Unfolding of resonant saddles and the Dulac time
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Abstract. In this work we study unfoldings of planar vector fields in a neighborhood of a resonant
saddle. We give a C* temporal normal form for the unfolding, i.e., a normal form with respect to the
conjugacy relation. Using our temporal normal form we determine an asymptotic development, uniform
with respect to the parameters, of the Dulac time of a resonant saddle deformation. Conjugacy relation
instead of weaker equivalence relation is necessary when studying the time function. The Dulac time of
a resonant saddle can be seen as the basic building block of the total period function of an unfolding of
a hyperbolic polycycle.

Introduction

In this work we study unfoldings of planar vector fields in a neighbourhood of a resonant saddle. We give a
C* temporal normal form for the unfolding, i.e., a normal form with respect to the conjugacy relation. This
generalizes the known orbital normal form with respect to the equivalence relation [4] and [13].

Using our temporal normal form we determine an asymptotic development, uniform with respect to the
parameters, for the Dulac time of a resonant saddle. Our asymptotic development of the Dulac time is of
a similar nature as the asymptotic expansion of the Dulac map given in [13]. It generalizes our previous
work [7] dealing with the Dulac time of orbitally linearizable families, but without being as explicit on the
coefficients.

Our initial motivation was the problem of finite “cyclicity” (i.e., existence of a local uniform bound) for
the number of critical points of the period function of polynomial vector fields on hyperbolic or more general
polycyles. The condition of non-criticality of the period appears for instance in the bifurcation theory of
subharmonics. Under the non-criticality of the period, zeros of appropriate Melnikov functions guarantee the
persistence of a subharmonic periodic orbit of a Hamiltonian under a periodic non-autonomous deformation
(see Theorem 4.62 of [3]).
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We see our asymptotic development of the Dulac time as the basic building block in establishing an
asymptotic development of the total period function (Poincaré time), which we hope to study in a subsequent
work. In its turn, such a uniform asymptotic develpment should be the main ingredient in the proof of finite
“cyclicity” for critical points of the period function on hyperbolic polycyles.

For a fized vector field several results are known: An asymptotic development of the Poincaré time was
obtained in [16, 17]. Non-accumulation of critical periods of a fixed polynomial vector field on hyperbolic
polycycles has been recently proved in [9]. In [2] Chicone and Dumortier show that the Poincaré time of a
fixed vector field on a polycycle is non-oscillating if the polycyle has at least one finite saddle point.

Hence, special attention must be payed to the study of polycycles whose all vertices are at infinity in
the Poincaré disc. For that reason, in our study of unfoldings of saddle points (2) we permit polar factors.
They can come from the line at infinity in a saddle at infinity or, more generally, appear in a divisor after
desingularizing more general singular points at infinity in a polycycle. The case of lines of zeros in at least
one of the separatrices is also allowed as it can appear after desingularizing a degenerate singular point at
finite distance.

We think that our temporal normal form is also of independent interest. Note that due to unfolding
of resonances, one cannot hope for a C* or analytic normal form in a neighborhood of a resonant saddle.
When studying unfoldings of polycyles of finite codimension a C* normal form should be sufficient. For
studying unfoldings of infinite codimension, analytic normal forms in some domains unfolding sectors should
be developed in the spirit of the unfoldings of saddle-node in [14].

This paper consists of two parts. The first part is dedicated to establishing the temporal normal form
Theorem A of an unfolding of a resonant saddle with possibly polar factors in the axes. In the second part
we apply the temporal normal form to obtain an asymptotic development Theorem B for the Dulac time.

Part 1
Temporal normal form

This part is organized as follows. In Section 1 the theorem on temporal normal form is formulated. In
Section 2 tools necessary for its proof are collected. In Section 3 the temporal normal form is proved
modulo the tools. Finally Section 4 is devoted to prove these tools, the most important of them being the
existence of solution of an adapted homological equation stated in Theorem 2.4.

1 Statement of Theorem A

Let us consider a C*° unfolding {X,, },cy of a saddle point at the origin. More precisely
(1) X, = au(z,y)xdy +bu(x,y)ydy, with a,(0,0) =1 and A(u):= —b,(0,0) >0,

where a, and b, are C* functions at the origin and U is an open subset of R™. We also consider the
collinear family

1
(2) Y,=-X,, where v=2"y" and m,n€Z.
v

In what follows we shall say that two vector fields (or germs of vector fields) Z and W are conjugated if
there exists a change of coordinates ® transforming Z to W, i.e., ®*Z = W, where

(@*2)(p) = (D2), ' (Z 0 (p)).



