(14) and (15), K4 = bi1x + by for statement (4), Ky = bz + bay + bssz for
statement (5), K4 = bjjz for statements (7) — (13). We note that fs is the algebraic
solution of Proposition 1(1) for statement (1), of Proposition 1(4) for statement (2), of
Proposition 1(3) for statements (3),(14) and (15) of Proposition 1(6) for statements (4)
and (6), of Proposition 1(5) for statement (5), of Proposition 1(8) for statement (7), of
Proposition 1(2) for statements (8) — (13). Hence to each statement corresponds a first
integral |2/ [y 23] fy . .

We must mention that statements (1)—(5) are, respectively, the invariants I, II, II’, IIT’
and III of Cair6 and Feix [14] obtained using the Carleman method (with the additional
condition s = 0 for statements (1), (3) and (5). Note that statements (2) and (3) with
a1 = as = az = 0 concerns the ABC system when by; = bys = b3z = 0 (see for instance
Ref. 22). With these additional conditions statement (2) concerns an integrable system
(Theorem 6(22)).

Theorem 3. The LV3 has a first integral |f1|*] f2|22| £33 2| f5|* formed with the
coordinate azes fi = x, fo =y and f3 = z and two other algebraic solutions f4 = 0 and
f5 =0 of degree 1 in the cases described by the following statements

(1) If the conditions caz = b1y = ba1 = bag = b31 = 0 are satisfied and c13b22b33(a1b22b33 +
a3(b13(bz2 — baz) — bi12b3z)) # 0, then fi = a3z + by and f5 = (b32 — baa)y + b33z and
A1 = a3bsz3 (b3 —2b22), A2 = (b32 — 2b22)(azb13 — a1bsz), A3 = a1bazbsz — az(bi2bzs — b13b22)
and Ay = —a1baebsz + az(b12b33 + b13baz — b13b32).
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(2) If the conditions ca3 = bia = b1z = gog = s = 0 are satisfied and a1bi1dsakar # 0,
then fi = a1 +bnz and f5 = (bs2 — ba2)y — (b2z — b33)z and Ay = az(bzz — baa)(b23 — b33),
Ay = a1bzz(bs2 — baz), A3 = a1baz(bag — b33), Ay = a1(bazbzz — bazba2).

(3) If the conditions bia = b1z = r12 = 123 = r31 = 155 = 0 are satisfied and ajazazcazbiibaobss #
0, then f4 = a1 + bi1x and f5 = ajasas + agaszbiix + aijasbooy + aiagsbszz and Ay = 0,
)\2 = 2a3/(a2 — ag), )\3 = —2&2/(&2 — ag) and )\4 =1.

(4) If the conditions ca3 = ga3 = hag = plg = r12 = 123 = 0 are satisfied and b11b12b13b22b33 #
0, then f4 = booy + b33z and f5 = (a1 -+ b11$>(b21 + b11) 4+ b11booy + b11b332z and A\ =
*(b21 + bll)/bll; )\2 = )\3 =0 (]/I’Ld )\4 =1.

(5) If the conditions cag = big = b1z = bay = dbys = gog = sy = 0 are satisfied and
a1b11b23b32 7& 0, then f4 = a1 + b1z and f5 = b32y + 5232 and \1 = a2/a1, Ay = —2,
A3 =0 and Ay = 1.

(6) If the conditions as = c4y = bia = b1z = bag = bg1 = do1 = dy3 = 0 are satisfied and
arasbiy 75 0, then f4 = a1 + brixz and f5 = a1 + bi1x + 2b32y + bszz and A\ = A3 = 0,
Ao = —2 and \q = 1.

(7) If the conditions as = az = bia = b1z = baz = bsa = do1 = g23 = 0 are satisfied and
a1b11b22bss # 0, then fy = a1 + b1z and f5 = booy — bszz and A1 =0, Ao = A3 = —1 and
M =1.

(8) If the conditions ag = az = big = big = b3z = dsy = do1 = go3 = 0 are satisfied and
a1b11b23b39 75 0, then fy = a1 + b1z and f5 = b3oy + bogz and Ay = Ao =0, A\3 = —2 and
N =1.

Proof. The first integral can be written as |fi|*|f2|2|f3]3|f|* with f = fufs. The
cofactors of fi, fo, f3 are K1 = a1 + b1z + bioy + bizz, Ko = az + ba1x + baoy + b3z,
K3 = a3 + b31x + b3oy + b33z respectively. Now it is easy to check that for statements
(1), (2), (5)-(9) fa and f5 are the algebraic solutions of Proposition 1 (2) and (3), for
statement (3) fi and fs5 are the algebraic solutions of Proposition 1 (2) and (5), for
statement (4) fi and f5 are the algebraic solutions of Proposition 1 (3) and (5) and
for statement (5) fi and fs5 are the algebraic solutions of Proposition 1 (2) and (7).
Consequently f = 0 is an algebraic solution of the LV3, i.e. f verifies eq (2.1) where
K, the cofactor of f takes the value K = a3 + 2b11x + 2booy + 2b33z for statement (1),
K = az+(ba1 +b11)x+booy+ b33z for statement (2), K = 2by12+booy+ 2b332 for statement
(3), K = a1 (bo1+b11)/b11+ (b21+b11) T+ 2baoy+2b33 2z for statement (4), K = 2b112+ 2baoy
for statement (5), K = ag + bij1x + 2booy for statement (6), K = 2by112z + booy + bzzz for
statement (7) and K = 2bj1z + boay for statement (8). For each statement, a solution
of system A1 K1 + M Ko 4+ A3K3 + A\ K = 0. Hence to each statement corresponds a first
integral 2 [y 2]z | £ 5. .

The next two theorems concern LV3 systems having one first integral alone of type
|z| My |*2| 2|23 | f4)™ with f; quadratic. These cases are characterized by n conditions
among the parameters of the systems. The expression of all the corresponding first inte-
grals are available in the e-mail address: “lcairo@labomath.univ-orleans.fr”. To prove each
statement one must simply apply (2.1) to obtain f4 and its corresponding cofactors Ky
and compute the \; from the equation A1 K7 + Ao Ko+ A3K3+ M\ K4 = 0, where K7, Ko, K3
are the cofactors above mentioned for the coordinate axes, i.e. K1 = a1 +b11x+b12y+b132,
Ko = ag + b1 + baoy + bazz, K3 = a3 + b1z + b3y + b33z.
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5 First integrals with f, quadratic
Theorem 4. Let fi1 = x, fo =y and f3 = z. If a LV3 has a fourth algebraic solution,
f1 = 0 of degree 2 passing through the origin, then a first integral | fi|™ | f2| 2| £33 | f4|

can be obtained when the conditions given in Table 2 are fulfilled.

