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BRANCHING OF PERIODIC ORBITS
FROM KUKLES ISOCHRONES

B. Toni

ABsTRACT. We study local bifurcations of limit cycles from isochronous (or lineariz-
able) centers. The isochronicity has been determined using the method of Darboux
linearization, which provides a birational linearization for the examples that we an-
alyze. This transformation simplifies the analysis by avoiding the complexity of the
Abelian integrals appearing in other approaches. As an application of this approach,
we show that the Kukles isochrone (linear and nonlinear) has at most one branch
point of limit cycles. Moreover, for each isochrone, there are small perturbations
with exactly one continuous family of limit cycles.

1. INTRODUCTION

In this paper we address the bifurcations of limit cycles (isolated periodic orbits)
for polynomial perturbations of polynomial integrable vector fields. When the
unperturbed system is isochrone (linearizable), the linearization is known, and is
a birational transformation in the phase plane, which is, in general, a Darboux
linearization, i.e., a linearizing transformation involving polynomial maps and their
complex powers, [5].

Specifically, we consider an autonomous polynomial perturbation (p, q) of a plane
vector field in the form

X, = (Play) + eplae) 55 + Qo) + eal)) - (P

where

P('T’ y) =Y + Z P’ijxiyj7 Q(fl?, y) =z+ Z Qijxiyj

2<i+j<n 2<i+j<n
n A n A
i—k, k i—k, k
p,y) =Y Y ai k™M, qlzy) =D bioksr MY,
i=1 k=0 i=1 k=0

and \;; = (a4, bij, pij, ¢ij) € R*, with € a small parameter. When € = 0, we assume
further that the unperturbed vector field (Xp) has an isochronous center at the
origin O € R?, i.e., all orbits in a sufficiently small neighborhood A of the origin
are closed and have the same period. The largest such neighborhood is called an
isochronous period annulus. For a closed orbit v € A, it is interesting to study the
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creation of limit cycles from vy on passing from ¢ = 0 to small nonzero values of e.
Recall that a limit cycle is a periodic orbit isolated in the set of closed orbits of the
vector field.

For fixed )\;;, there is a neighborhood U of the origin in R? on which the flow
associated with (P) exists for all initial values in U. Assume, furthermore, that
U is small enough so that a Poincaré return mapping d(r, €) is defined on U, with
the distance coordinate r. The solution 7.(t) starting at (r,0), » > 0, intersects
the positive z—axis for the first time at some point ((r,€),0). Let ¥ = {(z,0) €
U,z > 0} denote the transversal section or Poincaré section of U. By transversality
the mapping ¢ is analytic, and can be expanded as the convergent Taylor series

S(roe) =7+ d(e)r*. (1-1)

k>1

On ¥ we define the displacement function d(r,e) := d(r,e) — r. Of course, the
zeros of d(r,e) correspond to periodic orbits of (P.) intersecting ¥. Assuming
that the period annulus A is parametrized by r, then d(r,0) = 0. We reduce
the analysis to that of finding the roots of a suitable bifurcation function derived
from the displacement function. This is achieved by investigating the number and
position of the periodic orbits in the isochronous period annulus A that survive
after perturbation by giving birth to a continuous family ~y. of limit cycles of the
perturbed system.

In section two below, we describe our isochrone reduction method for study-
ing both the first order bifurcations of limit cycles in autonomous perturbations
of a polynomial isochronous system, and the branching of periodic orbits from
isochrones. Section three is entirely devoted to Kukles isochrones. We show that at
most one local family of limit cycles bifurcates at first order from these isochrones.
Moreover, there exist perturbations which exhibit exactly one such perturbation.
Each limit cycle is asymptotic to a circle whose radius is a simple positive zero of
the bifurcation function.