We shall say that two germs of vector fields Z and W are equivalent at a point pg, if they are conjugated up
to a germ of a nonzero multiple: ®*Z = fW with f(pg) # 0. The two notions extend to germs of families
of vector fields.

Definition 1.1 Given po € U, let us denote Ao := A(u9). The orbital codimension k € N U {oo} of the
saddle of the vector field X, is defined as follows. If Ao ¢ Q, then we set x:= oco. If Ay € Q, then the
infinite jet of X, at the origin is C* equivalent to

(3) 20, + (—p/ q+ Zam(xpyq)i)yaya with Ao =p/q and ged(p,q) = 1.
i>0
In case that a;;q1 # 0 for some ¢ we set £:=min{i € N: a;41 # 0} and, otherwise, x:= oo. O

Remark 1.2 The orbital codimension does not depend on the particular equivalence used to bring X,,; to
a normal form (3) because the monomial (zPy?)" can not be annihilated by means of a smooth coordinate
transformation preserving the normal form. O

The main theorem proved in the first part is the following.

Theorem A. Let {X,},cu be a C™ unfolding of a saddle point as in (1) and consider some po € U. Then
for any k € N the family {Y,,} ucu is C* conjugated by a diffeomorphism of the form ®(z,y, pu) = (P, (z,y), 1)
defined in a neighbourhood of (0,0, 1) € R2xU to

1
(4) YMNF = m (135'3: + (=A(p) + Pu(“))llay>,

where

(a) if Ao ¢ Q, then P, =Q, =0,

(b) if Ao =p/q with (p,q) =1, then P, and Q, are polynomials in the resonant monomial u = zPy? and

= min{ﬁ €Z:B(p,q) > (m,n)}.

Moreover, in case that X,,, has orbital codimension xk < oo then we have that deg P, < 2k and degQ,, <
Kk —min(¢, 1).

Remark 1.3 In the definition of ¢ above, the symbol > stands for the partial order in Z2. Note that u‘/v
is regular at (z,y) = (0,0) and that if m > 0 or n > 0 then £ > 1. The integer ¢ plays the role analogous to
the orbital codimension in the bound of the degree of Q,,. However, a priori the order of @, (u) at v = 0 is
a more natural notion of “temporal codimension”, but it does not seem to have immediate applications. ]

2 Tools

In this section we collect some tools used in the proof of Theorem A. They will be proved in Section 4 except
for Theorem 2.1, for which we give only a sketch of proof. This theorem is part of folklore. It appears, as
we state it here, in [13] but referring to [1] for the proof. However, [1] deals only with a related problem
of normal forms for diffeomorphisms. A proof of Theorem 2.1 appears in [4] but there is a delicate point
concerning the elimination of the remainder term which is not dealt with in that paper. Later on we point
it out in the sketch of the proof of Theorem 2.1. The mentioned delicate point can be overcame by applying
the results of Samovol in a very technical paper [15]. We do not give a complete proof as it can be done
along the lines of the proof of our Theorem 2.4.



Theorem 2.1. Let {X,},cu be a C* unfolding of a saddle point as in (1) and consider some jig € U. Then
for any s € N the family { X, },cu is C® equivalent by a diffeomorphism of the form ®(z,y, 1) = (®,(z, y), 1)
defined in a neighbourhood of (0,0, uy) € R2xU to

where

(a) if Ao ¢ Q, then P, =0,

(b) if Ao = p/q with (p,q) = 1, then P, is a polynomial in the resonant monomial v = xPy?. Moreover, in
case that X, has orbital codimension xk < oo then deg P, < 2k.

Lemma 2.2. Let {Y,},cu be a family of vector fields as in (2) and let {f,},cu be a C¥ family of functions
with £,(0,0) = 0. Then, for each po € U, there exists a family of C* diffeomorphisms {®,} defined in a
neighbourhood of (0,0, uo) € R2xU such that, on xy # 0,

Xy

(@.)*(Ya) = 0+ Xu(vfy)

In fact @,(z,y) = ¢, (F,L(x,y);x,y), where ¢,,(t;x,y) denotes the flow of X, passing through (x,y) € R?
att =0 and {F,} is a C* family of functions with F,(0,0) = 0 which is defined implicitly by

F#(z,y)
ofu(e,y) = /O 0o o€, y) d.