Table 2: First integral conditions of Theorem 4.

st. v n | conditions =0 conditions # 0
(1) (0000011111) 4 C1g = C31 — n’23 = g32 = 0 d12d13d23j13
(2) (0011000111) 4 Co3 = b31 = b21 = No3 = 0 b22b33d23d/2/3d32dg2
(3) (0001010010) 5 ’()/123 = b23 = i32 = g31 = k21 =0 (1)

(4) (0001101001) 5 6{31 = b12 = b22 = b32 = N3 = 0 (2)

(5) | (0000111111) | 5 | a1 = as = as = nfy = nhy =0 )

(6) | (0000001111) | 5 | a3 = ay = ag = i} = nhs =0 *)

(7) (0011001111) 6 C3g = bgl = €31 — ngg =713 = T93 = 0 a1a2a30/1/2b22b33
(8) (0011011001) 6 Co3 = b12 = b13 == d/32 = g23 =731 = 0 blldggdgl

(9) (0011001100) 6 Co3 — b13 = b21 = dl23 — €31 — j31 =0 ala203012b12b33
(10) (0011010110) 6 Co3 — b21 = b23 = d13 = d31 =712 = 0 b13b22d12

(11) (0011001110) 6 C3p = b23 = b21 = b13 = €31 — 8/1/2 =0 a1a2a3d32

(12) (0011111111) 6 8/21 = C23 = N12 = T23 = N31 = g32 = 0 b11b22b33d23d32dé’1
(13) (0001111111) 6 C12 = CgQ = d12 = MN23 = N31 — d21 =0 (5)

(14) (0001111111) 6 Cl12 — 0/32 = Na23 = N31 = n’21 = 'ﬂ,/13 =0 blgblgbggdggdgl’i;;l
(15) (0001011111) 6 Cl2 = 0/32 = 0123 = N23 =731 = (32 = 0 b21b22b33d/13d/213
(16) | (0011101001) | 6 | ¢y = ca3 = d}jy = g31 = 91 = n31 = 0 bssd!lsdlsgh,
(17) (0011110100) 6 6/21 = C23 = dgl = d/13 =021 = N12 = 0 bggdgldgzgél
(18) (0011111111) 6 Co3 = 6/21 = MN12 = N31 — 0123 = N23 — 0 b22b33d32dg2d/1/3
(19) (0001010111) 6 Cio = C/31 = b31 = €21 = N23 = TL/32 =0 b12b13d12i31
(20) (0001011110) 6 Cl2 — 6/31 = b13 = b23 = (g32 = n'l’é =0 b11b33d21d32d/3/2
(21) (0001111001) 6 Cip = 02/31 = b13 = b23 = g31 = nlfé =0 b22d21d31dé’1
(22) (0001110110) 6 C1g = C/31 = (323 = gl = d/13 = n’12 =0 b13d32dg29é1
(23) (0001111100) 6 C12 = Cgl = b13 = d/23 = ’/L/12 =T32 = 0 b12d31dglgé2
(24) (0111000011) 6 C12 = C23 = b32 = d’21 = dél = TL/QIB =0 alagagdlllgdgzg
(25) (0001010110) 6 Cl12 — 0/32 = b23 = d12 = d21 = gé2 =0 b13b33d13dg2
(26) (0001011100) 6 Cl2 = 0/31 = b13 = dl23 = de =032 = 0 b11b12b21d21
(27) (0011101000) 6 CI21 = C23 — b13 = d/12 = d/gll =031 = 0 b23b33d23dg1
(28) (0011111000) 6 8/21 = C93 = blg = b13 = g32 = T23 = 0 bggbggdgldgg
(29) (0011111000) 6 8/21 = C93 = blg = b13 = d32 = dgg =0 d21d/2/1d31dg1g23
(30) (0001001111) 6 a; = C{SQ = b11 = Na3 = néz = géQ =0 b12b13b33d13dg2
(31) (0001000111) 6 a; = 6{32 = b11 = bgl = b31 = N3z = 0 (6)

(32) (0001010011) 6 az = C/1/2 = b31 = b33 = €21 = g31 = 0 blgbggbzgdlggilz
(33) (0001000111) 6 Cig = 032 = bll = b21 = b31 = N3 — 0 (7)

(34) (0001101000) 6 C3g = 6/21 = blg = b13 = b22 = b32 =0 (8)

(35) (0001111111) 7 Cio = C/32 = b12 == b22 = d21 = dgg =Nz = 0 bllbggbggd/{?’
(36) (0011010000) 7 Co3 — b12 = b31 = b32 = b33 = €91 — géll =0 a1a9

(37) (0111111111) 7 C12 = C23 = TéS =731 =T921 = 7’:/32 = 71113 =0 a91a2a3b11b22b33
(38) (0011111111) 7 Co3 — 0121 = MN12 = 723 = N31 = 77/21 == n’13 =0 ( )

(39) (0111001111) 7 C1g = C13 = b31 = d/21 = n’23 = TL/1/3 =T33 = 0 b13b22b32652j31
(40) (0001011111) 7 Cio = CgQ = b22 = 0123 = N23 = 1731 = g32 = 0 bggbgggél

(41) (0011101011) 7 0,21 = 0/31 = b32 = d’12 = Ni3 = nél = T921 = 0 b11b12b13b23b31d/3/1
(42) (0011111011) 7 Cl21 — C39 — b12 = b32 — 0123 — N31 = i/Q/3 =0 bggdll/:sdgl

(43) (0011111011) 7 Cl21 = C32 = b12 = b32 = g23 = N31 = n’lg =0 bngglbggdgl
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Table 2: First integral conditions of Theorem 4 (continued).

st. v n | conditions =0 conditions # 0
(44) (0111001111) 7 C12 — C13 — b31 = b32 = d/21 — Na3 — 77,32 =0 b12b13b22b33d/1/2
(45) (0001111111) 7 Cl2 = 0/32 = b11 = b21 = d12 = Ng3 = d’1/3 =0 bglbggdg3

(46) (0111001110) 7 C12 = C32 — b23 = b31 = b13 = d/21 = ]1/3’ =0 a1b11b22b32b33
(47) (0011111010) 7 6/21 = Cgl = b12 = b23 = b32 = b13 = .753 =0 b22d31d/2/1dg1
(48) (0001000111) 7 C12 = CgQ = b11 = b21 = b31 = bzg = /2/3 =0 (10)

(49) (0111011011) 7 C13 = C12 — b12 = b31 = bgl = b32 = n’2’3 =0 b11b33d23

(50) (0010001010) 7 a; = Cg3 — b11 = b32 = d23 = d13 = (g23 = 0 b22d12

(51) (0001011000) 7 ag = C13 = b13 = b22 = b33 =032 = g31 = 0 b11b23d21

(52) (0001000111) 7 a; = 632 = b11 = b21 = b22 = b31 == d/2/3 =0 (11)

(53) (0011001111) 7 o = agz — b21 = b22 = b33 = €31 — 71123 =0 b11b13

(54) (0001101011) 7 a1 = a2 = a3z = N13 = ’fl/13 = (q12 = q/2/1 =0 (12)

(55) (0111001111) 8 C31 — C21 — b13 = b31 = d/21 = 6%2 = TL/12 = n'23 =0 b22b33

(56) (0011101000) 8 Co3 — 6/31 = b13 = b33 = d31 = dl12 =031 = gé3 =0 a1b11b22b23
(57) (0011110100) 8 CI21 = C93 = (313 = b23 = b33 = déﬁ = dgz = N2 = 0 bggdgl

