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DARBOUX INTEGRABILITY OF THE LU SYSTEM

JAUME LLIBRE', ADAM MAHDI?>? AND CLAUDIA VALLS*

ABSTRACT. We characterize all the values of the parameters of the Lii
system, for which it admits a Darboux first integral.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

The following real differential system

T = a(y - .T),
(1) y=cy—axz,
Z = —bz+ xy,

where a,b,c € R are parameters is known as the Li system [13]. It con-
nects the Lorenz system [11, 17] with the Chen system [18] and represents
a transition from one to the another (see [13] for details).

A number of facts related to the local analysis of system (1) are known.
For results on Hopf bifurcation see [19]; degenerate Hopf bifurcation have
been considered in [16, 14]; see also [15] for center conditions on the local
center manifold. Global dynamics of the Lii system have also been recently
considered in [11] and [10], where the authors studied the existence of in-
variant algebraic surfaces and determined the dynamics on it, including the
infinity.

In this work we further consider the global dynamics of system (1) by
studying the integrability of system (1). To be more precise, we characterize
all the values of the parameters a,b,c € R, for which the Lii system admits
a Darbouz first integral (see Theorem 3), i.e. a function of the form (2).
In particular we identify, the parameter values of the system for which it
admits a rational first integral (see Theorem 2). Now, we proceed to present
more detailed statements of our main results. See section 2 for definitions
of concepts used in the rest of the introduction. For a general introduction
to the Darboux theory of integrability see [5] and [6].

One of the most basic elements for construction of the Darboux first
integral is the so-called Darbouzx polynomial, which in the context of the Lii
system have been studied in [12]. We note that paper [12] is not completely
correct because the author misses a Darboux polynomial of system (1) with
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nonzero cofactor (see statement (c) of Theorem 1). However the correct
statement follows by looking carefully step by step at the proof of [12].

Theorem 1. When a # 0, then all the irreducible Darboux polynomials in
Rlz,y, 2] for the Li system with non—zero cofactor are the following ones:
(a) 2% — 2az with cofactor —2a if b= 2a and ¢ # —2a.
(b) y% + 2% with cofactor 2c if b= —c and ¢ # —2a.
(¢) 2?2 —2az, y*+22, Y0 g a;(2? —2a2)? (y*+2*)""", n > 1, a; € R with

cofactor —2a, —4a and —4an, respectively, if b = —c and ¢ = —2a.
(d) z* + %ca:zz — gCQy2 - %c%‘y with cofactor %c if a=—c/3 and b= 0.
(e) x* + 4ca’z — 4c?y? + 8cxy + 1632 with cofactor 4c if ¢ = —a and
b =4a.

It was proved by Llibre and Valls in [7] that when a = 0 system (1) is
completely integrable. Therefore, in this paper we will only consider the Lii
system with a # 0.

The first result of this paper is the following.

Theorem 2. When a # 0 the Li system has a rational first integral if and
only if either b=c =10, or b= —c = 2a. In the first case the first integral is
a rational function in the variable y*>+ 22, and in the second the first integral
is a rational function in the variable (x? — 2az)?/(y? + 22).

We note that H; = y? + 22 and Hy = (2% — 2a2)?/(y* + 2?) are first
integrals of Darboux type. The proof of Theorem 2 is given in section 2.

The next theorem is the main result of this paper, and it shows that
the unique first integrals of Darboux type for the Lii systems are Darboux
functions of H; and Hs.

Theorem 3. The unique first integrals of Darbouz type for the Li system
with a # 0 are the following:
(a) Any function of Darbouz type in the variable y* + 2%, if b= c = 0.
(b) Any function of Darboux type in the variable (x> — 2az)?/(y* + 2?)
if b= —c=2a.

We divided the proof of Theorem 3 into three different propositions mainly
due to the fact that the techniques used in the proof of the three propositions
are of different nature. In the next two propositions we identify two different
sets of values of parameters a,b,c € R, for which the Lii system admits a
Darboux first integral.

Proposition 4. The unique first integrals of Darbouz type for the Li system
with a # 0 and b = ¢ = 0 are functions of Darboux type in the variable
2, .2
[T
The proof of Proposition 4 is given in section 3.

