SOME REMARKS ON INVERSE JACOBI MULTIPLIERS
AROUND HOPF SINGULARITIES

ADRIANA BUICA!, ISAAC A. GARCIA? & SUSANNA MAZA?

ABSTRACT. We study several properties of inverse Jacobi multipliers V' around
Hopf singularities of analytic vector fields A in R™ which are relevant to the
study of the local bifurcation of periodic orbits. When n = 3 and the singu-
larity is a saddle—focus we show that: (i) any two locally smooth and non—flat
linearly independent inverse Jacobi multipliers have the same Taylor expan-
sion; (ii) any smooth and non—flat V" has associated exactly one smooth center
manifold W€ of X such that W¢ C V~1(0). We also study whether the prop-
erties of the vanishing set V~1(0) proved in the 3-dimensional case remain
valid when n > 4.

1. INTRODUCTION

We consider three-dimensional systems
(1) t=—-y+F(r,y,2), y=x+ Fa(x,y,2), 2=Az+ F3(x,y, 2),

where A € R\ {0}, F = (Fy,Fa, F3) : U — R3 is real analytic on the open
neighborhood U C R3 of the origin, and F satisfies F(0) = 0 and DF(0) = 0.
We let X = (—y+Fi(z,y, 2))0x + (x+ Fa(x, y, 2)) 0y + (A2 + F3(x,y, 2))0, denote
the vector field associated to system (1).

The origin is a Hopf singularity of system (1) since its associated eigenvalues
are {+i, \} with 7> = —1, see [13]. In a neighborhood of a Hopf point there exists
a C" (local) center manifold for any r € N, which need not be either unique or
analytic. We remind that, when the singularity of (1) restricted to some local
center manifold is a center, the local center manifold is unique and analytic.
Moreover, when the singularity of (1) restricted to some local center manifold is
a focus, the same is true for any local center manifold. In this case it is said that
the singularity is a saddle-focus of (1). A Hopf singularity of an analytic system
like (1) is either a center on the center manifold or a saddle—focus.

A C!' function V : U — R is said to be an inverse Jacobi multiplier in U of
X, if it is not locally null and it satisfies the linear first order partial differential
equation XV = V divX in U, where divX is the divergence of the vector field
X.

In the planar case (i.e. vector fields of the form Fi(x,y)0,+ F»(z,y)0,), inverse
Jacobi multipliers are called inverse integrating factors. The vanishing set of an
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inverse integrating factor is well studied. The fundamental relation between this
vanishing set and the location of limit cycles was proved in [12], but many other
properties of this set have been found, see [11]. In [7] it is showed that the
Poincaré return map associated to a limit cycle can be determined in terms of
the inverse integrating factor. See [9] for a survey of the properties of this helpful
function.

In the light of these results it looks interesting to study inverse Jacobi multipli-
ers and expect that some of the properties of inverse integrating factors could be
generalized to higher dimensions. There are some recent papers in this direction.
The relation between inverse Jacobi multipliers of system (1) and center mani-
folds is studied in [3]. In particular it is discussed under what conditions a local
center manifold is included in the vanishing set of an inverse Jacobi multiplier.
Moreover, it is given another solution to the center problem in R3, formulated in
terms of an inverse Jacobi multiplier, apart from the classical Lyapunov solution
formulated in terms of a first integral.

The cyclicity of a saddle—focus singularity at the origin of system (1) is the
maximum number of limit cycles that can bifurcate from the origin, considering
any analytic perturbation that keeps the location and the monodromic nature of
this singularity. In [4] the authors found that the cyclicity of a saddle-focus of
system (1) is determined by an inverse Jacobi multiplier of the same system.

One can see [1] for a modern reference of both the classical theory and also
new advances about inverse Jacobi multipliers, and [5] for a very recent survey.