Remark 2.3 For fixed m,n € Z, the diffeomorphism ®,, in Lemma 2.2 depends only on the initial data {Y),}
and { f, }. Since we shall apply it several times, changing both data (vector fields and functions), we introduce
the notation ®, = ®[Y,,, f.]. O

Let V be an open subset of R™ and consider a smooth function f: V — R. We define

[fllv = sup{[f(z)| : z €V}
If I = (i1,...,ip) is a multi-index with i; € NU {0} then we use the notation ¢ = |[I| =i; + --- + 4, and

ai

ox} - - Oz

9;

Thus, dealing with partial derivatives, we shall use the convention that if J is a multi-index then the small
letter j stands for |.J|. Moreover, given p € V, we denote by (Di f) (p) the total differential of order ¢ of f at
p, which is defined as the symmetric i-linear form

(D'f)(p) :R*x---xR* — R
(@@, 2™y N (@) el al,

in
|I|=1

where the sum is taken over all the multi-index I = (iy,...,%,) with |I| = i and () = (:c(lj), . ,zSZ)) for
i =1,...,n. Finally, we define 4 4

1D f(p)|l = max{|07f(p)| : 1] = i}.
We extend these definitions to vector functions in the usual way. More concretely, if f = (f1,..., fm) is a
vector function from V C R™ to R™ then 8if = (0} f1,...,0}fm) and (D'f)(p) : R" x --- x R" — R™.
Similarly, || fllv = max{|f;lv : j = 1,...,m} and [|(D' £) (p) | = max{| (D f;)P)]| - § = 1,..., m}.



JFrom now on we must distinguish between parameters g € R™ and phase variables (z,y) € R? when
considering a smooth function f: V C R?>*™ — R. We say that such a function is N-flat with respect to
(z,y) if it is CN*1 and verifies the estimates

(D f) (@, y, ]| < Cll(z, )Y, i=0,...,N,

in some neighborhood of (0,0, 19) € R**™ and for some constant C' > 0. The flatness with respect to = or
y is defined analogously by replacing ||(x,y)|| by |z| or |y| respectively.

Theorem 2.4. Let {X,},cu be a family of vector fields as in (1) and consider some po € U. Then for
any k € N there exists a natural number N = N(k,)\o,m,n) such that if {h,} is a CN family of N-flat
functions, then the homological equation

(6) Xu(vfu) =vhy

has a C* family of solutions {f,} defined in a neighbourhood of (0,0, uo) € R*xU. More precisely, we can
take
N(k, X o,m,n):= 2 [max{(vo + 1)k — m + Aon, (vo/ Mo + D)k + m/ g —n} + 1],

where vy = max{1, \o} and [-] denotes the integer part.

Remark 2.5 Analogously to the definition of £ in Theorem A, the natural number N (k, Ao, M, n) can be
written as

Qmin{M eN: M- (1,)\0) > ((1/0+ Dk —m+ Aon, (1/0+)\0)k—|—m—/\0n)}.

Note that the above formula is not symmetric with respect to m and n. This is so because in the proof
we first show that it suffices to consider a vector field in normal form and we choose one containing all the
resonant monomials in the 9, direction. It is important to mention that /N depends only on the linear part
of X,,,. O

Before proving our main theorem in which we give a temporal normal form, we sketch the proof of
Theorem 2.1 that deals with orbital normal form in order to see which kind of ideas are involved in this
type of results. Theorem 2.1 is part of folklore (see [4, 13]) but we want to point out a delicate point, which
we think did not receive the required attention in the literature.