Proposition 5. The unique first integrals of Darboux type for the Li system
with a # 0 and b = —c = 2a are functions of Darbouz type in the variable

(2% — 2a2)*/(y* + 2°).
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The proof of Proposition 5 is given in section 4.

Finally the following proposition shows that a = b =0o0or b = —c = 2a
are the only values of parameters of the Lii system, for which it admits a
Darboux first integral and can be regarded as a non-integrability result.

Proposition 6. The Lii system with a # 0 and (b*4-c?)[(b+c)?+(c+2a)?] #
0 has no first integrals of Darbouz type.

The proof of Proposition 6 is given in section 5. In section 2 we intro-
duce some auxiliary results that will be used in the proofs of the above
propositions.

2. DARBOUX THEORY OF INTEGRABILITY

The vector field associated to (1) is

X =a(y— x)(%: + (cy — mz)(% + (=bz + my)%
Let U be an open subset in R3 such that R3\ U has zero Lebesgue measure.
We say that a non-constant real function H = H(x,y,z): R — R, is a first
integral if H(xz(t),y(t),2(t)) is constant on all solutions (z(t),y(t),z(t)) of
X contained in U, i.e. XH)y = 0. The existence of a first integral for a
differential system in R3 allows to reduce its study in one dimension. This
is the main reason to look for first integrals.

Two functions fi, fo: R? — R are said to be independent if their gradients
are linearly independent vectors for all (z,y, z) € R? except perhaps for a
set, of zero Lebesgue measure. If the vector field X has two independent first
integrals Hy and Hs, we say that it is completely integrable. In this case, the
orbits of X are contained in the curves {Hi(x,y,2) = hi} N {Ha(z,y, z) =
ho}, where hy, he vary in R.

One of the best tools to look for first integrals is the Darboux theory of
integrability. Now we shall introduce its basic notions. Let C|x,y, z] be the
ring of polynomials in the variables x,y, z with coefficients in C. We say
that f € Clz,y, 2] is a Darbouzx polynomial of the vector field X if there
exists a polynomial K € C[xz,y, 2] such that Xf = K f. The polynomial
K = K(z,y,z) is called the cofactor of f. It is easy to see that since
system (1) is quadratic, the cofactor of a Darboux polynomial has degree
at most 1. Note that we look for complex Darboux polynomials in real
differential systems. The reason is that frequently the complex structure
forces the existence of real first integrals.

An ezponential factor F(z,y, z) of the field X is an exponential function
of the form exp(g/h) with g and h coprime polynomials in C[z,y, z] and sat-
isfying XF = LF for some L € Clz,y, z] with degree one. The exponential
factors appear when some Darboux polynomial has multiplicity larger than
one, for more details see [3] and [8].
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A first integral of system (1) is called of Darbouz type if it is a first integral
of the form

(2) N fr Y B
where fi,..., f, are Darboux polynomials and Fi,...,F, are exponential
factors.

In the proof of Theorem 3 we will use the following well known result of
the Darboux theory of integrability, see for instance [5, Chapter 8§].

Theorem 7 (Darboux theory of integrability). Suppose that a polynomial
vector field X defined in R™ of degree m admits p Darboux polynomials f;
with cofactors K; fori=1,...,p, and q exponential factors F; = exp(g;j/h;)
with cofactors L; for j =1,...,q. If there exist \;, n; € C not all zero such
that

p q
(3) D ONEKi+ > piLy =0,
i=1 j=1

then the following real (multivalued) function of Darbouz type

A1 Ap 1 Hq
T St EY - E T

substituting fi)"' by | fi|N if \i € R, is a first integral of the vector field X .
For a proof of the next result see [8, 9].

Proposition 8. The following statements hold.

(a) If e9/" is an exponential factor for the polynomial differential system
(1) and h is not a constant polynomial, then h = 0 is an invariant
algebraic surface.

(b) Eventually €9 can be an exponential factor, coming from the multi-
plicity of the infinite invariant plane.

The proof of the next result can be found in [2].