This work can be considered as an enlargement of the above mentioned pa-
pers [3, 4]. We present here some new properties of inverse Jacobi multipliers.
Through this work, whenever we say that an object is “non—flat” we mean “non-
flat at the origin”. Recall that any smooth and non—flat center manifold has a
unique Taylor expansion. In Theorem 2 we show that this property is shared by
any smooth and non-flat inverse Jacobi multiplier near a saddle-focus of (1).

Using normal form theory, it is proved in [3] that there exist a smooth and
non—flat inverse Jacobi multiplier V and a smooth center manifold W€ of system
(1) such that We V‘l(O). In Theorem 4 we improve this property showing that
associated to each smooth and non-flat inverse Jacobi multiplier V' of (1) there is
exactly one smooth center manifold W¢ such that W¢ C V~1(0). Based on these
new results, we succeeded to give a shorter proof of some results from [3, 4]. For
example, we present here a new proof for the relation between the cyclicity of
the saddle—focus at the origin and the vanishing multiplicity of any smooth and
non—flat inverse Jacobi multiplier of system (1). In the last section we present
a counter—example to support the idea that there is no direct extension of this
relation to higher dimensions. Finally we present additional properties of the
vanishing set ¥V 71(0) in this higher dimensional setting.

2. NEW PROPERTIES OF INVERSE JACOBI MULTIPLIERS AND THEIR ZERO SET

In this section we present several results concerning system (1) that comple-
ment those obtained in [4].
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REMARK 1. In [4] it is proved that, given a system (1), there exists an integer
p > 2 such that any local C* and non-flat inverse Jacobi multiplier of (1)
near a saddle—focus at the origin has the following Taylor expansion (up to a
multiplicative constant)

) a4

Here the dots denote higher order terms.

The next theorem is a key point in the determination given in [10] of a basis
of the Lie algebra of formal commutators of a formal normal form of system (1)
when the origin is a saddle—focus.

Theorem 2. Assume that the origin is a saddle—focus for system (1). Then any
two locally smooth and non-flat linearly independent inverse Jacobi multipliers
of (1) have the same Taylor expansion at the origin.

Proof. Let V(z,y,z) and V(z,v, 2) be two locally smooth and non-flat linearly
independent inverse Jacobi multipliers of (1). From equation (2) in Remark
1 we have that V(z,y,2) = vop11(2,y,2) + 350,10 Vi(T, ¥, 2) and Vi(z,y,z) =
Vap1 (T, Y, 2) + Zi22p+2 vi(2,y, 2) where vgpy1(2,y,2) = 2(2® + y*)P. Then V=
V —V is another smooth and inverse Jacobi multiplier. When we assume that 1%
is non—flat, we obtain a contradiction since the order at the origin of Vis greater
than 2p + 1. Hence V =V — V is flat at the origin. 0

Let us consider the following example in order to illustrate the above result.
The system

i=—y—a(@+yP), g=r—y@®+y?), =z
with a saddle-focus at the origin has the analytic inverse Jacobi multiplier
Vo(z,y,2) = 2(2® +y°)?
and the C'* and non—flat inverse Jacobi multipliers (for all a € R*)
1 2, 2\2
Va(z,y,2) = (Z — aexp <—m>> (2" +y7)".
Their diference
. 1
V(ZE, Y, Z) = ‘/E)(l',y, Z) - Va($7y7 Z) = aexp (_m) (ZE2 + y2)2
is a flat function.

REMARK 3. Let V' be a smooth and non-flat inverse Jacobi multiplier of (1)
around its saddle—focus at the origin, such that there exists a smooth center
manifold W€ satisfying W¢ C V=1(0). In [3] it is proved that such a V' and W*
always exists. Actually, [3] shows that in this case there exists a C'* function
F(z,y, z) such that F(z,y,h(x,y)) #Z 0 and the following factorization occurs

(3) V(z,y,2) = (z — h(z,y)) F(z,y, 2)
where W€ = {z = h(x,y)}.
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In fact, given a smooth and non—flat inverse Jacobi multiplier V' of (1), there
is at most one smooth center manifold W¢ of (1) such that W¢ C V~1(0). To
justify this, suppose to the contrary that there are two different center manifolds
We = {z = h(z,y)} and W¢ = {z = h(x,y)} of (1) such that W¢ c V~1(0)
and also W¢ C V=1(0). Then, following Remark 3, the factorization V (x,y, z) =

A A

(z — h(x,y)) (z — h(z,y))F(z,y, z) must hold, which is incompatible with (2).
In the next result we improve this property.