2. ISOCHRONE REDUCTION

Under the previous assumptions, consider an element r, € 3 such that
de(rs,0) =0, and d.(r.,0) #0, (2-1)

i.e., r, is a simple zero of d.; the subscripted ¢ and r denote partial derivatives.
Thus, by the Implicit Function Theorem, there exits a smooth function r = w(e)
defined in some neighborhood of € = 0, such that w(0) = r, and d(w(e),e) = 0.
The curve r = w(e) corresponds to a local family of limit cycles emerging from
the periodic trajectory <, of the unperturbed system which meets ¥ at r,. A
difficulty arises in the calculations and analysis of the partial derivatives of d(r,€).
Of course, for d.(r,0) = 0, or if one of the zeros is not simple, then higher-order
derivatives must be computed. Actually, in A, d.(r,0) = 0 for all values of r, and so
we cannot apply the Implicit Function Theorem. However, from the perturbation
of the Taylor series

d(r,€) = ed.(r,0) + O(€?) = €(d(r,0) + O(e)) = eB(r,¢), (2-2)
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with B(r,€) := d(r,0) + O(e), we define a reduced displacement function by
B(r) :=dc(r,0), (2-3)

for small real values of e. Clearly, if B(w(e),e) = 0 then d(w(e),e) = 0 and the
Implicit Function Theorem does apply to B. In other words, a simple zero of B
corresponds to the appearance of a local family » = w(e) of periodic orbits. Such
a zero, r, of B is called a branch point of periodic orbits for the system (P.). The
corresponding periodic orbit v, is said to survive or to persist after perturbation.

If 7, is a simple root of B(r) of order k, i.e., 8%d(r.,0) = 0, 8,0%(r.,0) # 0,
with 8'd(r.,0) = 0, for i = 0,...,(k — 1), then writing the perturbation Taylor
series in the form

d(r,€) = *(0%d(r,0)/k! + O(€)) := " B*(r,€) (2-4)

yields B*(r,,0) = 0 and B¥(r,,0) # 0. Applying the Implicit Function Theorem
to B, we see that by continuity, there is a number ¢; > 0 and a unique smooth
function r = w(e) with |e| < € such that w(0) = r, and d(w(e),e) =0. If r, is a
root of multiplicity m, it follows from the Weierstrass Preparation theorem [6] that
there at most m distinct smooth functions r = w; ().

In the case of an isochronous period annulus the isochronal assumption is es-
sential to our approach. It is well known (see, e.g., [5]) that the origin of (P.) is
isochronous if and only if there exists an analytic change of coordinates

(Th) = (u(z,y),v(2,y)) = (z + o(|(z,y)]), y + o(|(x, y)]))

in its neighborhood, reducing the system to a linear isochrone. Once we know
explicitly (7;), we reduce the autonomous perturbation of the nonlinear isochrone
to that of a linear one; we then derive a simple expression of the bifurcation function
B. Practically speaking, consider the perturbed system (P.). Through (7;), (P.)
is simplified to the weakly linear system

0 = Av + €h(v), (Pe)

0 -1
1 0

The determination of the branch points of the periodic orbits of (P.) proceeds
as follows. We first reduce the appropriate displacement function to a bifurcation
function and apply the Implicit Function Theorem and its related corollaries. We
next identify the bifurcation function in terms of the reduced perturbed system:;
the branch points are its simple zeros.

with v := (X,Y) e R} A = ( ), and h(v) := (h1(v), ha(v)).

Theorem 2.1. Consider a weakly linear system in the form (P.). Assume the
unperturbed system has a period annulus parametrized by r. A branch point of
periodic orbits of (P.) is a simple zero of the function

27
B(r) := / (hi(rcost,rsint)cost + ho(rcost,rsint)sint) dt,
0

where 1 is taken in an interval of (0,00).

Proof. Given d(r,€), the associated displacement function, defined globally on the
Poincaré section ¥, the bifurcation function is defined as B(r) := d.(r,0) for small
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values of e. Using a periodic orbit  with integral curve . (r,t) := (X (¢,r,€), Y (¢,7,€))
starting at (r,0) we obtain

de(r,0) = X(T'(r,0),7,0)Tc(r,0) + X(T(r,0),r,0). (2-5)

At r = 0 we have X(T(r, 0),r,0) = =Y (0,7,0) = 0. Thus, we obtain d.(r,0) =
Xe(T'(r,0),r,0). Looking for X (T'(r,0),r,0) amounts to integrating the variational
equation .

Xe = _Y; + hl(Xa Y)’

Y.Ve - Xe + h’2(XaY)7 (2_6)
X(0,7,0) = Y.(0,7,0) =0.