S
Lemma 9. Let f be a polynomial and f = H fjaf its decomposition into
j=1
irreducible factors in Clx,y, z]. Then f is a Darbouz polynomial of system
(1) if and only if all the f; are Darboux polynomials of system (1). Moreover,

if K and K; are the cofactors of f and f;, then K = Zaij‘
j=1
We note that in view of Lemma 9 to study the Darboux polynomials of
system (1) it is enough to study the irreducible ones.
3. PROOF OF THEOREM 2 AND PROPOSITION 4

In order to prove Theorem 2 we shallneed the next result, which was
proved in [7].
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Theorem 10. When a # 0 the Li system has a polynomial first integral if
and only if b = ¢ = 0 and in this case the first integral is a polynomial in
the variable y* + 22.

Proof of Theorem 2. We note that having the characterization of all Dar-
boux polynomials (either with zero or with nonzero cofactor) of system (1)
we can characterize easily the rational first integrals, because they can only
be of the form: either a polynomial first integral (i.e. a Darboux polyno-
mial with zero cofactor), or the quotient of two Darboux polynomials with
the same non-zero cofactor. Now the rest of the proof follows easily from
Theorems 1 and 10. O

To prove Proposition 4 we shall use a result due to Llibre and Zhang
[4]. We recall that a generalized rational function is a function which is
the quotient of two analytic functions. In particular rational first integrals
and analytic first integrals are particular cases of generalized rational first
integrals. Clearly a Darboux type function is a generalized rational function.

Theorem 11. Assume that the differential system (1) has p as a singu-
lar point and let A1, Aa, A3 be the eigenvalues of the linear part of system
(1) at p. Then the number of functionally independent generalized rational
first integrals of system (1) is at most the dimension of the minimal vector
subspace of R? containing the set

{(k’l,kz,kg) VAR ki1 + koo + k3As =0, (k‘l,k’g,kg) #* (0,0,0)}.

Proof of Proposition 4. We consider system (1) with a # 0 and b = ¢ = 0,
that is

(4) a::a(y—w), y=—xz, Z=uy.

It follows from [7] that this system has a polynomial first integral Hy =
y? + 22, which obviously is a generalized rational first integral. To conclude
the proof of the proposition we shall show that system (4) has no other first
integrals of Darboux type. To prove this we will use Theorem 11. First
we note that the singular points of system (4) are of the form (0,0, z) with
z € R. We compute the eigenvalues A, Ao, A3 of the Jacobian matrix of this
system on these singular points and we get

A1=0, = %(—a —Vala—4z)), I3= %(—a—l— ala —4z)).

Therefore k1 A1 + koo + k3A3 = 0 is equivalent to
ks(—va+ va —4z) — kay(va + vVa — 4z) =0,

or in other words
5) ks Va++va—4z _
ky  —Va++Va—4z
It is clear that the left-hand side of (5) is a rational number (once that
ko, ks € Z), and that choosing z in a convenient way the right-hand side of
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(5) is irrational. Therefore (5) cannot hold for this convenient choice of z.
Hence for this special singular point (0,0, z), the dimension of the minimal
vector subspace of R3 containing the set

{(k1, ko, k3) € Z% : ksdi + kodo + k3ds = 0, (k1, ko, k3) # (0,0,0)}.

is clearly one, generated by (k1,0,0). Thus it follows from Theorem 11 that
system (4) can only have one generalized rational first integral, which is a
function of H;. This completes the proof of the proposition. O

4. PROOF OF PROPOSITION 5

We consider system (1) with a # 0 and b = —c = 2a, that is

(6) t=aly—x), y=-2ay—2xz, 2Z=—2az+xy.
First we note that by the rescaling (z,y, z,t) — (X,Y, Z,T) with
x=2 yv=Y% z-Z2 71—
a a a

we get that system (6) becomes
(7) ¥=y—z Yy =-2y—xz, 2 =-2z+uxy,

where now the prime indicates derivative with respect to the new time T'
and we have renamed the variables (X, Y, Z) again as (x,y, z). We note that
system (7) has the rational first integral Hy = (22 — 22)%/(y? + 22), which
obviously is a first integral of Darboux type.

We have found the second independent first integral

2 2 .
Y-tz /2 . (141 A B
2 — 2z <1 2 AF (arcsm< 2 y—iz) A

which is not of Darboux type, where A = 2% — 2z — /a1 — 4222 — 492,
B = 2% — 22 + \/2* — 4222 — 492 and F(¢,m) is the elliptic integral of
the first kind, see for more details [1]. This completes the proof of the
proposition.

5. PROOF OF PROPOSITION 6
In this section using the Darboux theory of integrability we prove Propo-
sition 6. We need the following definition.