Theorem 4. Assume that the origin is a saddle—focus for system (1). Let V
be a locally smooth and non—flat inverse Jacobi multiplier of (1). Then there is
exactly one smooth center manifold W¢ of (1) such that W¢ C V—1(0).

Proof. First of all we introduce polar coordinates performing the polar blow-up
(x,y,2) = ¢(z,y,2) = (r,0,w) defined as © = rcosf, y = rsinf and z = rw.
For r in a sufficiently small neighborhood of the origin, and w in an arbitrary
fixed compact set we have § > 0, hence we can write system (1) as the following
system

d d
(4) d—g = R(6,r,w), d—g’ = w + W (6, r,w),
defined on the cylinder {(0,r,w) € S' xR} where S' = R/27Z, since the functions
R and W are 2m—periodic in §. Taking into account how inverse Jacobi multipliers
are transformed under changes of variables and time rescalings we obtain that

~ _ V(rcosf,rsind,rw)
(5) V(07T7 w) - 7"2(1 +@(9,r,w)) )

is an inverse Jacobi multiplier of system (4) in a region with r # 0. From Remark
1 and equation (5) it follows that V' has, up to a multiplicative constant, the
Taylor expansion

(6) VO, r,w)=wr™ + O™

around r = 0 where the leading exponent m = 2p — 1 > 3 is an odd number.

Let X be the associated vector field to system (1). First of all we claim that
any invariant manifold M = {(0,7,w) : w = Q(é,r)} of the pushed forward
vector field ¢, X, given by a smooth function €2 near » = 0 which is 2r-periodic
in the variable 6 and such that (6, 0) = 0 corresponds to a smooth center mani-
fold of system (1). The claim follows recalling that the polar blow—up (z,y, 2) —
(0,7, w) defined above brings any smooth center manifold {(z,y, 2z) : z = h(z,y)}
of (1) into a smooth invariant manifold {(#,r,w) : w = rh(0,7)} of ¢,X where
h(rcos®,rsinf) = r2h(6,r).

Secondly we claim that, given a smooth and non-flat at r = 0 inverse Jacobi
multiplier V' (6, r,w) of (4), there is a unique smooth function Q(6,r) near r =0
which is 27-periodic in the variable 6 such that £2(0,0) = 0 and moreover satisfies

(7) V(0,r,Q0,7) =0
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for all # € S! and for any 7 near the origin. All the properties of ), except its 27-
periodicity, are immediate consequence of the Implicit Function Theorem applied
to the function V (6, r,w)/r™ = w+ O(r). So we only need to see the periodicity
of Q. Since identity (7) is true for all @ it follows that V (642x, r, (6427, 7)) = 0
or equivalently

(8) V(0,r,Q(60 + 2m,r)) =0

due to the 27-periodicity in the variable 6 of V. Comparing (7) and (8) and
taking into account the uniqueness of the function €2 predicted by the Implicit
Function Theorem we reach that Q(0 + 2m,r) = Q(0,r) and hence that € is
2m-periodic in 6. .

Of course from (7) follows the factorization V(0,r,w) = r"(w + O(r)) =
r™(w —Q(0,r))F(0,r) implying that {(0,r,w) : w = Q(0,r)} is a smooth invari-
ant manifold of ¢.X that corresponds to a smooth center manifold {(z,y,z) :
z = h(x,y)} of system (1). Therefore the smooth and non-flat inverse Ja-
cobi multiplier V(z,y, 2) of (1) associated to V(6,r,w) via (5) factorizes like
V(l’, Ys Z) = (Z - h(l’, y)) F(ZL’, Y, Z)

In summary, we have shown that given a locally smooth and non-flat inverse
Jacobi multiplier V' of (1) there is exactly one smooth center manifold W¢ =
{z = h(z,y)} of (1) such that W* cC V~=1(0). O

In [3] is proved a stronger version of the following result, which is independent
of the nature of the singularity. Based on Theorem 4 we give now a shorter proof
of it.