One uses first the Takens normal form theorem [18] (see also [3]). Let H" be the space of polynomial
vector field families in the (x,y) plane depending on the parameter p and homogeneous of degree h in (z, y).
Let L = L(pu) = 20, — M(p)y0y be the linear part of X,, and for each h, consider the action of the Lie
bracket [L,—] : H" — H". For fixed y and any h, the mapping [L, —] is linear on H". Denote by B" the
image of H" by [L,—] and let G" be some complementary space so that H" = B" @ G". Then, for any N,
there exists a polynomial change of coordinates transforming the vector field family X,, to the form

(7) 20y — Ap)ydy + g2 + -+ - + gy + R(z,y),

where gj is a homogeneous vector field family belonging to G* ¢ H", for h = 1,..., N and the remainder
term R(z,y) is a vector field R(z,y) = o(|(z,y)|"). Moreover, [L,z'yi8,] = (1 — i 4+ jA\(n))z'y?8, and
[L,2'y?0,] = (—i+(j —1)A(1))x'y? D, so the action of [L,—] on H" is diagonal, and G” can be taken as the
kernel of [L, —]. That is, if Ao is irrational, then for A sufficiently close to Ag, the family is linearizable up to
an N-flat term for any N. If A\ = p/q, with p, ¢ positive, relatively prime integers, then for A\(u) sufficiently
close to A\g up to an N-flat term, all monomials can be eliminated except for the resonant monomials: u*z0,
and ukyﬁy. When working with the equivalence and not conjugacy relation, it is legitimate to divide (7)
by the component of zd,. Hence, for any N there exists a polynomial change of coordinates transforming
orbitally the vector field family X,, to
XNE 4 R(z,y)



with XV as in (3) and R(z,y), N-flat, with respect to |(z,y)|.

One next applies the second step in the normalization process, eliminating the N-flat term R by means
of a C* diffeomorphism. We use here the homotopic method (see for instance [4, 12]). As the dependence
with respect to the parameter p is inessential, we omit mentioning it. In general, the homotopic method
says that vector fields X and X + R are C* smoothly conjugate if the homological equation

(8) [X +tR, Z]=R

has a C* solution Z;. The time-one flow of the vector field Z; realizes the conjugation (if it exists). In
[12] it is proved that for X hyperbolic and R infinitely flat, the homological equation (8) has a solution in
the class C°°. The proof is done first in the semihyperbolic case. That is, one decomposes the remainder
R = Ry + Ry where R, is flat with respect to the y variable and Ry flat with respect to the x variable. One
uses first the contractibility of the flow of X in the y direction for solving the equation

9) [X +tR1,Z:] = Ry

and hence proving that X is conjugated to X + R;. Next, one proves that X + R; and X + R; + Ry are
conjugated by solving the equation

[X + Ry +tR2,Z;] = Ry

using the contractibility of X + Ry + tRs for negative time. The two equations being of the same type, we
comment only on (9). In order to solve it one globalizes first the vector field. That is, one modifies the 0,
component of X in a complement of a small neighbourhood of the origin in such a way that the flow of the
modified vector field is well defined for positive time and all solutions tend to the = axes as t — +00. By
abuse, we keep the same notation for the modified vector field X. A solution of (9) is given by

(10) Zian) =~ [ T (DX 4 tR) ™ o Ru(6(r, (2. )))dr,

where D(X + tRy) is the solution of the first variational equation of the modified vector field X + tR;
and ¢ is its flow (see [4]). Using the flow-box theorem for the vector field X + tRy, it is easy to see that
if the integral (10) is uniformly convergent, then it verifies (9). Further dominated convergence estimates
are needed to assure the differentiability of Z;. In [12], these estimations are given in the C°° smoothness
case. It is easy, following this proof, to see that a solution Z; of class C* of (9) exists provided that R; is
sufficiently flat with respect to the y variable. The difficulty is that the required flatness as it appears in the
proof of Proposition 2.2.11 in [12] depends on the norm of X. In our application, the vector field X appears
as a result of Takens normal form procedure. It could happen that when obtaining higher flatness of R; as
a result of applying Takens normal form procedure, the norm of X grows and an even higher flatness of R;
would be required. It is sufficient to show that the required flatness N (k) of Ry assuring the existence of a
C* solution of (9) depends only on the linear part of the vector field X (which in not modified by the Takens
normal form procedure). This is proved by Samovol in [15] where he proves that the required flatness N (k)
in the homological equation (9) depends only on the linear part of the vector field (but only the case of
vector field without poles is considered). An explicit estimates of N (k) appears also in [10] in the case of
linear X, but the proof is very sketchy. In general, the independence of N (k) on higher order terms of X
can be proved along the lines of our proof of Theorem 2.4. Yakovenko informed us that equation (9) can be
reduced to (6) with v = 1. A detailed proof of an analogous problem for diffeomorphisms appears in [1].
Finally, in the finite orbital codimension case, the polynomial normal form can be improved using the

Weierstrass preparation theorem (see [4]). We perform a similar construction concerning the temporal part
in the next section.