A polynomial g(zx,y, z) is said to be weight homogeneous if there exists
s = (81,82,s3) and [ € N such that for all p € R\ {0} we have

g(p* i, p2y, p2) = ply(e,y, 2),
where N is the set of natural numbers. We shall refer to s as the weight

exponent of g, and to [ as the weight degree of g with respect to s.

Proposition 12. For the Lii system with a # 0 and (b* +c?)[(b+¢)? + (c+
2a)?] # 0, the unique exponential factors modulo constants is exp(x) with
cofactor a(y — x).
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For proving Proposition 12 we shall use the ideas from the proof of The-
orem 2.1 of [18].

Proof. Let F' = exp(g/h) be an exponential factor of the Lii system with
cofactor K, where g, h € Clz,y, z] with (g,h) = 1. Then from the definition
of exponential factor and in view of Proposition 8 we have that either h is
a constant that we can take h = 1, or h is a Darboux polynomial of system

(1).

Case 1. We first assume that F' is of the form F' = exp(g) with g =
g(x,y, z) € Clz,y, 2], and cofactor ¢ = q(x,y, z). So, we have

) gy el ¥ b, =0

with ¢ € Clz, y, z] of degree at most one, that without loss of generality we
write as

q=q(x,y,2) =lo+hz+ly+ I3z
In order to simplify the computations we do the rescaling
r=p"tX, y=p"%, z=p"%Z t=ul,
with € R\ {0}. Then the Lii system (1) becomes
X' =a(Y — pX),
9) Y' = —-XZ + pcy,
Z'=XY — b2z,
where the prime denotes the derivative of the variables with respect to T
Now we define
(10) G(X,Y,Z) = plg(p ' X, u %Y, 2 2),

where [ is the highest weight degree of g with respect to the weight exponents
(1,2,2). We write

(11) G(X,Y,2) =) p'Gi(X,Y,2),
i=0
where G; is the weight homogeneous part with weight degree-(I — 7) of G,
and [ > m. We also define
(12) Q(X,Y,2) = pPq(u ' X, u 7Y, u7%2) = 13Z + LY + pli X + p*lo.

Equation (8) can be written as

m

aY —pX)Y i o T (X2 + pey) > o
i=0 1=0
(13) s
+ (XY —ub2) Y i azi =113 Z + 1Y + ph X + p2ly).
=0

We distinguish several subcases.
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Subcase 1.1: | = 1. An easy computation shows that G = I X + k with the
cofactor ) = laa(Y —uX). Hence, the Lii system always has the exponential
factors exp(lox+k/p) with the cofactor ¢ = lea(y—x). Simplifying constants
we can take the exponential factor exp(x) with cofactor a(y — x).

Subcase 1.2: | = 2. Comparing the terms with the same degree in u of (13)
we get that

L[Gy] =0,
0Gy 0Gy 0Gy
L|G] =aX —cY bz IsZ + 1Y,
14) il =aXGx — Ny TV ThITLY,
B 0G4 G, G,
L|Gy] = aX X —-cY oy +bZ 97 +0LX,
lp =0,
where L is the linear partial differential operator of the form
0 0 0

The characteristic equations associated to this linear partial differential op-

erator are
dX _ aY dy XZ

4z~ XY' dZ XY’

This system has the general solution

X?_2aZ =dy, Y +Z%=d,,
where dy and dy are constants of integration. According to this, we do the
change of variables
(16) u=X%>-2aZ, v=Y*+27? w=7Z
Its inverse transformation is
(17) X =+tVu+2aw, Y ==+Vv—w? Z=uw.

In the following, for simplicity, we only consider the case X = vu + 2aw,
Y = Vv —w?, Z = w. Under the changes (16) and (17), the differential
operator L becomes

0
Vu+ 2awy/v — w28—.
w
Therefore the first equation of (14) becomes the following ordinary differen-
tial equation

vu+ 2awy/ v — wQ? =0,
w

where G}, is G}, written in the variables u, v, w. Therefore we have that Gy =
Go(u,v). Since Go, u and v have weight degrees 2, 2 and 4, respectively, we
must have Gy = co(X? —2aZ), where ¢y € C.

