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Abstract 'We consider three classes of polynomial differential equations of the form ¢ = —y + Pn(z,y),
Yy = 2+ Qn(z,y), where P, and Qn are homogeneous polynomials of degree n, having a non-Hamiltonian
centre at the origin. By using a method different from the classical ones, we study the limit cycles that
bifurcate from the periodic orbits of such centres when we perturb them inside the class of all polynomial
differential systems of the above form. A more detailed study is made for the particular cases of degree
n=2and n=3.
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1. Introduction

The main problem in the qualitative theory of real planar differential systems is the
determination of limit cycles. Limit cycles of planar vector fields were defined by Poincaré
[30] and started to be studied intensively at the end of the 1920s by van der Pol [34],
Liénard [24] and Andronov [1].

One of the classical ways to produce limit cycles is by perturbing a system which has
a centre in such a way that limit cycles bifurcate in the perturbed system from some of
the periodic orbits of the unperturbed system (see, for example, [31]).

In this paper we consider three subclasses of real planar polynomial differential systems
of the form

T=-y+ Pu(z,y), ¥=z+Qn(z,y), (1.1)

where P, and @, are homogeneous polynomials of degree n having a centre at the origin,
and we study the limit cycles which bifurcate from their periodic orbits when we perturb
such subclasses inside the class of all system (1.1) (see Theorem 2.3). In the future we
want to study the perturbation of the centres of system (1.1) with n = 2 inside the class
of all polynomial systems of arbitrary degree.
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There are essentially three methods for studying the bifurcated limit cycles from a
centre. The first is based on the Poincaré return map (see, for example, [3,9]); the
second on the Poincaré-Melnikov integral or abelian integral, which are equivalent in the
plane (see 3], § 6 of Chapter 4 of [20], and § 5 of Chapter 6 of [2]); and the third is based
on Theorem 9 of [16] (see § 6 of this paper and [17]). These methods have been used by
several authors for studying bifurcated limit cycles from a centre of a Hamiltonian system,
or of a system which can be reduced after a change of variables to a Hamiltonian one. In
general, these methods are difficult to apply for studying the limit cycles that bifurcate
from the periodic orbits of a centre when the system is integrable but not Hamiltonian.
As far as we know there are few papers that study non-Hamiltonian centres (see, for
example, [9,12,18]).

The method that we have used in the proof of Theorem 2.3 is different and easier
to apply to the three classes of non-Hamiltonian centres studied here. The difference
consists in reducing the problem to a one-dimensional differential equation where explicit
integral expressions (easier than the usual abelian integrals for these classes of problems)
for the solution of the first variational equation can be computed. For more details on
first variational equations (see, for example, {10]). This method is inspired by ideas
that appeared in a paper of Lins Neto [27] when he studied a class of Abel differential
equations.

When n = 2, system (1.1) are quadratic polynomial differential systems (or simply
quadratic systems in what follows). Quadratic systems have been intensively studied for
the last 30 years, and more than a thousand papers have been published on them (see,
for example, the bibliographical survey of Reyn [32]).

There are 32 topologically different phase portraits of quadratic systems having a
centre (see Vulpe [35]). The three subclasses of system (1.1) studied here for n = 2 are
classes 29, 15 and 20 in Vulpe’s classification.

We note that the classes of systems 29 and 15 studied here contain the full classes 29
and 15 of Vulpe. But our class of systems 20 is only a subclass of all quadratic systems
having phase portrait topologically equivalent to class 20 of Vulpe. In Theorem 2.4 we
study how many limit cycles bifurcated from the periodic orbits of these quadratic centres.

Many authors have studied the limit cycles which bifurcate from periodic orbits of a
centre for a quadratic system (see, for example, [21,23,26,28, 29,33, 36)).

In Theorems 2.5 and 2.6 we study the number of limit cycles which bifurcate from the
periodic orbits of two classes of these centres when the degree of the system is n = 3.

The main results of the paper, i.e. Theorems 2.3, 2.4, 2.5 and 2.6, are stated in §2.
The other sections are dedicated to their proofs.

2. Statement of the results

In order to be more precise we need some preliminary notation and results. Thus, in
polar coordinates (r,8) defined by z = rcos@, y = rsin6, system (1.1) becomes

F=f@)r",  0=1+g(@)r, (2.1)
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where

f(8) = cos 0P, (cosb,sin ) + sin0Q,,(cosf,sin ),
g(8) = cos8Q(cos b, sin ) — sin 8 P, (cos b, sin §).