3 Proof of Theorem A

Proof of Theorem A. Fix k£ € N and pug € U, and let N = N(k, Ao, m,n) be the integer given by
Theorem 2.4. Take any s > N. By Theorem 2.1, there exists a C* change of coordinates ® 3 such that

. 1 X3
0 Y, ‘/'S._
(2u)" (V) e 51+R;(x,y)’

where X3 = 20, + (—A(n) + P;(u))yd, and R is a C* function vanishing at the origin. (Here @), is the
equivalence between X, and X}, that provides Theorem 2.1 and we took into account that it is tangent to
the identity and preserving the axes.)

Next we shall “simplify” the function R}, by means of a conjugation and to this end we apply Lemma 2.2.

Thus, recall Remark 2.3, the idea is to take the diffeomorphism <I>lll = [Vj7 fu] , where {f,} is to be chosen

appropriately. Notice that
X

(1—|—R9 xy)+X vfu

The vector field X acts linearly on the vector space (v)R[z,y] and note that its image contains all the

monomials of (v)R[x,y] which are not inside R(u) because
X,j(a:“yb) = (a— Ap)b)zy” + ij(u)x“yb.

In other words, u‘R[u] C (v)R[z,y] is a supplementary subspace of the image of X3 acting on (v)R[z,y].
Hence we can choose f,(x,y) as a polynomial so that

VR (2,y) + X5 (vfy) = u' Q5 (u) + vhi (2, y),

where hj,(7,y) is a s-flat function and @Q;, = 0, in case that Ao ¢ Q, or Q},(u) polynomial in u = 2Py, in
case that A\g = p/q with (p,q) = 1. Accordingly (CID}L)*(V:) = Z;,, where
X; 1 X:

Z5 .= £ = - .
o u Qs (u) +ohs(zy) v 1+utQs(u) /v 4 hi(x,y)

We point out that the vector field Z; can be written as in (2), i.e., it is of the form 1/v times a smooth
vector field at the origin because u’/v has the same property. Therefore we can apply Lemma 2.2 and
consider the coordinate transformation <I>i = [Z iy gu} , which verifies

X
v +utQs (u) + vk (z,y) + X5 (vg,)

(®3)"(2) =

Our goal is to annihilate vhy, by choosing an appropriate g,. The problem reduces to solving the homological
equation X;(vg,) = —vh;,. Since hj, is a s-flat function with s > N, by applying Theorem 2.4 we can assert
that there exists a C* function gy verifying the aforementioned homological equation. In short we have that

XS
P2 odlod) (V) =W= —— L
( T u) Iz mT w0+l Qs (u)
with @, (u) polynomial. It is important to mention that N in Theorem 2.4 depends only on the linear part
of the vector field X, which is independent of s. This enables us to fix in advance the required flatness of
h;(x,y) in order to get the C* conjugacy ‘133 that annihilates it. This constitutes the key point in all the
process because X; does depends on s.



Assume finally that the original vector field X, has orbital codimension x < co. In this case, by applying
Theorem 2.1 we have that X5 = 20, + (—A(u)+P5 (u))yd,, where P is a polynomial in u with deg(Pj) < 2k
for 1 &~ po and such that Pj has order £ at u = 0. Again, on account of the definition of ¢, W7 can be
written as in (2) because

XS
W= % 1 —i—qul; (w)/v’
m

S

As before we consider @ := ® [WM,TM] where 7, is a smooth function to be determined. However now
we want it of the form 7,(x,y) = 7,(u)/v. The reason for this will be clear in a moment but note that if

u|7,(u) then, by the definition of ¢, 7, will be regular at (z,y) = (0,0). By Lemma 2.2 we can assert that

(@) (W) = a: .