(58) (0001111110) 8 C12 = C/32 = b11 = b13 = b22 = b23 = gl23 = gilé =0 b21b33

(59) (0011001100) 8 a1 = Cg3 = b11 = blg = b21 = b31 = d/23 = j13 = O agde

(60) | (0001101011) | 8 | a1 =ag = a3z = by =dfs =nj3 =nls =phs =0 (%)

(61) (0001111100) 8 a; = ag = az = b13 = d/23 = dgl = de = ’I’L/12 =0 b11b22b12b21
(62) (0111010111) 8 a] — a2 — ag = b21 = d§1 = ]él = N3 — ’I7/23 =0 b22b33d/1/3(d/1/3 — 4b33)
(63) (0001101011) 8 a1 — a2 — as = b22 = b33 = N31 = nél = gél =0 b21b23

(1) arazdyz(diskiz — azbigboz) # 0

(%) b11bsz(a1(2b21b35 — 5bisba1bss + 2b33ba1 + bi1bagbss) — 2a2b11d33) # O

(%) d13dz123(b11° (2 bsa bis +baz bag — 3 bss bsa) — bao by1® diz — b11°ba1 (b32 biz +2 bz byz — 3 bss bsa) +
bi3 b212 b3 dza + 5215312 di3 diy + b112b31(3 bag b33 + 2 bgg bgg — 4 baa b1z — b3a bis) — 1311133317212 d3o +
4b11 basbz1® dis + 211 ba1 by1(2b13 bog — oz bgz — b1z bz2)) # 0

(*) d13513(4 b11 bas d%g*b122b23 d31—b12 bazbs1 (3 bza—4 bag)+b11 bi2 bag (3 bza—4 baa)+b12 bi3 bag bz —
b11 b13(2D32% — b32 baz — 2b2”) — by1 bi2 bz bao — b1z b31dyy(2bsa — 3baa)) # 0

(°) ba1bszdazd!sdsy diysdiaga # 0

(%) baobssdys(bradhsdys + baobisbss) # 0

(") arazazdys(biadysdys + boa(bisbss — 2d33)) # 0
(%) bsadsy (bszdyy — baady;) # 0

(%) baobssd{rdisds; (2012 — 3baz) # 0

(19) arazazbsz(3b1abss + bsadls) # 0

(*") bagbaa(b13bsa 4 3b12bs3) # 0

("?) br1bazdy;(b3sb3s + (413 — 5baz)b3,) # 0

(3) b21bagbss(b3s — bazdas) # O

11
12
13

~— — — —

Theorem 5. Let fi =z, fo =y and fs = z. If a LV3 has a fourth algebraic solution,
f1 =0 of degree 2 not passing through the origin, then a first integral | f1|* | f2| 2| £33 | f4|
can be obtained when the conditions given in Table 3 are fulfilled.

Table 3: First integral conditions of Theorem 5.

st. v n | conditions =0 conditions # 0
(1) (1011000011) 4 7"’23 = b31 = b21 = b32 = 0 agagc’z'g

(2) (1110110100) 5 b13 = b23 = b33 = 7“/12 = ’)"I21 =0 (*)

(3) | (1110100100) | 5 | ¢/, = b1y = bys = d1o = dpy =0 |ay| + |b11] + |baa
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Table 3: First integral conditions of Theorem 5 (continued).

st. v n | conditions =0 conditions # 0
(4) | (1001000111) | 5 | ag = by = bay = b1 = djj3 = 0 a3

(5) | (1111111111) | 6 | k1o =r12 =rhg =74 =15y =113 =0 ajaschhchh

(6) (1111111111) 6 ]{323 = k32 = TIIQ = ’I“él = 7“’21 = 7"/13 =0 a1a2a3023b11b22b33
(7) (1111111111) 6 k‘gg = k?32 = 7“12 =T31 = 7“/21 = 7”/13 =0 a1a2a3b13b22
(8) | (1111111111) | 6 | ksy = ki3 =kbhy =71la =1hg =15, =0 ajazaz

(9) (1011011111) 6 €91 = €31 — 7’/12 = T23 = k32 = 7'/13 =0 a2a36236/1,20/1/3
(10) | (1111000111) | 6 | dfy =dby; =71jg =Ths =15y =713 =0 a1a2a3vhs,

(11) | (1001001011) | 6 | e31 = €32 =g =112 =7j3 =153 =0 asc12Cy5¢hs
(12) (1111001111) 6 b31 = dl21 = k‘23 = k32 = 7“/12 = 7‘/13 =0 a1a2a30/1/3

(13) | (1011001111) | 6 | bay = e31 = rhg = nbhg =14y =1i3 =0 aga3c5cfhv] 59
(14) (1111000011) 6 b32 == d’31 = d’21 =T12 = T93 = T’13 =0 a1a2a30'12

(15) | (1011001001) | 6 | by = djg =1hs = €31 = dsy =7j3 =0 a2a3¢Y 30519
(16) (1011001111) 6 b21 = €31 = T3 = T‘/u = 7‘/13 = ]ﬂ23 =0 a2a30’1'3

(17) (1111001001) 6 b31 = T2 = 7“/23 =T13 = dllg =031 = 0 alagagc’mcg{
(18) (1011010110) 6 b23 = b31 = €921 = 7“/12 = T32 = 5/13 =0 a2a36/1/2wg12
(19) (1011001011) 6 b21 = b32 = €31 — 0123 = TI'23 = ’I"lls =0 a2a361363'3w’2'13
(20) (1111001111) 6 b31 = b32 =731 = T3 — 7“,12 = dl21 = a1a2a3b11b22b33
(21) (1011001010) 6 b13 = b21 = d/23 = €31 = M2 = 7’52 =0 a1a2a3c'1’31)’1’32
(22) (1011011000) 6 b12 = b13 = d23 = d32 = €921 — €31 — 0 agagcggc’l'Qc’l’?,
(23) (1111001011) 6 b31 = b32 = d12 = d21 =713 = 7“53 =0 a1a3a20’2’3

(24) (1111001011) 6 b31 = b32 = T12 = T93 = T13 = 7‘/1/5 =0 a1a3a2b11b22012
(25) (1011010110) 6 b31 = b23 = 7’/12 = €91 — Té’z = 8/13 =0 (12&30126/2,{3’03/23
(26) (1011001010) 6 b23 = 621 = b32 = b13 — €31 = S12 = 0 02(7,30/1/3

(27) (1011011111) 6 C3p = 7"12 = T93 = €31 = €21 = 7"13 =0 a2a30/1/20/1I3C/1/£C/1/éd32
Ezs; 21001010011; 6 ci1:2 = b3 =71hy = €10 = €91 = e = 0 (130/1/30/}/391/2]@13
29 1001011001 6 Cio = b32 = €12 = €21 = €31 = T'13 = 0 a3Ci13G127M23
(30) (1001010010) 6 6,1/2 = b23 = 631 = €12 = €21 = €392 = O agblgdlgclg
(31) (1011001111) 6 as = 622 = b21 — €31 — néQ = T'/13 = 0 a3b13b23€/1/3
(32) | (1111000111) | 7 | ¢4t =dhyy =diy = ey =€hy =119 =113 =0 ajasazcyh