Substituting Gy into the second equation of (14) we obtain that
L[Gﬂ = 2a00X2 + (2&()00 + lg)Z + Y.
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In coordinates u, v, w we have

oG
Vu + 2awy/ v — w2a—w1 = 2aco(u + 2aw) + (2abcy + I3)w + loV/v — w?.

Integrating this equation we have

G1 = 2acy dw ~+ (2abcy + 13) dw

I | G

l T R s U)s
+ 2/ u—|—2aw+ 1(u,v)

where R; is an arbitrary function in u and v. Since the first two integrals
are elliptic functions, in order that G; be a weight homogeneous polynomial
we should have ¢y = 0 and I3 = 0. Therefore Gy = 0. Since Gy is the
component of G with the highest weight-degree, this implies G = 0 and the
Lii system does not have exponential factors of the form exp(g) when [ = 2.

Subcase 1.3: | =2n+1 and n > 1. From (13) we get that L|Go] = 0. As
in the previous subcase the general solution of L[Gy] = 0 is an arbitrary
function of the form Gy = Go(X? — 2aZ,Y? + Z?). Both X? — 2aZ and
Y2 + Z? have even degree, then Gy must have even degree. Hence Gy = 0
because the weight degree of Gy is I = 2n + 1. Since Gy is the component
of G with the highest weight-degree, this implies G = 0. Therefore, we have
g = 0 and so the Lii system has no exponential factors of the form exp(g)
when [ = 2n + 1.

Subcase 1.4: | = 4n — 2 and n > 2. Comparing the terms with the same
degree in p in (13) we have

L[Go] =0,

L[Gj] ZaXagjgl —cYagg;l +bzag§1, =102
(18)  L[Gi] = xagg —cYégé;2 +b 8§1Z2 LY +152,

0= aXag)l(‘1 — Cyag;/_l +b28§lz_1 +hX,

0= lp.

From the first equation in (18) we get that

n
— Z%’(XQ _ 2a2)2i—1(y2 + ZZ)n—z
i=1



10 J. LLIBRE, A. MAHDI AND C. VALLS
Substituting Gy into the second equation of (18), we can prove that

L[Gy] = zn:[za(% —1) —2¢(n —1))a;(X? — 2a2)* 1 (v? 4+ z2)n
=1
+ zn:[(4a2 — 2ab)(2i — 1)]a;(X? — 2a2)*72(Y?2 + 25"z

+ 3720 + o) (n — i)as(X? — 2a2)2 (V2 4+ 22" i1 22,
=1

Using the transformations (16) and (17) and working in a similar way to the
subcase 1.2 for solving Gy we get the following ordinary differential equation

n

Vu+ 2awy/ v — wz% = Z[Qa(Qi —1) — 2¢(n — 9)]a;u? "ty

i=1

+ Z[(4a2 — 2ab)(2i — 1)]a;u* 20" w

i=1
n . .
+ Z 2(b+ ¢)(n — i)a;u* o T2,
i=1
Using
d _ _ 2
_( T Saw r—uﬁ) _ uw + a(v — 3w )7
dw Vu + 2awvv — w?
and
n . .
Z[2a(2i —1) = 2¢(n — 9)]a;u® o™
i=1

1< . .
= - 2[2(1(21' —1) = 2¢(n — 9)]a;u® """ Hav — uw — 3aw? + vw + 3aw?]
a?
1 n
— 2a(2i — 1) — 2 _ iQi_l n—i—1/__ _32
" Z[ a(2i — 1) — 2¢(n — i)]a;u™ v (—uw + a(v — 3w?))
1 S : . 7, N—i—
+ o Z[Qa(Qz —1) — 2¢(n — 1)]a;u?v Yw

n
+3 Z[Qa(% —1) = 2c(n — )] agu® 0" w?,
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it is easy to deduce that the integration of the previous equation with respect
to w is

_ "1 , .
G = Z ~[2a(2i — 1) — 2¢(n — )]au® 0" WU+ 20w/ v — w?
a
i=1
n—1
+ <(4a2 — 2ab)ay vt + [Z[(4a2 —2ab)(2i + 1)aj+1
i=1
1 , , 2 n—i—1 1 n
+ —(2a(2t — 1) — 2¢(n — 1))a;Ju“v + —2a(2n — 1)a,u™" |-
a av

w dw
Vu+ 2awvv — w?