" v+t Qs (u) + X5 (vT,)
Then, since v7,, = 7, depends only on u, the above denominator becomes v + ueQS( ) + 7, (u) X}, (u) and
an easy computation shows that X (u) = u(p— A(p)q + P (u)). Thus, since Ao = p/q and Pg o (u) has order

# at u = 0, by applying the Weierstrass Preparation Theorem, we have that X (u) = uAS( )B (u) where
B;(u) is a polynomial of degree & in u for p ~ po and A3, (0) # 0. Accordingly

X
v+ ueQZ(u) + ut’(u) As (u) B (u)

(q)i)*(W/f) =

and so we seek for a function 7, such that w‘Qs (u) + u),(u) A (u) Bj (u) has few monomlals This “sim-
plification” depends on weather ¢ is positive or negative Setting uéQs( ) = Yi_,a;ut with r > 0 we
decompose u‘Q5 (u) = S} (u) + S7(u), where S} (u) = Z:é a;u’ and S?(u) = Y77, a;u’ in case that £ <0,
and S} (u) = 0 and S (u) = ueQ“"( ) in case that £ > 0. (Here we can assume that r > 0 taking some a; = 0
if necessary.) Wlth thlb decompomtlon we perform the (polynomial) division of S?(u) by u”B5(u), where
v:=max(¢,1), i

(11) Sﬁ(u) = C’S(u)u”BZ(u) + R;(u)

“w

and thus deg(R;,) < v + £ — 1. Finally, 7, is to be chosen so that
u'Q; (u) + ury (w) A (w) B (u) = S, () + R}, (u),
which, due to u‘Q3 (u) = S} (u) + S2(u), yields

R; (u) — Si(u) o1 Cu(u)

! _

(1) = uAs(wBs(w) " As(w)’

(The last equality follows from taking (11) into account.) That is,

_ /u 51/71 Cﬁ(g) df
0 As (&)
which is a smooth function for (u, 1) ~ (0, po) because A5, (0) # 0 and v > 1. Moreover it verifies u|7,(u)
as desired due to v > (. In short, the choice of 7,,(,y) = 7,(u)/v for ®3 = & [W},7,] leads to

X,
v+ Sk (u) + Rz(u)'

(q)i o @i o (I)i o @3)*(}/“) =



It remains only to check that S} (u) + R}, (u) = u’Q,(u) for some polynomial @, of degree x —min(¢,1). In
the case that £ > 0 this is simple because then S} = 0 and S?(u) = ueQZ (u). Consequently, from (11) we
have that R (u) = u*(Q5 (u) — u”~*C5(u) B (u)) and so S} (u) + RS, (u) = RS, (u) = u‘Q,(u) with

deg(Q,) =v+r—1—{=k—min((1).

(In the second equality above we took v = max(¢,1) and ¢ > 0 into account.) Finally in the case that ¢ < 0,
then S;:,lt(u) = Zi_:le au’ = u’ Zi_:él ajre-1u'~" and Ry (u) = Z?ioﬁ_l biu® = uf Ziyion_l b;u'~t. Therefore
Sk (u) + RS (u) = uQ,(u), where Q,, is a polynomial with

deg(Qp) = max(—ﬁ— Lv+r-—1 —E) = max(—ﬁ— 1,/@—6) =k —{¢=kKk—min(¢1).

Here we used that £ < 0, k > 0 and v = max(¢,1) = 1. This completes the proof of the theorem. [ ]

4 The homological equation

This section is dedicated to showing the two main results that we used in the proof of Theorem A, namely,
Lemma 2.2 and Theorem 2.4.

Proof of Lemma 2.2 Since the origin is a hyperbolic saddle for X, with both separatrices in the axes, it
is clear that vo ¢, (t;z,y) = v x,(t, z,y) for some C*> function x,, with x,(0,0,0) # 0. Thus, given {f,} as
in the statement, we have to find {F},} verifying

Fu(z,y)
fuly) = /O Nol6, ) de.

Note that the C* function

T

R(Sﬂ,y,/.t,T)Z: fu(x7y) - /(; Xu(§7x7y) d€

satisfies R(0,0, po,0) = 0 and %R(0,0,um()) = —Xu(0,0,0) # 0. Therefore, by the Implicit Function
Theorem, there exits a C* family of functions {F,}, with R(m,y,,u,FH(x,y)) = 0 for (x,y,p) = (0,0, o)
and F),(0,0) = 0. The fact that F},(0,0) = 0 for all i follows easily using that, by assumption, f,(0,0) = 0.
It is clear then that ®,(z,y):= ¢, (F.(z,y);x,y) is a local diffeomorphism with ®,(0,0) = (0,0) for all p.
Moreover, from [5], we have that

Xy

(12) (@u)* (Xu) = TF X, ()

Since Y, = %Xﬂ, we have that
1

vo®,

(‘I)u)*(yu) = ((I)u)*(Xu)'
Consequently, on account of (12), the result will follow once we prove that
(vo q)u)(l + XH(FM)) =v+ Xu(vfu).