We remark that f and g are homogeneous polynomials of degree n + 1 in the variables
cos @ and sin@. In the region

R={(r,0): 1+ g(0)r™" > 0},
the differential system (2.1) is equivalent to the differential equation

dr _ f(O)r"

dd ~ 1+ g(f)r1 (22)

It is known that the periodic orbits surrounding the origin of system (2.1) do not intersect
the curve § = 0 (see the Appendix of [5]). Therefore, these periodic orbits are contained
in the region R, and consequently they are also periodic orbits of equation (2.2).

The transformation (r,8) — (p, #) with

Tn—l

PETY g(@)rn—1

is a diffeomorphism from the region R into its image. As far as we know, the first to use
this transformation was Cherkas in [7]. If we write equation (2.2) in the variable p we
obtain
dp

="~ 1)£(0)9(8)p° + [(n — 1)£(6) — ¢'(0)}F", (23)
which is a particular case of an Abel differential equation. These differential equations
appeared in the studies of Abel on the theory of elliptic functions. For more details on
Abel differential equations see [22]. In fact we have proved the following result.

Proposition 2.1. The function r = r(8) is a periodic solution of system (2.1) sur-
rounding the origin if and only if p(6) = r(0)*~1/(1 + g(8)r(9)"~!) is a periodic solution
of the Abel differential equation (2.3).

The class H is defined by (1.1). We say that a system of the class H belongs to the
subclass F if its function f(6) is identically zero. We note that the orbits of those systems
have the polar coordinate r constant. We say that a system of the class H belongs to
the subclass G if its function g(@) is identically zero and f02" f (20) d@ = 0. We note that
if the degree n of system (1.1) is even, then the condition f0” f(6)d8 =0 is always
satisfied. Also we remark that g(f) = 0 means that the infinity of system (1.1) in the
Poincaré compactification is fulfilled of singular points. For more details on the Poincaré
compactification, see, for example, [19]). Additionally, g(#) = 0 implies that § = 1, and
consequently the centre is isochronous.
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We say that a system of the class H belongs to the subclass C if the function
(n—1)f(8) — ¢'(8) is identically zero.

An easy computation shows that the subclass F has dimension 2(n+1)— (n+2) =n
inside the class H. The subclass G has dimension n if n is even, or n — 1 if n is odd
inside the class H. Finally, the subclass C has dimension n inside the class H.

Using the expression of equation (2.3) it is easy to prove the following results.

Proposition 2.2.

(a) Systems of class F' have a centre at the origin, and in coordinates (p,0) their
periodic solutions contained in the region R are given by

p(0,2) =

z

T3 (0 — 9(0)z’ (24)

where z € (0, ming |g(8) — g(0)|1).

(b) Systems of class G have a centre at the origin, and in coordinates (p,8) their
periodic solutions contained in the region R are given by

p6,z) = :

1-F(0)z’
where z € (0, ming | F(8)|~") and F(8) = (n—1) [{ f(t)dt

(2.5)

(c) Systems of class C have a centre at the origin, and in coordinates (p,0) their
periodic solutions contained in the region R are given by

p(0,2) =

z
V1+2(n— 1) (e)zz’
where z € (0, ming |G(6)|~!) and G(6) = fo

(2.6)

‘We note that the function F(8) cannot be identically zero, otherwise f(8) = 0 and, since
g(8) = 0 in class G, we would have that P,(z,y) =0 and Q,(z,y)} =0, in contradiction
with the assumptions, because P, and @, must be homogeneous polynomials of degree n.
We also note that the function G(6) cannot be identically zero; otherwise f(8)g(8) =
consequently either f(8) = 0 or g(8) = 0, and, since (n — 1) f(#) — ¢'(8) = 0 in class C,
it follows that f(8) = 0 and g(6) = 0, and we would arrive at the above contradiction.

Three of our main results are as follows.

Theorem 2.3. The following statements hold.

(1) We assume that system (1.1) belongs to class F. Then for ¢ sufficiently small the
system

&=-y+ Pu(z,9) +€Pa(z,y), ¥ =2+ Qn(z,y)+eQnlz,y), (2.7)

of class H has a hyperbolic limit cycle surrounding the origin for each root z of

the function 2n f(6)de
U(z) = z(1 - 9(0)2) /0 1+ (9(9) - 9(0))2’
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such that U’(z) # 0 and z € (0, ming |g(6) — g(0)|~!). Here,
f(8) = cos P, (cosf,sin ) + sin Q. (cos b, sin §).