In matrix form it is expressed as

W = AW + H(t),

W(0) =0, (27)

where A is as given above, and

 ((h(X(t, 7€), Y (t, 1 €))
H@)—(hﬂquny@w¢D>' (2-8)

By the method of variation of constants, we get

W(T(T? 0)) = (Xe (T(T? 0)? T, 0)’ Y (T(T’ 0)? T, 0))

T(r,0) 2-9
=®(T(r, 0))/0 d1(s)H(y(r,s)) ds, #9)

where ®(t) denotes the principal fundamental matrix solution of W = AW at t = 0.

‘We have
44 [cost —sint )
Ot) =€ = (sint cost > (2-10)

hi(rcost,rsint
and 1 (r,0) = (1 )

(rcost, rsin t)) . Hence, for T'(r,0) = 2, it follows
<X€(27T, r,0) ) B ( f027r (hi(rcos s, rsins) cos s + ha(r cos s, rsin s)sin s) ds )
Ye(27m,7,0) fozﬂ (—hi(rcoss,rsins)sin s + ha(rcos s, rsin s) cos s) ds
(2-11)
Thus we obtain

B(r) =d(r,0) =X (2m,r,0)
2m (2-12)
:/ (h1(rcos s, rsins) coss + ho(rcoss,rsins)sin s) ds.
0

O

Perturbations of the linear isochrone. We consider a perturbation of degree
n of the linear isochrone and prove the following theorem.
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Theorem 2.2. From the linear isochrone, to first order, no more than (n —1)/2,
(resp. (n—2)/2) continuous families of limit cycles can bifurcate in the direction of
any autonomous polynomial perturbation of degree n, where n is odd (resp. even).
And we can construct small perturbations with the mazimum number of limit cy-
cles. Moreover the limit cycles are asymptotic to the circles whose radii are simple
positive roots of the bifurcation function.

Proof. Using the expressions of p and ¢ as polynomials of degree n in (P.), we
compute the bifurcation function B and obtain

n i 27
Biry=>Y _rY_ (/O (@i_p oSt + b;_y gsint) cos " tsinktdt>. (2-13)
k=0

i=1

This can be simplified using the well known rules f027r cos™ tsin" tdt = 0, for m or
n odd (including 0). As a result

N
B(r)y=r Z e, (2-14)

s=1,s odd
where
n, for n odd
N = (2-15)
n—1, for n even

and ¢, is the nonzero constant

S 27
cs = (aso + bos) + (bs—k ks + Gs—k—1,k+1) / cos® Ftsin® Tt dt. (2-16)
0

-2
k=1, k odd

Therefore the upper bound of the number of simple zeros of B(r) is M(n) = (n —
1)/2 for n odd and (n —2)/2 for n even. Perturbations with the maximum number
are constructed as in the cubic case below.

As € — 0, the weakly linear system (P.) tends to the linear isochrone whose
solution curves are circles 22 + 32 = r2. Therefore the periodic orbits (limit cycles)
are asymptotic to these circles as e — 0. [

Remark. Note that as an application to first order, no limit cycles can emerge
from periodic trajectories of the linear isochrone after a quadratic autonomous
perturbation, in agreement with a result in [1] (Section 3.1: The linear isochrone).
For a cubic autonomous perturbation, we obtain the following

Corollary 2.3. From a periodic trajectory 7o in the period annulus A of the linear
isochrone, at most one continuous family of limit cycles bifurcate from 7y in the
direction of the cubic autonomous perturbation (p,q). The mazimum number one
is attained if and only if the coefficients satisfy the condition coco < 0, where cgy
and co are given below. In this instance, this family emerges from the real simple
roots of the quadratic function

A(r) := co + cor.
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Proof. The corresponding bifurcation function is given by
r2
B(r) = (’r’ﬂ') ((a10 + b01) + Z(Bago + ai12 + bgl + 3b03)> . (2—17)

Thus, the roots of the quadratic A(T‘) = aig + b01 + %(3&30 + a2 + bgl + 3b03)
yield the continuous families of limit cycles that bifurcate from the period annulus
at the origin of the linear isochrone. Define