+ Z[Q(b +¢)(n — i) + 3(2a(2i — 1) — 2¢(n — i))]a;u® Lo
i=1

w? dw —
+ T4 (u,v),
Vu + 2awvv — w? 1(,v)

where Tj(u,v) is an arbitrary smooth function in u and v. Since Gy is
a weight homogeneous polynomial of weight degree 4n — 3, we must have
T1(u,v) = 0 because the weight degrees of u and v are even. Moreover, since
the integrals of w/v/u + 2awvv — w? and w?/v/u + 2awv/v — w? involve el-
liptic integrals in order that Gy (u,v,w) be a polynomial in their variables
Vu 4 2aw, Vv — w? and w we get that

(4a® — 2ab)a; = 0,
(40 — 2ab)(2i + 1)az41 + L(2a(2i — 1) — 2c(n — i))a; = 0,

fori=1,...,n—1,
(19)
2(2n — 1)a, =0,
(2(b+¢)(n —1i) +3(2a(2i — 1) — 2¢(n —i)))a; =0,
fori=1,...,n.

It is easy to prove that since a # 0, conditions (19) are equivalent to one
of the following conditions:

(i) b=2a = —c¢, n = 1/2 and there exists ig € {1,...,n — 1} such that

a;, # 0.
(i) b = 2a, n = 1/2 and Gy = a, (2% — 2az2)?" L.
(iii) ap = a1 =--- = a, = 0, that is, Go = 0.

Since n is a natural number the two first cases are not possible and therefore
only the third case is possible. Therefore Go = 0 and since this is the
component of G with the highest weight-degree, this implies that G = 0.
Then g = 0 which yields that the Lii system has no exponential factors of
the form exp(g) in this case | = 4n — 2 with n > 2.
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Subcase 1.5: | = 4n and n > 1. From (18) we have
= ai(X? = 202)%(Y? + 22"
i=0
Substituting Gy into the second equation of (18) we can prove that
n
LIG1] = [4ai — 2c(n — i)]a;(X? — 2a2)% (Y? + Z°)""
i=0

+ Z 4a? — 2ablia; (X% — 2a2)¥ V(Y2 + 237

+ Z 2(b+ ¢)(n —i)a;(X? — 202)*(Y? + 2% =1 72,
=0
Then we have
G = i é[llaz' — 2¢(n — )] a;u v W+ 2awy/v — w?
e
+ (Z <2(4a2 — 2ab)ia; 11 + — (4az — 2¢(n — i))a; ) 2it1yn—i—1
i=0

1 w
+ —4na u2”+1> / dw
v Vu + 2avvVv — w?

+ ) [2(b+ ¢)(n — i) + 3(dai — 2¢(n — i))]a;u®v" !
=0

2

Vu + 2avvv — w?

where T (u, v) is an arbitrary smooth function in u and v. In order that G4
be a weight homogeneous polynomial of weight degree 4n — 1, we must have
Ts(u,v) =0 and

dw + Ty (u, v),

1
2(4a* — 2ab)ia; 1 + —(4ai — 2¢(n —i))a; =0, i=0,1,...,n—1,
a
(20) 4ana, =0,
[2(b+c)(n —i)+3(4ai — 2¢(n —i))]a; =0, i=0,1,...,n

We can easily prove that since a # 0, conditions (20) are equivalent to one
of the following conditions:

(i) ap = a1 = -+ = a, = 0, and consequently Gy = 0.
(ii) a, = 0. If b = 2a, then b = —¢, in contradiction with (b+ ¢)? + (c +
2a)? # 0.

(iii) an, =0, b # 2a and b = —c. Then [4ai — 2¢(n —i)]a; = 0. Therefore,
from (20) , we obtain ¢ = 0, in contradiction with b? + ¢ # 0.



DARBOUX INTEGRABILITY OF THE LU SYSTEM 13

(iv) ap =0, b# 2a and b+ ¢ # 0. Then
2(b + ¢)(n — i)a; — 6a(4a® — 2ab)ia; 1 = 0.