Moreover, the limit cycle associated to such a root z tends to the periodic solution
(2.4) when € — 0.

(2) We assume that system (1.1) belongs to class G. Then, for e sufficiently small,
system (2.7) of class H has a hyperbolic limit cycle surrounding the origin for each
root z of the function

 1(6)30)d0 _ [ ¢
V(Z) = —22 (Z A m - A f(9) d0>,

such that V'(z) # 0 and z € (0, ming |F(6)|~"). Here
G(8) = cos8Q,(cosf,sin @) — sin P, (cos 8, sin f).

Moreover, the limit cycle associated to such a root z tends to the periodic solution
(2.5) when € — 0.

(3) We assume that system (1.1) belongs to class C. Then, for e sufficiently small,
system (2.7) of class H has a hyperbolic limit cycle surrounding the origin for each
root z of the function

27 _
W(z) = 2° (/0 (n—1)f(0) — §(8)V/1+2(n—1)G()22d6

2n
~ (- [ (f(0)§(0)+f(0)g(9))d0),

such that W'(z) # 0 and z € (0, ming |G(8)|™!). Moreover, the limit cycle associ-
ated to such a root z tends to the periodic solution (2.6) when ¢ — 0.

Theorem 2.3 will be proved in § 3.

We note that all integrals which appear in the determination of the functions U(z)
and V(z) are integrals of rational functions in the variables sinf and cos 6.

Some other results about limit cycles of system (1.1) for arbitrary n > 2 have been
given in [4-7,13,25]. The same systems with P,(z,y) = (az+by)Rn_1(z,v), Qn(z,y) =
(cz+dy)Rn-1(z,y), where R,_; is a homogeneous polynomial of degree n.— 1 have been
studied in [8,14,15].

Now we apply Theorem 2.3 to subclasses F, G and C of quadratic systems, i.e. for
n=2.

Theorem 2.4. The following statements hold.

(1) Every quadratic system of class F can be written in the form

. a2
I=-y-—azy by,} (28)

¥ =z + az? + bxy.
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The number of limit cycles of the perturbed system
= —y—aa:y—by2+e(La:2+M:zy+Ny2),} (2.9)

¥ =z + ax® + bry + ¢(Az® + By + Cy?)

that bifurcate from periodic orbits of the centre of system (2.8), is at most 1 if U(z)
is not identically zero, where U(z) is defined in Theorem 2.3(1).

(2) Every quadratic system of class G can be written in the form

oyt o
y=z+ bzy + cy”.
The number of limit cycles of the perturbed system

& = —y+ bx? +cxy + e(Lz® + Mxy + Ny?),

¥ =z + bzy + ¢y’ + e(Az? + Bzy + Cy?) } (2.11)

that bifurcate from periodic orbits of the centre of system (2.10), is at most 1 if
V(2) is not identically zero, where V' (z) is defined in Theorem 2.3 (2).

(3) Every quadratic system of class C can be written in the form

&= —y+lz? — 2azy — ly?,
¥ =+ az? + 2zy — ay?. } (2.12)
There are no limit cycles of the perturbed system
& = —y + 12 — 2azy — ly® + e(La® + May + Ny?),
§ = + az? + 2zy — ay? + (Az® + By + Cy?) } (2.13)

that bifurcate from periodic orbits of the centre of system (2.12) if (A+ C)l+ (L+
N)a #0.

Statement (1) of Theorem 2.4 will be proved in §4. Statements (2) and (3) are due to
Chicone and Jacobs [9]. Both can be easily proved by using Theorem 2.3, but since their
proofs are similar to the proof of statement (1) we omit them.

Now we apply Theorem 2.3 to subclasses F and G of cubic systems, i.e. for n = 3.

Theorem 2.5. Every cubic system of class F can be written in the form

& = —y + az’y + bry? + v,
¥ =z — az® — baly — cxy®. } (2.14)
Then the maximum number of limit cycles of the perturbed system
T=-y+ aa:zy + b:L‘y2 + cy3 + e(a0x3 + alxzy + a2$y2 + a3y3),
y =z — az’ — bx’y — cxy? + e(boz® + byzly + bazy® + b3y®) } (2.15)

that bifurcate from the periodic orbits of the centre of system (2.14) is two, if U(z) is
not identically zero, where U(z) is defined in Theorem 2.3(1).
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The proof of Theorem 2.5 is given in §5.