Proposition 5. Assume that the origin is a saddle—focus for system (1). Let V
be a local C* and non—flat inverse Jacobi multiplier of (1) and W€ = {z = h(x,y)}
be a C™ local center manifold at the origin. Then the restricted function V |y :
(x,y) — V(z,y, h(x,y)) is flat at the origin.

Proof. By Theorem 4, there is a unique smooth center manifold W§ = {z = ho(z,y)}
of (1) such that W¢ c V~1(0), that is, V(z,y, ho(z,y)) = 0. Therefore the fac-
torization V' (z,y,2) = (¢ — ho(z,y))F(z,y, z) holds with F' smooth at the ori-
gin. Hence V(z,y, h(x,y)) = (h(z,y) — ho(x,y))F(z,y, h(x,y)) which is clearly
flat at (z,y) = (0,0) because of the property of center manifolds stating that
h(z,y) — ho(x,y) is flat at the origin. O

3. THE CYCLICITY PROBLEM

We remark that any 2r—periodic solution of (4) corresponds to a periodic orbit
of (1) near (z,y,2) = (0,0,0) and conversely.

Let W(0; 10, wo) = (r(0; 70, wp), w(0; 19, wp)) be the solution of system (4) with
initial condition W (0;r¢, wy) = (ro,wp). We define the Poincaré translation map
[I(rg, wp) associated to (4) as I(rg, wo) = (r(2m; 70, wp), w(2m; 70, wp)). We de-
fine now the displacement map d(ry, wy) = (di(rg, wo), da(ro, we)) = (re, wy) —
Id(ro, wo) where Id denotes the identity map. Doing a Lyapunov—Schmidt reduc-
tion to the Poincaré map, in [4] it is proved that there exists a unique analytic
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function w(ry) defined near ro = 0 such that w(0) = 0 and ds(rg, w(rg)) = 0.
Thus, consider the analytic reduced displacement map 6(ro) defined as

(9) 5(T0) = dl(To, U_}(To)>

and reduce the problem of looking for zeros of the displacement map d(rg, wy)
around ro = 0 with g > 0 to the problem of searching for zeros of the reduced
displacement map (7o) around ro = 0 with rq > 0. Writing the Taylor expansion
d(ro) = D .op cirh with ¢ # 0, we say that & is the order at the origin of 4. In
[4] it is showed that k > 3 is odd and the maximum number of limit cycles that
can bifurcate from a saddle—focus of system (1) under any analytic perturbation
that keeps the location and monodromic nature of the singularity is (k — 1)/2.
More precisely, the cyclicity of a saddle-focus of system (1) is studied in [4]
without using any center manifold reduction, thus without computing Poincaré—
Lyapunov constants of X'|IW¢. The following example was one of the original
motivations that led us to write the work [4]. It suggests that the cyclicity can
be given in terms of the order at the origin of a C'* and non-flat inverse Jacobi
multiplier.

EXAMPLE 6. Consider a special system (1) decoupled in the form
(10) T=-y+ ‘Fl(xay)a y=x+ F2<:U7y)7 =X+ Z‘/T_‘B(:an)v

and having a saddle—focus at the origin. Due to the nature of the singularity
we recall from the results of [6] and [8] that there exists a smooth and non—flat
inverse integrating factor v(z,y) of the planar subsystem & = —y + Fi(z,y),
y = x + Fa(z,y) in a neighborhood of its focus at the origin.