(33) (1111000111) 7 Clllé = b13 = d/21 = d§1 = 1{323 = ki32 = TQQ =0 alagagc’l'é

(34) (1111011111) 7 0/2/1 = b21 = b31 = 7“/12 =T31 = 7”/23 = Na3 = 0 a1a20as3

(35) (1111001001) 7 0,2/1 = 621 = 631 =T13 = d’12 = g31 = 7"/23 =0 aj1a20as3

(36) | (1111000111) | 7 | chg =dhy = €93 =ds; = e32 =rjs =715=0 ajaza3

(37) | (1111001100) | 7 | wasy =big =bs1 =dhy = dhs =1js =75, =10 ajaschy

(38) (1011010110) 7 w312 = b13 = b23 = b31 = €21 — n’23 = To3 = 0 agc’l’z

(39) (1111111111) 7 V123 = 7“12 = T‘/23 = ’I“él = 7“/21 = 7“{))2 = ’I“i3 =0 a1a2a3b11b22b33
(40) (1111011010) 7 V123 = blg = b23 = b31 = b21 = b32 = b13 =0 alagc’l’Q

(41) (1001011011) 7 6,1/2 = €31 = €32 = §13 = g23 = T’llg = 7"53 =0 6136/1,36/1/3

(42) (1111011111) 7 Cg{ = b31 = le =T = 7”/23 = 7'/32 = T/13 =0 aijasas

(43) (1111001110) 7 Cgé = b23 = b31 = bgg = blg = 7‘/12 = d/21 =0 a1a20a3C13

(44) (1011011011) 7 Co3 = b12 = b32 — €31 — €21 — 7“/13 = Té?) =0 (11@2&30/1/2

(45) | (1011011111) | 7 | wiez =7ig =7Thy =€31 = €21 =714y =113 =0 a2a3C23¢ 55
(46) (1111011111) 7 w123 = b31 = b21 =T12 = ’I”/23 = TéQ =T13 = 0 a1a2a3b23b320'3’2
(47) (1011011010) 7 w123 = b12 = b23 = b32 = b13 = €31 = g23 = 0 (12a30/112cg10/3/i
(48) | (1111010111) | 7 | why =bor =dsy =112 =7hg =714y =713 =0 a1a20a3

(49) (1111001110) 7 w’l’ég = b23 = bg1 = b13 = d/21 = ’/'/12 =T33 = 0 alagagc’l'é

(50) (1011011011) 7 ’LU/213 = b12 = b32 — €31 — €21 — T'93 — Ti3 =0 a30130’1’3

(51) (1011111111) 7 a; = b11 = MNi12 = N31 — n’23 = ngl = kgg =0 o203

(52) (1011111111) 7 ay = bll = d/1/2 = N31 = Na23 = 1/23 = T‘é3 =0 asas3
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Table 3: First integral conditions of Theorem 5 (continued).

(*

102C19Co1

/111

6 Integrability

12 2 .1 2 1
(CL3612 b12b21 — a1012b21b32 — a2021b12b31) 7& O

st. v n | conditions =0 conditions # 0
(53) (1111000111) 7 as = 633 = d/21 = dél = de = l12 = 7'/12 =0 a10a2C12
(54) | (1111000111) | 7 | ag =baa =dhy = ds; =l13 =713 =153 =0 ajagciscly
(55) (1011001001) 7 as = b21 = b33 = d/12 = €31 = g31 = lgl =0 a1a2C12
(56) (1111111111) 7 a; = b11 = b13 = 7“/12 = 7“/23 =T33 = 123 =0 as2a3
(57) (1111111111) 7 a; = b11 = b13 = ’I”llz = 7"/23 = Tég = 123 =0 o203
(58) (1111111111) 7 ay = bll = blg = k/23 =T32 = 7"/13 = 123 =0 aoas3
(59) (1011011111) 7 ag = b22 = b23 = €31 = @23 = l13 = TL/23 =0 alagc’l'g
(60) (1011010111) 7 as = b31 = b33 = €21 — de = 7“/12 = ’I“ig =0 agc’l’Qc'l’é
(61) (1011001111) 7 as — b21 = b33 = €31 — dg2 = 112 = ]{)12 =0 a1a2C12
(62) (1111000111) 7 a9 = b22 = b23 = l13 = d/21 = dé’,l = 7“/13 =0 a1as
(63) (1111000111) 7 as = b22 == bgg == d/21 = dgl = TJ13 = 0123 = 0 ajas
(64) (1111000110) 7 ags = 622 = b23 = d,21 =032 = l31 =731 — 0 alagc’lg
(65) (1111001001) 7 ay = b11 = b31 = dlu = d13 = g31 = T‘éS =0 asa3
(66) (1111000011) 7 az = b32 = b33 = d/21 = dél = l12 =T12 = 0 a1a20’12
(67) (1111001111) 7 a9 = b22 = b31 = b32 = dl21 = d23 = T13 = 0 a1a36’1’3
(68) (1111001111) 7 as = b22 = b23 = b31 = dl21 = TL’23 = T’/13 =0 a1a3C/1,3
(69) (1111010111) 7 az = bgl = b32 = b33 = d/31 = 112 = 7"/12 =0 alagc/l'z
(70) (1011010111) 7 az = b13 = b31 = b33 = €91 — 7’/12 = TL’23 =0 a1a20/1I2
(71) (1011001111) 7 az = b33 = b21 = b32 = €31 — n’23 = l12 =0 a1a2
(72) (1011010110) 7 az = b23 = b31 = b33 = €21 — d32 = 7"12 =0 a20’1’2
(73) (1011001011) 7 az = b21 = b32 = b33 = €31 — 112 = 0123 — 0 a1a26’12
(74) (1011010111) 7 ag = a3 = 622 = b31 = b33 = €21 = n’23 =0 blgg/{Q
(75) (1010011100) 8 611/3 = blg = bgg = b33 — €21 = €31 = k32 = 7"/12 =0 a2C32
(76) (1001011001) 8 C/1l2 = b12 = b22 = bgg = €31 = g32 = kgg = 7“/13 =0 a3c’1’3
(77) (1001011011) 8 C/1/2 = Clllé = b13 = €31 = €32 = (g31 — g32 — 7“/23 =0 ai1az20as3
(78) (1111010111) 8 Clllé = CgQ = b21 = b23 = b32 = dél = €12 = 7“/13 =0 a1a20as3
(79) (1111010111) 8 6,1/2 = C13 = b12 == b21 == b23 = b32 == dél == T‘/13 =0 aj1a2as
(80) (1011100110) 8 ay = bll = b21 = b23 = b31 = d12 = dllg = TéZ =0 020/2/3b22b33
(81) (1011011111) 8 as = Cgi = b22 = d/2/3 = €31 = g23 = T’13 = 0123 = 0 aias
(82) (1011011111) 8 az = Clﬁ = b33 = €31 = g23 = Na3 = TiQ = 0123 = 0 a1a2
(83) (1111001111) 8 a9 = Cgi = b22 = b31 = dl21 = d/13 = gg{ = /2/3 = a1as
(84) (1111010111) 8 az = Cg{ = b21 = b33 = dél = de = gg{ =T12 = 0 a1an
(85) (1011011011) 8 as = Cll/é = b12 = b32 = b33 = €31 = @23 = gll/é =0 aias
(86) (1111000011) 8 as = C’llé = b12 = b32 = b33 = dl21 = d{3>1 = g’llé =0 ai1az