Theorem 2.6. Every cubic system of class G after a linear change of variables and a
rescaling of time (if necessary) can be written in the form

i=—y+yz?
Ty (2.16)
Y=+ xzy°.
Then the maximum number of limit cycles of the perturbed system
&= —y + yz’ + e(apzr® + a12%y + a2zy® + asy®), (2.17)
U=z + zy® + €(boz® + 177y + bazy® + bsy®) '

that bifurcate from the periodic orbits of the centre of system (2.16) is two, if V (2) is
not identically zero, where V(z) is defined in Theorem 2.3 (2).

The proof of Theorem 2.6 is given in §6.

We remark that this study that we have made of limit cycles which bifurcate from these
three kinds of centres for polynomial differential systems with homogeneous nonlinearities
can be extended to differential systems defined by the sum of two quasi-homogeneous
vector fields (see [11]).

3. Proof of Theorem 2.3

We only prove statement (1) of Theorem 2.3, the other two statements can be proved in
a similar way.

We assume that system (1.1) belongs to class F, i.e. f{#) = 0. Then equation (2.3) for
system (2.7) becomes

& e —(n=Deflg+e9)p® +[(n~ Vel — g’ ~ /}s?

=g’ +e(—(n—1)fgp’ + [(n - 1)p — §'}p?) — ¥(n — 1) fgp°.

Therefore, for ¢ sufficiently small, the solution ¢(8, z, €} of system (3.1) such that ¢(0, 2, €)
= z (by the theorem of analytic dependence on initial conditions and parameters for the
solutions of an analytic differential equation) can be written in the form

(3.1)

¢(07z1€) = 90(0,2) +€U(0,Z) +52R(0,Z,6), (32)
where
#0:2,0) = ¢(0,2) = TG e
u(f,z) = %(9,2,0), (3.3)
u(0,2) = 0.

We note that (8, 2) is the solution of (3.1) for e = 0.
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We define U(z) = u(2w,2). Now we assume that U(z) has a root z = 2 for which
U’(20) # 0. Then, by the Implicit Function Theorem, for some ¢y > 0 and all € with
le| < eo, there exists a point z = Z(e) such that z2(0) = zo and U(Z) + eR(27,Z,€) = 0.
Therefore, from (3.2) we obtain

¢(2m, z,¢) — 2 = €[U(Z) + €R(2m, Z,¢)] = 0.

Hence, the solution ¢(6, z, €) is periodic of period 27. Moreover, since U’(zp) # 0, this
periodic solution is a hyperbolic limit cycle.

To end the proof of Theorem 2.3 we must compute the function U(z). First we compute
u(#, z) in terms of the coefficients of p? and p in equation (3.1). For the solution ¢(4, z, )
of system (3.1), we have

¢=—~g'$* +e(~(n—1)fgd® + [(n - 1)f — §1¢°) — €(n — 1) fgo°.

Therefore,

2 (?) — 2 9262 (D - DT - 0E. (39)

Since ¢ = —g'¢?, from (3.3) and (3.4), it follows for € = 0 that

du

5 =u= 2%% —(n=1)fge® + [(n—1)f — 7'le".

Consequently,

d Lp — 2u¢ 7 F-g
@(%)=W<p—3w=-(n—l)fg<p+(n—1)f—g-

Integrating both sides in the interval [0, 27], we obtain

27 2m
L ——-n( [ F@0@00.8- [ o)),
Therefore,
_ r f(o)g)de [
0@ =092z [ g ey 70%)
Si _ _ _
e fo  _F__ Fa-g0)2)
1+(g—9(0)z 2z z(1+(g-9(0))2)
W t
o 2 o f(6)dé
U = (=020 =902 [ G g
This completes the proof of Theorem 2.3 (1). O
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4. Proof of Theorem 2.4

We only prove statement (1) of Theorem 2.4, the other two statements can be proved in
a similar way.