1
Co = Z(Bago + a12 + b21 + 3b03), Cy = (Cllo + b01) . (2—18)

If ¢ = 0 and ¢y # 0, then the origin is the only root of the polynomial A(r);
however, But cg # 0 implies 72 = —cy/cy. Therefore, the condition coco < 0 gives
exactly two real roots of opposite signs that must be simple. Only the positive
root is accounted for. Moreover one may construct perturbations with condition
coce < 0. Hence the corollary is proven [

In [5], there are several examples of systems for which the isochronous strata
are known and an algebraic linearizing transformation is given explicitly. Thus,
there are many problems that can be solved using our approach. For the sake
of illustration, we choose to address the bifurcations of limit cycles from Kukles
isochrones.

3. FIRST ORDER BIFURCATIONS FROM KUKLES ISOCHRONES

We consider the reduced Kukles system in the form

T =— Y,
Yy =x+ arx? + asxy + ag,y2 + a2 + a5a:2y + aﬁwa,

()

parametrized by A = (a1, a2, as,as,as,as) € RS, see [2,4]. From [7], the following
theorem gives the Kukles isochrone, and actually shows that it does possess a
birational linearizing transformation as required.

Kukles isochrone. The origin is an isochronous center of (K) if and only if the
system is linear or can be brought, through rescaling of (z,y) and t to the form

jj:_yu

K
y =z + 3zy + 2>, (Ko)

Moreover, a rational linearizing change of coordinates of the system (Ko) is given
by

(u(z,y),v(z,y)) = ( & Y ) :

224+y+122+y+1 (7)
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FIRST ORDER PERTURBATIONS

Consider a one-parameter cubic autonomous perturbation (K.) of the Kukles
nonlinear isochrone (Kp) in the form

&=—y+ep(z,y)

K

Y =z + 3zy + 2° + €q(z, y), (k)
where the parameter ¢ € R, and p and ¢ are polynomials of degree 3. From
the linearizing change of coordinates (7;), and by resetting (u(z,y),v(z,y)) =
(f*(z,v),g*(x,y), we derive the inverse transformation (7, ")

u B uv:v—(uz—i-vZ) _
o) =glue) = SLEEEL gy

The system (K.) is transformed via (7;) into the weakly linear system

U=—v+ep(u,v),

0 =u+ €q(u,v), (Ke)
where we have
p(u,v) = fr(u,v)p + fy(u,v)q, q(u,v) = gz (u,v)p + g, (u,v)q, (3-2)
with
) _ofr 1 o2 . _of” (1
Fr(u) =5 () = 1=22 v and f(u.0) = S—(u.0) = —u(l —v).

(u,v) = (1 —v)?.

gx(u,v) :a—i(u,v) =2u(l —wv), and g;(u,v) = 8gy

(3-3)
Calculation of the bifurcation function yields
2m
B(r) = / (p(r cost,rsint)cost + q(rcost,rsint)sint)dt
0
3 i
=Y 'Y (R aikn + R biogk),
i=1 k=0
with '
ik T cos! Rl t(sint —r)%(1 — 2r2 4 rsint)
R = (1 — rsint)itk dt
. (3-4)

Rit — /27T cos® ¥ t(s'int - r)k+t i@t
0 (1 — rsint)ith-1

For computational reasons, the expression of B(r) is better expressed as

B(T) = (Rl + RQ + Rg), (3—5)
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with
Ry =r(a10R}° + ag1 Ry' + bioR3° + boy R3'),
Ry =r*(a0 R + a11 RY' + aga R} + byo R + by R3" + bpa R3?)
Rs =r®(a3oR¥ 4 ao1 R3' + a1oR3? + ags R + bygR3® + by R
+ b1aR3% + b3 R3?).

(3-6)

Results from the theory of Residues were used to derive Equation (3-6). The powers
of cost are odd in the cases

(‘,k) c { {(2’0)3(3,1);(1,1); (2,2); (3,3)}’ for Rlik

(L0):(2,1):(3.05(3,2)),  for R, (37

yielding zero integrals. Thus, we concentrate on the computation of Rf’“ with even
powers of cosine, that is,

(i,k) € { {(1,0);(2,1);(3,0); (3,2)} for R

. (3-8)
{(2,0),(3,1),(1,1),(2,2),(3,3)} for RY .