So, for i = 0 we have ag = 0. For i = n—1 we get a,,_1 = 0. Working
with i =n—-2,n—3,...,1 we obtain a,,_o = --- = a1 = 0. Hence
Go =0.
In summary Gy = 0 and since this is the component of G with the highest
weight-degree, this implies that G = 0, and the Lii system has no exponential
factors of the form exp(g) when | = 4n with n > 1.
In short we have proved that if F' is of the form F = exp(g) with g €
C[z,y, 2], then except constants it is of the form exp(x) with cofactor a(y —

Case 2. Now we study the exponential factors of the form exp(g/h) with
(9,h) =1 and cofactor ¢ = q(x,y, z). Therefore g and h satisfy

Jg dg
ay+( bz+xy)az = kg + qh,

where we have simplified by the common factor exp(g/h) and we have used
the fact that h is a Darboux polynomial of system (1) with cofactor k € C,
see Theorem 1. We define K, Q) and H as follows.

K(X,Y,7) =k,
Q(X7 Y7 Z) = IJ’QQ(N’_le M_2Y7 /’L_QZ) = ld’oZ + ZQY + /.LllX + ,LLZZ(),
H(X)Y,Z) = h(p™ ' X, u7%Y, n7%2).

0
aly — x)a—i + (cy — x2)

Using the weight change of variables, from (9)—(12) we get that G satisfies

ox T (—XZ—i—ucY);p o

aY —pX) Y p
=0

(21)

—~ 0G; i
+ (XY —pbZ) Yyt =k Y p'G
=0 =0

+ Y132 + Y 4 ply X + p2lo)H(X,Y, Z).

Since h is a Darboux polynomial in view of Theorems 1 and 10, h can be
only of four different types. We separate then in four different cases.
Subcase 2.1: h = (2% — 2az)", n > 1 with cofactor k = —2an, b = 2a and
¢ # —2a. Now equation (21) becomes

m

a(Y — uX) g W + (—=XZ + pcY) g w
i=0 i=0

)4

X
(22)

+ (XY — 2au2) Z/ﬂ 57 = —Q(m,uZuZGi
i=0 i=0

+ p 72 (13 Z + 1Y + ply X 4 p2) (X2 — 2a2)".
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We claim that [ > 2n. In order to prove the claim, first we assume that
I < 2n. Computing in (22) the terms of y/ with j < 0, we get Iy = Iy = I3 =
0. For u° we get either [p = 0, or [ = 2n — 1 in which case we obtain

0Gy 0Gy 0G) 9 n

Evaluating this equation on Y = Z = 0 we get that [ = 0. Hence, in both
cases lg = 0. In short, we get that lo =1y =l = I3 = 0 and thus @ = 0.
This implies that g is a Darboux polynomial of the Lii system with cofactor
—2an. It follows from Theorem 1 that g = a(2? — 2a2)" with a € C. Then
(g,h) = (22 —2az)™ which contradicts the assumption (g, h) = 1. Hence the
claim is proved.

By the claim we can write [ = 2n + ¢ for some non-negative integer £. We
define the following differential operator

D= aXaiX —cYaiY +2aZa% — 2an.
Then from (15), (22) we obtain that
L[Go] =0,
LGy ] = D[Gyia], i=1,...,0—1,

L[Gy1] = D[Gro] + (LY +132)(X? — 2a2)",
(23) L[GY¢] = D[Gy_1] + L X (X? — 2a2)",
Ge] + lo(X? = 2a2)",

Gj_ﬂ, j=L4+2,....2n+/,

=

{

2k

I
SS9 588

LG =D, i=1,....2n+0+1,
¢y =0, i=2....¢
(24) LG, = (Y +152)(X? - 2a2)",
LG = DGV ) + L X (X2 — 2a2)",
L&V ] = DG + 1p(X? — 2a2)",
]

LGV =DGV), j=t+2,...2m 4041

System (24) is equivalent to system (23) where we have split the poly-
nomial G; of weight degree (I — i) in two pieces GEO) and GEU, satisfying
Ggo) the equation L[GEO)] = D[Gf.ojl] for i = 1,...,2n + £ + 1, from the
second equation of (23) we have that Ggl) =0fori=0,...,0—2, Ggl) for
i =0—1,0,0+1 satisfy the third, fourth and fifth equations of (23). Now
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the existence of Géi)l creates the existence of a G&)Q, and so on satisfying
the last equation of (24).