)

We say that a 3-dimensional system like (1.1) is integrable if it has two independent
first integrals. Theorems 6-10 concern integrable LV3 having at least one first integral
formed with linear algebraic solutions and Theorem 11 is for integrable cases with algebraic
solutions being both quadratic. In these theorems we indicate the nature of the second
first integral computed using the notation P1(st) and Tk(st), respectively for Proposition
1, statement st and Theorem k, statement st. and Q is for quadratic first integrals which
do not belong to the statements of Theorems 4 and 5.
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Theorem 6. An LV3 is integrable with two first integrals one of which being of the type
of Theorem 2(1) in the cases of Table 4.

Table 4: Integrability conditions of Theorem 6.

st. | n | conditions =0 conditions # 0 f.i. type
(1) | 4 | rig =193 =131 = a1baadasz + ashss =0 a1a2a3b11b22b33k12 P1(5)
(2) | 5 | b1z = baz = b33 = riz = agbaadar + azhiz =0 a1azb11bao T2(4)
(3) | 5| a3=bsz=ri2=1l12=0123=0 a1a2b11bao T2(2)
(4) | 6 | c12 = co3 = n12 =Ng3 =Ng1 = 0123 =0 biadaids, Q
(5) | 6 | bar = b31 = kog = k3z = 11y =113 arasclycly Q
(6) | 6 | b3y =bsa =di2 =doy =71h3 =113 aiaz Q
(7) | 6| ar=co3 =011 =no3=nh3=g32=0 bizdizdazdysjia Q
(8) | 6 | ag = b3z = b3y = b3z =712 = 0123 =0 ajazky2 P1(7)
(9) | 7| ag =Dbap =bg1 =boz =b31 =l13 =153 =0 arascls Q
T | co3 =b1o =boo = b3o = da3 = g23 =131 =0 a1b3zki3 T2(4)
7 | ag = a3 = byy = bag = b3z = b33 = go3 = 0 b11b21 P1(3,7)
7| a3 =ay =bsg = b3y =b1o =b13 =011 =0 b3adsa P1(
7| ar=a3=>b11 =bia="ba =baya=di5=0 asbssdas Q
T |ar=ax=>b11 =bia=ba =bp=7j12=0 azdazdys Q
7 | az = a3 =baz =byy =gz =d, =155 =0 b11b13d31 Q
T|ar=a3=0by1 =biz=0bg =bzz=15=0 azbza913 Q
7 | ag = a3z = bag = baz = b3y = b3z = i30 =0 b11b12b21d21 Q
7| ar=az=as=nbsz =e31 =e3=0123=0 b11b22b23b32 T2(2)
7| a1 =ay=a3=>bg=dy =iz =0123=0 b11b33d12d21 Q
7| a1 =as=as=Dbg=0bz =14 =0123=0 b11b32 Q
7 | ay =az =as = b3y = b3z = b33 = 0123 =0 bi1da1(b11b22 — bi2ba1) | P1(4)
7 a1 — a2 = agz = b11 = b22 = b33 — 0123 — 0 T2(2)
7| ar=az=az=>byo=">b13="bapy=b32=0 bi1da1 P1(3)
8 | co3 = go3 = d12 = dp1 = d3p = b1z = b3 = b33 =0 a1a2a3C12 T2(5)
8| cra=chy=dig=do1 =dig=d3 =dp3 =d32 =0 b13 T4(15)
8 | ¢4y =bio =013 =byp =baz =bzp =bgz3 =d3; =0 I32 T2(5)
8 | c23 = b1z =b13 = bao = b3 = b3a = b33 = go3 =0 abiika T2(7)
8 Cgl = b11 = b13 = bgl = b23 = b31 = To3 = 7“/1/2 = O as T2(4)
8 | a1 = co3 = b11 = bia = bag = b3z = daz = g23 =0 b33 T2(6)
8 | a3 =cy =bia=by =bg1 =bza =bs3 =g{5=0 aiaz Q
8 a9 = Cgl = b13 = b22 = b31 = dl21 = d/23 = gilill =0 ajas Q
8| ap=bi1=boy =byz=bg1 =dfy =diz3=13,=0 a2a3CY3 Q
8| ar=co3=bi1=by =b31 =diz=7jiz=n32=0 d53ba2bss
8 | as =cf =biz =bo1 =bog =bag =b31 =¢15=0 aias
8 | ag =3 =b11 =boy =baa = b3y =di3 = g%, = ba3g12
8 | a3 =cy =bio=by =bg1 =bza =bg3 =g, =0 (*)
8 | a1 =a3 =011 =b13 =0bo1 =b31 =b33 =d12=0 ba2b32
8 | ap =az=>byy =bipa=big =03 =bsz=ds, =0 as
8 | az = az = bia = byg = baz = b3y = b3z = g23 =0 b2y
8| ag=a1 =bog =boy =b1o=b11 =dhs=912=0 (**)
8 | a1 =az =b11 =bia =bay = baar =031 =d13=0 a3912b23b13033
8 | a1 = az = ag = b3z = n3g1 = ngg = Ny = 0123 =0 b12b13b23
8 | ap =az =a3z = by = bay = b31 = b3za = b33 =0 b1y
8 | a1 = az = az = by = bay = bap = bag = b31 =0 b33
8 | a1 =ag = a3 = by =bgz3 =df; =no3 =0123=0 ba3
8 | a1 =ay = a3 =bsz = dj, = gy =131 = 0123 =0 b11b23
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Table 4: Integrability conditions of Theorem 6 (continued).