Taking into account that F3 does not depend on z, it is easy to see that
V(z,y,2z) = zv(x,y) is an inverse Jacobi multiplier of (10). Moreover, in the
variables (6, r, w), the associated system (4) on the cylinder has the inverse Jacobi
multiplier

70,7 w) = V(rcos@,r§in9,rw) _ rwv(rcosé,rsin@) _wi(dr).
r2 6 r2 6
From the results of [8] it follows that #(,7) = 0,,(0)r™+O(r™*1) with 9,,(0) # 0
for all § € [0,27) and m € Z* is odd.

Now we claim that m coincides with the order at the origin of the associated
reduced displacement map d(rg). To see this, first we notice that the center
manifold at the origin of system (10) is W¢ = {z = 0} and the orbits of (10) on
We spiral around the origin. Thus, since the initial conditions (rg,wq) = (79, 0)
corresponds with initial conditions (xo, yo, 20) = (20, Y0, 0) on W€, it is clear that
da(r9,0) = 0. Hence w(rg) = 0. This implies that the reduced displacement map
d(ro) = dy(ro,0) coincides with the displacement map associated to the focus
at the origin of the planar system @ = —y + Fi(z,y), § =  + Fa(x,y). Hence
6(ro) = 01 + O(r™t1) with 6, # 0 from the results in the plane of [8] and the
claim is proved.

In what follows we present a different proof of Theorem 2 of [4]. This new
proof is based on Theorem 4 proved in Section 2 and the result in the plane
stated in Theorem 1 of [8].
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Theorem 7. Assume that the origin is a saddle—focus for system (1) and let
k > 3 be the order at the origin of its associated reduced displacement map
8(ro) = Y isp Cirh with ¢, # 0. Let V(z,y,2) = z(a®> + y*)P + -+ with p > 2 be
any smooth and non-flat inverse Jacobi multiplier of (1). Then k = 2p — 1.

Proof. From Theorem 4, there is a unique smooth center manifold W§ = {z = ho(x,y)}
of (1) such that V(x,y, ho(x,y)) = 0 or equivalently

(11) V(l‘,y, Z) = (Z—ho(l’,y))F(l’,y, Z)
for some smooth function F' at the origin. Notice that
(12) F(x,y,2) = (> +9y*)P 4 - -

due to (2) and (11) and taking into account that the order at the origin of ho(z, y)
is at least 2.

Theorem 8 from [4] assures that the restricted function v(z,y) = Flwe =
F(z,y, ho(z,y)) is an inverse integrating factor of the smooth restricted vector
field X|W§. Hence v is smooth, and from (12) we deduce that it is non—flat. In
fact,

(13) v(w,y) = (2% +y° )P+

Denote A(rg) the displacement map associated to the focus at the origin of
the planar vector field X'|W§. We claim that the order of A is k.

At this point we want to remark that the results stated in [8] about smooth
and non—flat inverse integrating factors of analytic planar vector fields around
non-degenerate foci remain true if we change the analytic planar vector field with
a smooth planar vector field having a non—flat displacement map at the focus.

Therefore, using (13) and the results in [8], we deduce that £ = 2p—1 finishing
the proof. It remains to justify the claim.

As a consequence of the invariance of W{ with respect to the flow of X, it is
clear that doing the near identity smooth change of variables

(14) (x,y,2) = (x,y,Z) where Z = z — hy(z,vy),

the analytic vector field X is pulled back into a smooth vector field X hav-
ing a saddle-focus at the origin with the associated center manifold {Z =

0}. More precisely X = (—y + Fi(z,y,2))0x + (x + Faolx,y, 2))0, + (\Z +
Fs(z,y, Z))d; where F; are nonlinear terms and F3(x,y,0) = 0. Therefore the
Lyapunov—Schmidt reduction of the associated displacement map d(ro,wo) =
(dy (7o, wo), da(ro, wo)) of X is trivial and produces the reduced displacement map
d(ro) = dy(ro,0) which is clearly smooth. In [4] it is proved that the change of
variables (14) keeps invariant the order of the reduced displacement maps (7o)
and (ro) of X and X, respectively. Hence 0(r) has order k. But one can see
that 0(rg) is the displacement map of X l(z=0y- In addition, X|W§ = X|(z—0.