We note that a? + b2 # 0, otherwise system (2.8) would not be quadratic. From
Theorem 2.3, for e sufficiently small, there is a limit cycle surrounding the origin of
system (2.9) for each root z of the function

f(6)do
1+ (g(0) — (0))z’

such that U’(z) # 0 and z € (0, ming|g(8) — g(0)|~!), where this minimum is (a +
Va2 +b2)"tifa > 0, and |a — vVa? + b2| 7! if a < 0. An easy computation shows that

2
U(z) = 22(1 - 9(0)2) /0

9(0) = acos@ + bsind = v/a? + b2 cos(d — 6y),
f(6) =Lcos® 0+ (A+ M)cos?0sin + (B + N)cosfsin?8 + Csin® 9,

where 6 satisfies cosy = a/va? + b2 and sinfy = b/va? + b2
Clearly, for obtaining U(z) we only need to compute the following four integrals

/ 2 cos’ @ sin’ 6dé
o l—az+2vaZ+b2cos(d —6p)’

for i + 7 = 3, where ¢ and j are non-negative integers. Or, equivalently, after the change
of variables ¢ = 6 — 6y we must compute the integrals

1 /2" (acos g — bsinp)i(asiny + bcos p)’ dcp
(a? + b2)3/2 p+qcosy

where p = 1 — az, ¢ = zv/a? + b?. These integrals will follow from the computation of the
following ones

I.__/z" cost psin’ pdy
" Jo ptgcosp

whose values are

m™
Iy = W[@P? +A)Vp? — ¢ — 2p%),
Iy = ——1[p(20* — ¢*)VP? — ¢ + 20°(¢* - p%)],
q VD
Iy = Ip3 = 0.

Now, a tedious computation shows that

U(z) = z2(1 — az)(alsg + Blh2),
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where
o= m[a% +a®b(A + M) + ab?(B + N) + b°C],
1
B= m[ﬁw + N) +a’b(3C - 24 - 2M)

+ ab®(3L — 2B — 2N) + b*(A + M)).
We need to look for the roots z of U(z), or, equivalently, for the roots u of

Ui (u) = [ag(2p® + ¢%) + Bp(2p° — ¢*)|V/p? — ¢* — 2ap°q + 26p*(¢* — p°)
= p*([eu(2 + u?) + B(2 - v*)]V1 — u? — 20u + 26(x® - 1)),

where 0 < u = q/p < 1, because 0 < z < ming |g(6) — g(0)|~!.
All roots of U; (u) are also roots of the expression

[aw(2 + u?) + B(2 — uB)]?(1 — u?) — [2au — 28(u? — 1)]?
= u?[B% — 20fu — (3a? + £?)u? + 206u® — o®u?] = uth(w).
Since h(%1) = —4a?, h(0) = B2 and h/(u) has a unique real zero, it follows that h(u)
has at most one real root in the interval (0, 1). Therefore, since z = ulau + Via? + 2|71,

we obtain that U(z) has at most one root in the interval (0, ming |g(8) — g(0)|~!). Hence
Theorem 2.4 is proved. O

5. Proof of Theorem 2.5

By using the condition f(#) = 0, it is easy to find expression (2.14) for any cubic system
of class F. By a rotation

T =ucosy + vsiny, Yy = —using + vcosp,

system (2.14) keeps the same form

o= —v + av?v + fuv? + yd, v =u—au’ — fuv — yur?,
with
B = —bsin? ¢ — 2(a + ¢) sin @ cos p + bcos® .

Hence there is an angle ¢ such that 8 = 0, and without loss of generality we can suppose
that b = 0 in system (2.14).

Case 1: ¢ # 0. Making the scaling (z,y) = (z/+/Icl, ¥/+/lcl), we can transform
system (2.14)} into the same form but with ¢ = £1. We will only consider the case ¢ = 1,
the case ¢ = —1 can be treated in a similar way. Therefore, instead of system (2.14) we
consider the system

(5.1)

& =-y+azy+4°
¥ =z-az® - zy°.
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An easy computation shows that
g() = —acos?8 —sin’@ = —%1(a — 1) cos 26 + (a + 1)),

f(8) = apcos® O+ (b + ay) cos® fsin B + (b; + ay) cos® fsin® 4
+ (by + a3) cosfsin® @ + by sin® §

= @cos® 20 + bcos 20 sin 26 + &sin’ 20 + d cos 20 + €sin 20 + &,
where
a= i-(ao-}-bg.), c= %(bl +a2), d= %(ao—bg). (5.2)
By Theorem 2.3, we need to study the number of zeros of the function

f(6)do
9(8) - 9(0))2’

for z € (0, ming |g(8) — g(0)|~!). Hence we need to compute

2
UE) =20-909) [ 1

L= /4” cos® psin’ pdy
Y p+ qcosy
for 0 <i+j <2 wherep=1+(a—1)z/2and ¢ = —(a — 1)z/2. If a = 1, then the I;;
are independent of z, hence U(z) has no zeros for z > 0. We suppose a # 1. Since
9(8) — 9(0) = 3(a — 1)(1 — cos 20),

we obtain that z € (0, ming |g(8) — g(0)|~*) = (0,1/]a — 1]), and p > |g| > O for z €
(0,1/|a — 1|). Some easy computations show that

i
Lo = dn(p— VP* — ¢ )

Ipg =

vVt —¢q?
101=0,
Iy = TP — VP — &%)
q2 p2_q2
111—0
Ioa 47(q> — p° + pv/p? — ¢?)
?\/p? — ¢?