st. | n | conditions =0 conditions # 0 f.i. type
(47) 8 a; = ag = as — b11 = b13 = bgl = b33 = de =0 bQQ T2(2)
(483 8 a; = ag = as = b11 = b13 = b31 = b32 = b33 =0 b12 P1(4)
(49) | 8 |ar=a2=az=byy =byy =bag =d31 =d13=0 g31 Q
(50) | 8 | a1 =as =az =byy = b3z = €31 = gazg =nh3 =0 b12b23b32g5] Q
(51) 8 a1 = a2 = az = b11 = b33 = dgz = g23 = ’/l/23 =0 613b23b229¥2 T4(1)
E52§ 8 a1 = a2 = a3 = b13 = b23 = d%l = de = TL:12 = 0 bllbglbgg 8
53) | 8 | a1 =a2 =a3 =ba =b3z3 =d3; =g13=1n3, =0 ba1b23d21
(54) | 9 | c12 = by = b3y =bia = by = doy =diz =d31 =da3 =0 | |ar| + [b11]| + |bss] T2(5)
(65) | 9 | c12 = c13 = b1y = bay = b3y = bgo = df3 = dfy =na3 =0 | bzzba Q
(56) | 9 | s =cls =0b11 =ba1 =b31 =d12 =dog =n32 =d13 =0 | a1azas Q
(57) 9 a1 = 6/2,3 = b11 == b12 == b13 = b23 == b33 = €32 = g/2/3 =0 T2(1)
(58) | 9 | az =cfy =bi1a = b1z = bay = baz = b3y =bza =bsz3 =0 | |as| + [b11] + |ba2] T2(4)
(59) | 9| az=cy =baz=bsg =biz =dzo =d3z1 =di2 =do1 =0 | aiaz Q
(60) | 9| a1 =chy =b11 =bgy =baz =b31 =bza =dio=d3 =0 | azas Q
(61) | 9 | ag =a1 =baa =bo1 =bze =b1a =b13 =b11 =doz =0 as P1(8)
(62) | 9| a1 =a3 ="Db11 =big =Dbaz =bzy =bzz =dfy =d3zz =0 as Q
(63) | 9 | a1 =as = a3 = b1y = boy = b3z = boz = b3z = ga3 = 0 |b21] + |b12| + |b13] T2(2)

(*

~—

|a1| + [b11]| + |b2z| + |bag]| # O

(**) las| + |bs1| + |bs2| + |b33| # 0

Theorem 7. An LV3 is integrable with two first integrals one of which being of the type of
Theorem 2(2) in the cases of Table 5, which exclude those already mentioned in Theorem

6.
Table 5. Integrability conditions of Theorem 7.

st. | n | conditions =0 conditions # 0 | f.i. type
(1) | 5| ciza=ci3=di2=7J12=0123=0 Q
(2) | 6| cra=rco3=0bia="b3zy =131 =0123=0 b11b31b33d23 Q
(3) 6 C12 = C13 = 0123 = dél = d/21 =T33 = 0 b11b33 T4(49)
(4) 6 C12 = C13 = b33 = Tlllz = n’23 = 0123 — 0 d31 T2(4)
(5) | 6 | ay =az =a3z=ga3 =haz =0123=0 b22b33d13d32 T2(3)
(6) | T|cia=ci3=0biz=bag =031 =bsa=r12=0 ajaza3baabiabar | Q
(7) | 7| a1 =az=a3=>big=byz=jog =931 =0 ) T2(3)
(8) | 7] ar=az=a3z=>bia=">013=>byz=0123=0 b3zdz21723 T2(3)
(9) | 7| ar=az=a3=>byp =bszg=ga3=0123=0 b11b23 T2(3)
(10) 8 C12 = C13 = b11 = b22 = 631 = dlzl:)’ = 9/21 = gé’l = 0 b21b33 T2(4)
(11) 8 a; = ag = as — b12 = d13 = d31 = déQ = plllé =0 b11d23 T4(4)
(12) | 8 | a1 = a2 =a3 =biz3 =bay =bag =30 = 0123 =0 bo1doy T2(3)
(13) | 8 | a1 =as = a3 =b11 =bsa = b3z = g32 = 0123 =0 bao T2(3)
(14) | 8 |ar=as=a3=byy =dia=daz =e31 =¢13=0 b33 T2(3)
(15) | 8 | a1 =az =a3 =bga =bzz =d5 = gaz = 0123 =0 b11b22d12 T2(3)
(16) 8 a; = ag = as — b22 = b23 = d/21 = dél — 0123 — 0 b33 TQ(?))
(17) | 8 | a1 = ags = a3z = b1 = bzz = d5y = g2z = 0123 =0 b13b23ba2 T2(3)
(18) | 8 | a1 = as = a3 = byy = bz = d5; = g13 = 0123 =0 bi1day T2(3)
(19) | 9 | a1 =as =a3z =b11 = b1a = bzz = d5y = g1o = ga3 =0 T2(3)

(*) d31dsa(b11bea + bsadyy) # 0
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Theorem 8. An LV3 is integrable with two first integrals one of which being of the type
of Theorem 2(3)(excluding those included in Theorem 7) in the cases of Table 6.

Table 6: Integrability conditions of Theorem 8.

st. | n | conditions =0 conditions # 0 f.i. type

(1) |5 |ar=ar=a3=g1a=153=0 da3j13 Q

(2) |6 |ar=cpy=b1=0bzga=e2=g3=0 b3zdazdsadizjio Q

(3) 6 a; = Cg3 — bll = b21 = b31 = 632 = 0 (*) P1(2),T2(3)

(4) |6 ar=c3=b1=giz=djy=g23=0 azazdazdsadisdys | Q

(5) | 6 | a1 =co3 =b11 =bsz = 0123 =g23 =0 da3d3zadis Q

(6) | 6| a1 =co3=b11=ba=djy=0g23=0 di3dyzjio Q

(7) |6 | ar=cpy=0bi1=big=djp3=9g23=0 biodi2d55713 Q

(8) | 6 | ay =ca3 =0b11 = ga3 =ng3 = 0123 =0 baabssdasgdsadiadsy | Q

(9) | 6| ar=cp3=0b11=0bia=0bzr=ga3=0 baob33b13dy3 T2(7)
6| ax=ci3=bx=¢g3=9g13=r31=0 b33 Q
6 | a1 = co3 =b11 =nhy =123 = go3 =0 baabazdizdsahys Q
6| a1 =cp3 =011 =biz =0baz =go3 =0 biadsz P1(8)
6 | ag =co3=0b11 = g3 =913 =7r23=0 azazdizdya Q
6|lar=a=a3=g12=g23 =931 =0 ba1dazdso Q
6 a1 = a2 = ag = b13 = b23 = g23 = 0 (**) T2(3)
T ] a=co3=0b1; =bga=b1a=g12=023=0 b33ba1dazdsa Q
T ar=cly=cl3="ns =p32=g32=g31=0 b11b22b33d13d12 T2(3)
7| a1 =az=az=ds =dyy=n3 =gy (%) Q
7| a1 =az = a3 = ga3 =ngg =nhy =pi3 =0 b12b13b22do23 T4(1)
7| ar=ax=a3=>bia=b1z3=n23=g32=0 baabzzdsads, T4(1)
7| ar=ax=a3=>ba=">b3y =b33=g23=0 ba1b13 T2(3)
7 a1 — a2 = agz = dlzl = dél = No23 = qé’é =0 b33d32dg2igl Q
7| ar=az=a3=>bizg=by =dy=g3=0 () Q
7| ar=ay=a3=>bzz3=g3 =gz =¢qy =0 b13ba3d1297; Q
8 Co3 — Cél = b11 = b21 = b31 = b32 = d/12 = d13 =0 a1a2a3633d23 7& 0 P1(2)7T2(3)
8 C12 = C23 = b11 =T921 =T31 = TI23 = Téz = n’13 =0 b22b33 T4(37)
8lar=cuy=bi1=big=0by =bg1 =djp3=713=0 asas Q
8| a1 =az=a3=Dbsz =e31 =e3x=g13 =923 =0 ba3b31b21dos T2(3)
8l ar=az=a3=>biz=>by =byz=d35; =g13=0 bo1 T2(3)
8|lar=ay=a3=boy =dyy =dj3=g12=923=0 951 T2(3)
8| a1 =ax=a3 =011 =byp =bsg =ga3 =g13=0 912 T2(3)
8 | a1 =ag =az = b1 = byy = b3z = gag =nH3 =0 basb2197s Q
9 | ¢y =chg=Dbia=Dbaa =b3a =doz =e31 =goz3 =731 =0 | bs3 Q
9 ar=cpy=c3 =bi1=bz1 =dfy =dso =daz =d13=0 | byibsz Q
Y9lar=a=a3=byz=djy=dy; =djy =g2=95=0 | bus Q
9| ar=ar=a3=dipa=dig=do =dg1 =nzs=j15=0 | bszdis Q
9| a1 =ay=a3="Dbyy =byy=dy; =dj3=go3 =95 =0 b12 Q
9| a1 =ay=a3=Dboy =bzz=dy; =go3 =g5] = g5 =0 b12ba3 Q