Then A = § and the claim is proved. U
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EXAMPLE 8. The next example shows how Theorem 7 works. The planar poly-
nomial system & = —y + xfs(z,y), ¥ = x + yfs(x,y), where fs is an homo-
geneous polynomial of degree s has a center at the origin if s is odd. Taking
fo(x,y) = ax®+bry+cy? it follows that the origin is a focus if and only if a+c # 0.
Moreover, it always has the inverse integrating factor v(z,y) = (2 + y*)?. The
system in R? defined by

= —y+z(ax® + bry + cy?),
= 1z +ylaz® + bry + cy?),
Z = A+ z(ar+ cy),

has the inverse Jacobi multiplier V(z,y,2) = 2v(z,y) = z(2* + 3?)%. Then
p = 2. Taking polar coordinates (6,7, w) we get di(ro, wo) = (a + c)mrg + O(rg),
do(ro, wp) = (exp(27A) — Dwy — (a + ¢)mexp(2w\)werd + O(ry) and w(ry) = 0.
Finally, d(r¢) = (a+c)nri+O(ry). Then k = 3. This example validates Theorem
7 since, indeed, k = 2p — 1.

4. EXTENSION TO HIGHER DIMENSIONS

The cyclicity of a saddle—focus of system (1) in R? can be obtained from the
knowledge of the order at the origin of any locally smooth and non—flat inverse
Jacobi multiplier. Moreover, the vanishing set V~1(0) of any smooth inverse Ja-
cobi multiplier always contains the center manifold W¢ when the origin of system
(1) is a center, see [3]. In the saddle-focus case we have Theorem 4 relating the
sets V71(0) and W¢. So the natural question that arises is whether or not these
properties of inverse Jacobi multipliers of (1) are valid to higher dimensions. We
have a partial answer to this question.

First we define a higher dimensional version of system (1). We consider the
family of n—dimensional systems

(15) E=CE+F(),

with space state variable £ = (x,y,2) € R x R x R"? and where F is a local
analytic function defined near the origin satisfying F(0) = 0 and whose Jacobian
matrix DF(0) = 0. Moreover, C' is a constant square matrix of order n having
the block diagonal representation

A 0 0 —1
CZ(O B)’A:<1 0 )

where the (n — 2) X (n — 2) matrix B has no eigenvalues on the imaginary axis.
In particular, B is non-singular, that is det B # 0.

Let V(§) be a locally smooth and non—flat inverse Jacobi multiplier of system
(15) having the Taylor expansion around the origin V(§) = > .. V;(§) with Vj
homogeneous polynomials of degree j and V() # 0. Thus ¢ € N is the order
of V' at the origin. We will see that, in general, when n > 4 the order ¢ is not
unique, contrary to what happens in the case n = 3.
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Proposition 9. Assume that the origin is a saddle—focus for system (15) with
n > 4. Let Vi(§) be two different smooth and non—flat inverse Jacobi multipliers
of (15) having order ¢; at the origin with i = 1,2. Then ¢ and g2 need not be
equal.

Proof. We present a counter-example. Consider the special system (15) in R*

defined as
(16) T = -y —i—fl(:c,y), y =X +.F2<$,y) s 2:'1 = )\121, 22 = )\222.

We assume that the origin is a focus for the planar subsystem & = —y+ Fy(z,y),
y = = + Fo(x,y). Then this subsystem has a smooth and non—flat inverse in-
tegrating factor v(z,y) in a neighborhood of the origin. On the other hand,
the linear subsystem 2; = A2y, 23 = A2, has the inverse integrating factor
v1(2) = 2z129. Furthermore, it has the polynomial first integral H(z) = 2{"z5?
provided that the eigenvalues A\; and Ay are resonant, that is, niA; + ngo = 0
for some nonnegative integers n; and no such that n; +ny > 1. In this way,
taking Ay = ns and Ay = —ny, the linear subsystem has another inverse in-
tegrating factor vy(2) = vy (2)H(2) = 2" 272, Thus it is easy to see that
Vi(z,y,z) = v(z,y) vi(z) for i = 1,2 are two different smooth and non-flat in-
verse Jacobi multipliers of (16) having different orders at the origin. O

From Proposition 9 we conclude that there is no direct extension of Theorem
7 to higher dimensions.