Defining

m m
a0 — ZMiGZ(O) and GV — ZMiG§1)7

i=0 i=0
we have that G = G + G, We note that the first identity in equation
(24) is exactly the equation of a Darboux polynomial of the Lii system
with cofactor —2an (in the weight variables (X,Y,Z)). In other words,
g0 =GO =1 =>_i" GZ(-O) is a Darboux polynomial of the Lii system with
cofactor —2an. In view of Theorem 1 we get that ¢(©) = a(x? — 2a2)™ with
aeC.

Now from the third equation of (24) and introducing the change of vari-
ables given in (16) we get that setting Géi)l(X,KZ) = @é?l(u,v,w) the
third equality in (24) becomes
~(1)

oG
Vu + 2aw\/ v — wQﬁ =u"(lavVv — w? + lzw).

Solving it we conclude that

=~ l
Gél,)l (u,v,w) = —QU”\/u + 2aw + l3u dw.
a

n / w
Vu + 2awvv — w?
Since G‘,(Zl_)1 must be a polynomial in its variables, we obtain that

l
ls=0 and G =2X(X?-2a2)".
a
Substituting GEl_)l into the fourth equation of (24) and proceeding as for

the third equation of (24) we can prove that
Gt u,v,w) = (I1 + ly)u™ arctan <L>
Y ( ) (1 2) m
Again, using that Gél) must be a polynomial we conclude that [y +1s = 0
and GIM = 0.

Substituting Gél) into the fifth equation of (24) and proceeding as above,
using that Ggr)l is a polynomial we get that [p = 0 and Géi)l
proceeding inductively the sixth equation of (24) yields that Gg-l) = 0 for
j=4L+3,...,2n+ £. This proves that

= 0. Hence,

9= (GO + W), = a(z? - 2a2)" + %x(:z;Q —2az)".

But in this case (g,h) = (22 — 2az)" which contradicts the assumption
(g9, h) = 1. Then yields that the Lii system has no exponential factors of the
form exp(g/h) in this subcase.
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Subcase 2.2: We have h = (y?>+22)" with cofactor k = 2cn, n > 1, b= —c #
0 and ¢ # —2a. Working in a similar way to Subcase 2.1, we can prove that
g=a(y?+22)" + %x(yQ +22)". Then (g, h) = (y* + 2z?)" which contradicts
the assumption (g,h) = 1. Hence the Lii system has no exponential factors
of the form exp(g/h) in this subcase.

Subcase 2.3: We have h = (z* + %ca:Zz — %CQyQ - %c%:y)" with cofactor
k= %cn, n>1,a=—c/3 and b =0. Working in a similar way to Subcase
2.1, we can prove that g = ¢(© = a(zt + %ch,z — %c2y2 — %c%cy)". Then
(9.h) = (z* + 3ca?z — §c2y? — ScPay)™ which contradicts the assumption
(9,h) = 1. Hence the Lii system has no exponential factors of the form
exp(g/h) in this subcase.

Subcase 2.4: We have h = (v*+4cx?z—4c?y* +8cwy+16¢32)™ with cofactor
k=4cn,n > 1, c = —a and b = 4a. Working in a similar way to Subcase 2.1,
we can prove that g = ¢(0 = a(z* + dex?z — 4%y? + 82xy + 16¢32)™.
Then (g, h) = (2* + 4cx?z — 4c®y? + 8c%wy + 16¢32)™ which contradicts the
assumption (g, h) = 1. Hence the Lii system has no exponential factors of
the form exp(g/h) in this subcase.

In short, in Case 2 we have proved that the Lii system has no exponential
factors of the form exp(g/h) with (g,h) = 1.

Now, joining Cases 1 and 2 we have proved Proposition 12. U

Proof of Proposition 6. It follows from Theorem 7 that the Lii system has a
first integral of Darboux type if and only if there exist A;, u; € C not all zero
such that equation (3) is satisfied where p,q are the numbers of Darboux
polynomials and exponential factors, respectively. Furthermore, K;, L; are
the cofactors of Darboux polynomials and exponential factors, respectively.
It follows from Theorem 1 that the cofactor of the Darboux polynomials of
system (1) when a # 0 is a constant that we denote by k. The proof of
Proposition 12 shows that the cofactor of the unique exponential factor is
a(y — x). So equation (3) is equivalent to

Mk + pa(y —x) = 0.

This last relation is equivalent to pu; = A; = 0. O
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