(**) diada1ds2(biabar — bi1bag) # 0

(*) baobzsdaz(baabis + b3zbia — basbiz) # 0
* (F**%) b12g5; (b1oba1 + b11bs2) # 0.

(***) br1di3d!5i)5(2d13 — b3z) # 0
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Theorem 9. An LV3 is integrable with two first integrals one of which being of the type
of Theorem 2(4) in the cases of Table 7.

Table 7: Integrability conditions of Theorem 9.

st. | n | conditions =0 conditions # 0 f.i. type
(1) | 6 |bi1=0bia="0ba =b31 =b3a=r23=0 a2b22b33 T2(7)
(2) | 6| biz="0bo =baz=0b31 =ria=1r23=0 aiazas T2(4)
(3) | 6| biz="Dboy =baz =e€31 =712 ="732=0 azbi; Q
(4) | 6 | c12="chy =b13 =baz = 0123 =712 =10 ayazazbyiday Q
(5) | 6| a1 =co3=b11 =93 =g13=1r23=0 baod12 P1(3)
(6) | 7| chs=Dbia=0bg1 =bga=¢€9 =ea3 =13 =0 azasciy Q
(7) | 7|5 =bia=0big=0bg1 =bga=¢e2 =723 =0 aja2a3cy Q
(8) | 7| chg="baz =b31 =b3a =bia =€ =113 =0 arazascly Q
(9) | 8| cla=b11=0byy =baz=b31 =di2=diz=13=0 aiaz P1(2)
(10) 8 Cgl = b11 = b21 = b31 = bgg = d12 = d13 = T93 = 0 a1a3b33 P1(2)
(11) | 8 | ¢y =b11 = b1z = bay = baz = b31 = ro3 =75 =0 ajazas P1(2)
(12) | 8 | cos =Dbia =boe =b31 =bge =daz =e21 =513=0 bas P1(6)
(13) 8 C/1,2 = C13 = blg = bgl = b23 = b32 = €31 = 7’/13 = O a1a20as3 T5(19)
(14) 8 Clllé — C33 — b12 = b13 = b32 = dl21 = d/2/3 = d/31 =0 ajaz0as3 T5(14)
(15) 8 Co3 = Clllé = b12 = b13 = b23 = d121 = dgz = g32 = 0 a1a20as3 Q
(16) 8 C12 = Clzlé = b12 = b13 = 521 = b23 = b32 = d§1 =0 a1a9203 T5(43)
(17) 8 ap = b11 = b21 = bgg = b31 = d13 = dllz = To3 — 0 |a3\ + |b33| Pl(?)
(18) 8 az = b13 = b21 = b23 = b33 = d32 = €31 = T12 = 0 as P1(2)
(19) 8 as = b33 = b13 = b23 = b21 = d31 = dg2 =T12 = 0 aj1as P].(Q)
(20) | 8 | a1 =co3=b11 =bo1 =bz1 =d13=jig=132=0 bao P1(3)
(21) 8 [ b12 = b21 = b22 = b31 = b32 = d23 =731 = 0 ajas P1(2)
(22) 8 ay = b11 = bgl = b31 = b32 = d13 = d/1/2 = S23 — 0 asas P1(2)
(23) 9 az = Clllé = b12 = b13 = b23 = b31 = b33 = dl21 = d32 =0 |(11‘ + |b11| + ‘622| Q
(24) | 9 | caz3 =c3; =big =biz =byz = by =bzz =dz1 =712 =0 | bi1b2 T2(5)
(25) 9 C/1I2 = C13 = b11 = b21 = b23 = b31 = b32 = d12 = d13 =0 ajaz0a3 P1(2)
(26) | 9 | c12 = co3 = b1y = by = by = bga = di2 = di3 = djs = 0 | ajasasgbarbss P1(2,3)
(27) 9 C13 — C23 = b11 = b21 = b23 = b31 = d12 = d/1/3 = gQ =0 (*) P1(2,3)
(28) | 9 | co3 = chy = bra =bag = bz = b3a = do1 = doz = jio =0 | |a1| + |b11] + |bzs| | T4(4)
(29) | 9 | cria=ciz=bia=by =bypp =bzp =dag =d5) =7r13=0 | b1y Q
(30) | 9| chy =ca3=b1a=bg1 =bay =bgo =dog=dy; =731 =0 | bi3 Q
(31) 9 az = 0/2,1 = b23 = b21 = b33 = b12 = b13 = d32 = dgl =0 |CL1‘ + |b11| P1(2)
(32) 9 [ 0/2/3 = b11 = b13 = b21 = b23 = b31 = b32 = /1/2 =0 |a2\ + |b33| P1<2)
(33) 9 a1 = Cg3 — b11 = b21 = b31 = d13 = d/12 = d123 = ng2 =0 b22b33 P1(3)
(34) 9 a1 = 6/2,3 = bll = b21 = b23 = 631 = b32 = d12 = d/1/3 =0 |CL2‘ + |b33| P1(2)
(35) | 9 | azg=cy =biag =big =ba1 =bag =b3z =dga =e31 =0 | |az|+ |ba2] P1(2)
(36) 9| ay = C/llé = b1 = bgg = b31 = b3y = do1 = dl2/3 =e13=0 |CL3‘ + |b33| P1(2)
(37) 9 a; = 0/2/3 == b11 = b21 = b23 = b31 = b32 = d12 = d/1/3 =0 |a3\ + |b33| P1<2)
(38) | 9| ag=ciz=bia=bapy =bzas =doz=e31 =ga3 =713 =0 | |a1|+ |bis| + |b33| | Q
(39) | 9 | as =5 =bia=b13 =bo1 =baa =bgs =dj =dog =0 | |a1]+ |b11] + |bss] | Q
(40) | 9 | az =cy] =bia =biz =byz =bzp =bzz =e21 =e€31 =0 lai| + [b11] + |b22] | Q
(41) 9 as = Clllé = b12 = b13 = b23 = b31 = b33 = dl21 = d/3/2 =0 aj1a9 Q

(*) (a2 + baa)(baz + b33) # 0
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Theorem 10. The LV3 has two first integrals with at least one being formed by one linear
algebraic solution not included in Theorems 6-9 in the cases of Table 8.