The integrals Ri* and RY* are rational functions of sin¢t. Through the change of

variable sint = 2% (z — %), these integrals consist of terms of the form
n—h
Th = r”?l B /C Zg? dz, (3-9)
with
a(z) =2""""1(22 = 1)" (a polynomial in z of degree N = n + h — 1),
b(z) =(z — z1)"(2 — 22)" (a polynomial in z of degree M = 2n) (3-10)
=(2% — 2piz — 1)",

and z1 2 = F(1/1 — p? + pi) with p = 1/r. We may therefore apply the following
well-known lemma, [3].

Lemma 3.1. Let a(z) = chvzo apz¥F and b(z) = chvzo bizN=F be polynomials
in z of respective degrees N and M, with ag # 0, by # 0. Let C be a simple closed
contour enclosing all zeros of b(z). Then

i if M —N=1,
/ a2) 5 _ [ 2mhy Y (3-11)
This lemma implies that

Th { 2n(—r)~", ifn=h,

0, ifn>h+1.

For the remaining cases, corresponding to n < (h + 1), we use the fact that

/C Fi(2)dz = 2imRes( 5 <1>) _ (12" (3-13)

0z z)) ZhIIn(2 — 2ipz — 1)

with Fy(z) = ‘;((2 Thus z = 0 is a pole of order m = h + 1 — n. The residue at
this pole is computed by means of classical residue techniques. We then prove the

following theorem.
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Theorem 3.2. Define Ag and Ay by

As = 4daqg + 4bgy + 2b2g — 15a3g + 4ba1 + a1 and
Ag = 2a10 + 2bg1 + 4bag + 2bgs — 8aq1 — 18aszg — 6bo1 — 2aq2 .

From v, a periodic trajectory in the period annulus of the non-linear isochrone
(Ko), one continuous family of limit cycles bifurcates in the direction of the cubic
perturbation (p,q) if and only if the coefficients satisfy the condition AgAs < 0.
When this condition is met, this family emerges exactly from the real simple positive
root of the quadratic function

A(T’) = Ao + AQTQ.

Moreover, at most one such family of limit cycles emerge for fized (p,q).

Proof. Computation of the previous integrals in (3-9) yields

Th _ { 277(_7')_”? if (na h) S {(L 1); (3a 3)7 (57 5)} )
" 0, if (n,h) €{(1,0);(3,0);(3,1);(3,2);(5,0); (5,1);(5,2); (5,3); (5,4) } .
(3-14)
and, respectively, for (n,h) € {(1,2);(1,3);(3,4);(3,5)}, we have
—27 2 —r? —67 (24 —r?)
2 _ ) 3 _ ) 4 _ ) 5 _
17 = Sz 17 = (—277) 3 T3 = A 15 —”T- (3‘15)
Thus,
B(r) = (R1 + Ry + R3) = (n/€) (A2r® + Ay), (3-16)
with
As =4aqg + 4bg1 + 2bsg — 15asg + 4by1 + aq1 and
(3-17)

AO :2a10 + 2b01 + 4b20 + 2b02 - 8&11 - 180,30 - 6b21 - 2a12 .

The branch points of periodic orbits are the positive roots of the quadratic function
A(r) := Aar? 4+ A = 0. Hence the result. [

Concluding remarks. The integral B(r) is the first variation of the displacement
function with respect to the bifurcation parameter, and its simple zeros are the
branch points of periodic orbits. If it vanishes identically the higher variations have
to be computed and analyzed. How many variations are sufficient to make the final
conclusions about the limit cycles is highly nontrivial. That is the core content
of Bautin’s result for quadratic systems that inspired [1]. Moreover, we wish to
emphasize here that the method of Isochrone Reduction, described above, might be
applied with much success to various isochronous strata (e.g. quadratic, symmetric
cubic, Hamiltonian isochrones) and in the more general case of Darboux linearizable
systems. To our knowledge it is the first application of Darboux linearization of
isochronous centers to the study of bifurcations of limit cycles.
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