The following system in R” is such that the vanishing set of an inverse Jacobi
multiplier around the origin contains the local center manifold. Consider the
following decoupled system (15)

(17) & =—y+ Fi(z,y), y =+ Fo(x,y), 2= Bz+ Fs(2).

with (z,y) € R? and z € R" 2. Tt is easy to see that if v(z,y) is an inverse
integrating factor of the planar subsystem & = —y + Fi(z,y), ¥ = = + Fao(z,y)
and Vj(z) is an inverse Jacobi multiplier of the other subsystem 2z = Bz + F3(z),
then V(z,y,2) = v(z,y) Vi(2) is an inverse Jacobi multiplier of (17). Consid-
ering the simple case F3(z) = 0, the center manifold at the origin of system
(17) is W¢ = {z = 0}. Moreover, assuming B = diag{\,..., \,—2} we have
Vi(2) = [1\= 2. Hence W¢ C V=1(0).

We show that, when the extra condition Tr(B) # 0 holds, additional properties
are derived for system (15).
First we generalize statement (iii) of Theorem 8 in [3] related to centers of (1).

Proposition 10. Consider system (15) with Tr(B) # 0. Assume that the origin
is a center on the center manifold W¢ of system (15). Let V' be a local C* inverse

Jacobi multiplier of (15). Then W¢ C V=1(0).

Proof. The proof follows the same lines as those of the proof of the analogous
result in [3], so we only outline it. Denote X the vector field associated to (15).



10 A. BUICA, 1. A. GARCIA & S. MAZA

Since the origin is a center of (15), it is known that there is a unique local
center manifold W¢ and this is the graph of an analytic function z = h(x,y). See
for example [2]. The curve C = {(z,0,h(z,0)) : x € (0,¢]} C W withe >0
sufficiently small, is a transversal section to the orbits of X|W¢. By hypothesis,
these orbits are closed.

Let ¢¢(x, y, z) be the solution of (15) with initial condition ¢y (z,y, z) = (z,y, 2).
Then, using the characteristics method, one obtains an expression for V' along
the orbits of X as

V(pe(x,0,h(x,0))) = V(z,0,h(z,0)) x
(18) exp (/0 divX (¢s(x, 0, h(z,0))) ds) :

See [1] for a proof of this formula. For each z € (0,¢], let T'(x) > 0 be the
minimal period of ¢.(x,0,h(x,0)). Thus ¢ (x,0,h(x,0)) = (x,0,h(x,0)) for
all z € (0,€|. Since ¢, is a diffeomorphism we get that

T(x)
(19) /o divX (¢s(x, 0, h(z,0))) ds = Tr(B) T'(z) + O(x) = 27 Tr(B) + O(z),

where we have used that divX = Tr(B) + --- and that T'(z) = 27 + O(z).
Evaluating (18) at t = T'(z) we have

V(z,0,h(x,0)) = V(x,0,h(z,0)) x exp (20 Tr(B) + O(z))

which gives V(x,0, h(x,0)) = 0 since Tr(B) # 0. Finally, using (18) and the fact
that C is a transversal section leads V' (x,y, h(z,y)) = 0 finishing the proof. O

It is known from [1] that, in general, a limit cycle v need not be contained in
the zero set of inverse Jacobi multipliers well defined in a neighborhood of v. We
will see that the small amplitude limit cycles of (15) with Tr(B) # 0 have this

property.
Proposition 11. Consider system (15) with Tr(B) # 0. Let v be a limit cycle
around the origin of system (15) with sufficiently small amplitude. Let V be a C*

inverse Jacobi multiplier of (15) defined in a neighborhood of the origin. Then,
v C V7H0).