Hence U(z) =0 for z € (0,1/|a — 1]) is equivalent to U;(z) = 0, where

Uy (z) = aly + Elpg + dlyg + algo
47 _ _
= ————1a(p* + ¢*) + &(¢* — p*) + dpq — (@p — &p + dg)V/p* — ¢*].
q2 /p2 _ q2
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Note that p > |g| > 0. If u = q/p, then 0 < |u| < 1, and U;(z) = 0 if and only if
h(u) = 0, where

a(l+u?) +ew? — 1) +du—(@a—c+du)V1—u?

(1-+v1—u2)hi(u),

h(u)

where
hi(u) =2a+ (@ +2&)V1 - u? + du. (5.3)

Since A} (u) = —(a@ + &)/(1 — u?)3/2, the function h;(u) (and consequently the function
h(u)) has at most two zeros. On the other hand, from (5.2) and (5.3) we know that
the coefficients of hi(u) are arbitrary if the coefficients a; and b; of system (2.15) are
arbitrary. Therefore, the two zeros of hy(u) could be reached for 0 < |u| < 1.

Case 2: ¢ = 0. In this case, system (2.14) can be written as
. _ 2 S 3
& = —y+ az’y, y=1z—azx". (5.4)

Since a # 0, we can make a scaling in order to transform (5.4) into the same form but
with ¢ = 1.

Since g(f) = —acos?8 = —a(cos26 + 1)/2 and consequently 1 + (g(8) — g(0))z =
1+ a2(1 — cos 26)/2, now the cases a = +1 correspond to the cases a = 2 and a = 0 for
¢ # 0, respectively. This completes the proof of Theorem 2.5. 0O

6. Proof of Theorem 2.6

The cubic systems of class G have the form

& = —y + az® + bz’y — azy?,
Y y—azy 6.1)

¥ = z + az’y + bry® — ay®.
By a rotation of the coordinates we can assume that a = 0. Doing the rescaling (z,y) —
(z/+/|bl,y/+/|bl), b becomes £1. If b = —1, exchanging z by y and t by —t, we get

system (2.16).
For system (2.16) we have that f(6) = sin 28/2. Therefore,

[’]
F(6) =2 /0 f(s)ds = (1 — cos 26) /2.

Moreover,
27

4
f(@)df=c and g(6) = Z c; cos® @sin? =4 4.
0 i=0

It is easy to check that the linear map which passes from the coefficients a; and b; of
system (2.17) to the coefficients ¢ and c; is surjective.
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Now we have

Vi) — 2< > £(6)3(6) o ~o)

1—F(0)z
21r 1 —i
1sin20 37, cicos? @sin? 0d0—c
p + qcos 20

™ ¢1 cos? @sin? 0 + c3 cos? @sin? @
df —c
p+ qcos26

=-z [2(01124 +calyz) — ¢,
where p=1-12/2, ¢g=2/2 and
L= /2’r cos’ @sin’ 6d6
Y o p+qcos20

A tedious computation shows that

I = 87r_z(1 +2u+ 202 - 2(1 + w)VuZ — 1),
Iy = _812(1 —2u+2u? +2(1 — w)Vu2 — 1),

where u = p/q. Therefore, V(z) = —2%p(u) with

o(u) =di(u+1)(u— V2 —1) —ds(u~1)(u — Vu? = 1) — dy,

where d; = w1 /4, d2 = ¢+ 7w(cg — ¢1)/8 and d3 = wc3/4. Therefore, we have that
o(u) = 0 if and only if

diut1) —dyu—1)= —2 —dy(ut Va2~ 1),

u—vVuZ-—1

or equivalently

(di —dy —d3g)u+d; +d3 = daVu? - 1.

Since (vVu? —1)" = —(u? —1)~%/2 #£ 0, we obtain that the number of zeros u > 1 of
p(u) = 0 is at most two. Due to the fact that the linear map which passes from the
coefficients a; and b; of system (2.17) to the coefficients d; is surjective, it follows that
there are examples with two simple zeros. This completes the proof of Theorem 2.6.
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