Table 8. Integrability conditions of Theorem 10.

st. | n | conditions =0 cond. # 0 fi. type

(1) 5 a1 = b11 = b12 = b32 = d,1/3 0,31)311733 T2(7),Q

(2) 6 b11 = b12 = b21 = b31 = b32 = Tég‘ =0 aoa3C23 T2(7),T5(1)
(3) 6 a; = 0?32 = b11 = b13 = b23 = g:/32 =0 blgbggdlgde 2T2(7)

(4) | 7| chg=Dbas=Dbg1 =bsga=biz=do1 =d12=0 a1a2a3C12 T2(5),Q

(5) | 8 | cag=b1a=Db1g=1baa =Dbg1 =bza =€21 =dj3=0 c12 2P1(2)

(6) | 8 | chy =b1a =Db13 =boy =bag =bgo =b33 =d31 =0 l32 T2(5),Q

(7) | 8| chy =caz=Dbia=Dbiz=baa =b3p =dp3 =d21 =0 ba1b23 T2(11),Q
(8) | 8 | cia =rca3 =bia =bay =b31 =bzs =do1 =daz =0 ayazasbiy T2(11),Q
(9) 8 C3o2 = C/1l3 = b23 = b31 = bgg = blg = d21 = d12 =0 b11 T2(5),T5(3)
(10) | 8 | a1 =bz1 =bza =b11 =big =byg =by; =di3=0 asas T2(7),Q
(11) 8 a1 = Cg3 = b11 = b13 = bgl = b31 = dlg = dl23 =0 b22 P1(3),Q
(12) | 8 | a1 =y =b11 =bia =bga =di3 = g12 = g5 = asas T2(6),Q
(13) 8 a; = Cgé = b11 = b12 = b23 = b32 = €13 — gé/é =0 asas T2(6),Q
(14) 8 a1 = Cgé = b11 = b12 = b23 = b32 = d/13 = gé/é =0 azas3 T2(6),Q
(15) | 9 | c12 = c13 = b1y = bay = bz = b3y = d12 = d3 =n23 =0 | arazas P1(2),Q
(16) 9 ap = Cgé = b11 = b13 = b21 = b23 = b31 = b32 = /1/2 =0 |a3| + |b33‘ P1(2),Q
(17) 9 a1 = 6/2,3 = bll = b21 = b31 = d/1/2 = d/1/3 = d23 = d32 =0 as20a3 T2(5),Q

Theorem 11. The LV3 has two first integrals with quadratic algebraic solutions in the
cases of Table 9.

Table 9. Integrability conditions of Theorem 11.

st. | n | conditions =0 cond. # 0 f.i. type

(1) | 7| cs=bra=biz=dy3 =d3y =go3=713=0 (*) Q.Q

(2) | 7| chy=">b31 =bga=dig =do; =ea3=1n13=0 ajazazbiibss | Q,Q

(B) | 7T |cs=chy =dog=dia=d3z1 =13 =7r13=0 bi1baobssdas | T4(12),Q

(4) 7 Co3 — C/21 = b12 = g32 = N12 = T23 = N31 = 0 dggdgl T4(12),T4(28)
(5) 7 6/1/2 = 0/13 = b23 = b31 — €12 — €21 — €39 — 0 b13b33d/1/3 T5(30),Q

(6) 8 C12 = C23 = b13 =T91 = T31 = 7‘/23 = T’g2 = TL/13 =0 b22b33 T4(37),T4(1)
(7) 8 C/1,2 = 011/3 = b31 = le =T =713 — T'/23 = 7"/32 =0 (11&20,31)111)12 T4(2),T5(46)
(8) |8 |cia=ciz=by=bag=Dbg1 =g13=n12=nH3 =0 baob33 T4(1), T4(2)
9) |8 |ag=cly=bia=0by=bza=0bszg=e31=g{5=0 a1az Q,Q

(10) 8 a9 = Cgi = b21 = b22 = b31 = d/13 = dg:; = n’23 =0 aias T5(4),Q

(11) 8 az = C/{Q = b32 = b33 = d21 = d12 = géQ = 91,2 =0 al T5(56),T5(57)
(12) 9 C/1,2 = 0,13 = b11 = le = b23 = b31 = d12 = d/1/3 = T‘éz =0 ajagas3 Q,Q

(13) 9 C/21 = 6’2% = b11 = b21 = b23 = b31 = d13 = d/12 — Ng3 — 0 ajazas3 T5(5), Q

(14) 9 0/21 = Cél = b12 = b13 = 522 = b32 = d/zll = d/2/3 = N31 = 0 a1a2a3b33 T4(4),T4(27)
(15) | 9 | c13 = co3 = b1y = bay = bag = b31 = di2 = df3 = n23 =0 | bagbss Q,Q

(16) 9 6/1/2 = C93 = b11 = b21 = b31 = d12 = d13 = 7“/23 = Na3 = 0 a1ao0as3 T (10),T5(46)

(*) a1bi1dardsidygdiy # 0.

We note, before concluding, that Theorem 4(6) and Theorem 8(1) with the additional
conditions by} = baa = b3z = 0 and Theorem 8(31-32) are Theorem 6(5-6) and Theorem
7(4) and 7(7) respectively of [4] in the case of ABC systems. Moreover, we note that to
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the above mentioned cases of Theorem 11, one must add the case obtained by Moulin—
Ollagnier [30] for the ABC system which is formed with the first integral of Theorem 4(5)
and an other one which is not of Darboux type (see Ref. 31 for more details).

7 Conclusion

The use of Darboux method for the LV3 has been rather efficient to find first integrals
and to detect integrable cases. The main reason of this efficiency must be found in the
fact that the problem of searching a first integral has been reduced here to the search
of only one algebraic solution. (Theorem 3 is when a quadratic algebraic solution can be
factorised in two linear ones). In total we have found 366 cases, among which 172 are cases
of a single first integral and 194 when two first integrals coexist. As predicted, we see that
for the existence of quadratic invariant solutions and the corresponding first integrals, we
require a larger number of conditions than for linear algebraic solutions. In fact for having
a single first integral formed by planes we can need only a maximum of 3 conditions in
total (Theorem 2 (1)-(4)), whereas it is required 4 to 8 conditions when at least there is
one second degree solution. The cases of integrability require at least 4 conditions when
both first integrals are linear (in fact one case with 4 conditions and 5 with 5 conditions).
Otherwise their number can grow now to 9 conditions. In general the number of conditions
required is the number corresponding to the more constrained first integral increased by
one. The number of essential parameters of the LV3 system being 9 (8 if we normalize the
time), we omitted to consider the cases having more than 9 conditions. The present work
can be completed with the cases where the planes x = 0, y = 0, 2 = 0 and f; = 0 are
replaced by other planes and polynomials of greater degree, by exponential factors (see
Cairé and Llibre [4]) and with time-dependent first integrals.
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