Proof. Let X be the associated vector field of system (15). We have divX'(0) =
Tr(B) # 0. Thus, from the continuity of the function divX’, there is a ball B,.(0)
of radius r sufficiently small with center at the origin such that divX'(z,y,z) # 0
for all (z,y,z) € B,(0). Hence when the T—periodic limit cycle ~ satisfies v C
B,(0), we get that

T
A(y) ::/0 divX o y(t) dt # 0.

Since A(y) # 0, from the results of [1], we obtain that v C V~1(0) finishing the
proof. O

REMARK 12. After the completion of this work we found that Prof. X. Zhang
has a recent preprint entitled “Inverse Jacobian multipliers and Hopf bifurcation
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on center manifolds” where several results of [3] and [4] have been generalized to
the higher dimensional context.

REFERENCES

[1] L.R. BERRONE AND H. GIACOMINI, Inverse Jacobi multipliers, Rend. Circ. Mat. Palermo
(2) 52 (2003), 77-130.

[2] Y. N. BiBikov, Local Theory of Nonlinear Analytic Ordinary Differential Equations.
Lecture Notes in Mathematics, Vol. 702. New York: Springer-Verlag, 1979.

[3] A. BuicA, I. A. GARciA AND S. MAzA, Fuzistence of inverse Jacobi multipliers around
Hopf points in R®: emphasis on the center problem, J. Differential Equations 252 (2012)
6324-6336.

[4] A. Buici, 1. A. GARCiA AND S. MAzA, Multiple Hopf bifurcation in R3 and inverse
Jacobi multipliers, J. Differential Equations 256 (2014), 310-325.

[5] A. BuicA, I.A. GARcia AND S. MAZA, Inverse Jacobi multipliers: recent applications in
dynamical systems, Progress and Challenges in Dynamical Systems, Springer Proceedings
in Mathematics & Statistics 54 (2013), 127-141.

[6] A. ENcISO AND D. PERALTA-SALAS, Existence and vanishing set of inverse integrating
factors for analytic vector fields, Bull. London Math. Soc. 41 (2009), 1112-1124.

[7] T.A. Garcia, H. GIACOMINI AND M. GRAU, The inverse integrating factor and the
Poincaré map, Trans. Amer. Math. Soc. 362 (2010), 3591-3612.

[8] T.A. GaRrcia, H. GIACOMINT AND M. GRAU, Generalized Hopf bifurcation for planar
vector fields via the inverse integrating factor, J. Dyn. Differ. Equ. 23 (2011), 251-281.

[9] T.A. GarciA AND M. GRAU, A survey on the inverse integrating factor, Qual. Theory
Dyn. Syst. 9 (2010), 115-166.

[10] T.A. GARcia, S. MAZA AND D. S. SHAFER, Properties of monodromic points on center
manifolds in R® via Lie symmetries, J. Dyn. Differ. Equ. 25 (2013), 981-1000.

[11] T.A. GARCIA AND D.S. SHAFER, Integral invariants and limit sets of planar vector fields,
J. Differential Equations 217 (2005), 363-376.

[12] H. GiacoMmINI, J. LLIBRE AND M. VIANO, On the nonexistence, existence, and unique-
ness of limit cycles, Nonlinearity 9 (1996), 501-516.

[13] J.E. MARSDEN AND M. MCCRACKEN, The Hopf Bifurcation and its Applications. Applied
Mathematical Sciences, Vol. 19. Springer-Verlag, New York, 1976.

! DEPARTMENT OF MATHEMATICS, BABES-BOLYAI UNIVERSITY, KOGALNICEANU 1, 400084
CLuJ-NArocA, ROMANIA
E-mail address: abuica®math.ubbcluj.ro

2 DEPARTAMENT DE MATEMATICA, UNIVERSITAT DE LLEIDA, AvDA. JAUME II, 69,
25001 LLEIDA, SPAIN
E-mail address: garcia@matematica.udl.cat, smaza@matematica.udl.cat