To see this note that some easy manipulations yield

d Fu(pu(s;z,y))
=l vo ou(s+ & 2y) de

=vop, (s + Fﬂ(cp#(s;%y));x,y) (1 + %F#(go#(s;x,y))L:J —vo Lp“(s;x,y)’

=(vo®,)(z,y)Xu(F.) + (vo®,)(z,y) —vo (z,y).

Xy (vfu)(x,y) = % ((Uf#) ACES y))

5= s=0

s=0



In the first equality above we use the definition of the derivative of a function with respect to a vector field,
and in the last one we took ®,(x,y) = ¢, (F,L (z,9);z, y) into account. This proves the result. [ ]

Since the proof of Theorem 2.4 is very technical, we begin by giving first its idea omitting the dependence
on 4 to simplify the exposition. Let ¢;: (z,y) — ¢(t; z,y) be flow at time ¢ of a given vector field X and
consider also a given function H. In this case, if

0
F(z,y) = N H o py(z,y)dt
oo

is a well-defined smooth function then it is a solution of the homological equation X(F) = H. Indeed, by
making the change of variables 7 =t 4+ s we obtain
d [° d [*

Hocptogosdt) = — Hop, dr =H.
s=0 s

X(F
() ds +00 =0

Cds oo
Our goal is to solve the homological equation (6), where recall that v = 2™y™ with m,n € Z. Note that it
coincides with the above one taking H = vh and F' = vf. The strategy consists in modifying conveniently
X and h in order to make F' well-defined and f = % to be of class C*. Taking this into account, let us
introduce the functions that will appear in the proof of Theorem 2.4.

So let us consider the homological equation X (vf) = vh. Since h is N-flat, denoting by M the integer
part of N/2, we can decompose it as a sum h = hy + ho, with h; and hg being M-flat with respect to x
and y respectively (see [15]). The first step in the proof will be to show that there is no loss of generality in
assuming that the homological equation is XV (vf) = vh, where XN¥ is the vector field in normal form
provided by Theorem 2.1. Accordingly we consider

0 0
F(z,y) = / (vha) o (. y) dt + / (vhs) o (., y) d,

— o +o0

where ¢, is the flow of X ZLV F_In order to study F we must control the function v o ¢;, which satisfies the
differential equation

%(vocpt):X(v)og@t:(v(mf)\nanP))ocpt:(vogot)(mf)\n+nPo<pt).

Consequently
t

VO Py — plm=An)t exp (n/ Pooy, dS) 7
0

v

and therefore f = % is given by

0 ')
fla,y) = / Ty(2,y,t) di — /O To(a,y, 1) dt,

where .
Ti(,9,8) = e (hy 0 oy, ) exp (n [ Pocit ds) .
0

In order to prove that f is a well-defined C* function we must bound the derivatives of Z; and, in particular,
the derivatives of the flow ; with respect to (x,y,u) € R**™. To this end some technical lemmas are
needed.

(From now on, if g is a symmetric [-linear form on R™ and v1,...,u; € R", then we shall write
g(v1,...,v) € R as gvy---v;. The following result provides an expression for the chain rule of higher
order. (Its proof, being straightforward, is omitted for the sake of shortness.)

10



Lemma 4.1. Let h: R" — R, x: R™ — R and ¢: R"™ — R"™ be differentiable functions. Then, for each
I="(i1,...,0m) with |I| =i > 1, we have

2

(a) di(hoy) = ZZ ;Oﬁ (D'ho )0t e-- 0o,
=1

(b) Ojex =eX S S Cholx - & x.
=1 J

Here J = (J1,...,J;) is any l-tuple of vectors in (N U {O})™ wverifying J1 + -+ J; = I and {C}} is a
collection of constants with CF = 1.

We shall also use the well-known Gronwall’s Lemma (see for instance [19]).
Lemma 4.2 (Gronwall). Let u,k,g : [a,b] — R be continuous functions and assume that k > 0.
(@ 11 t
u(t) < g(t) —|—/ k(s)u(s)ds for all t € [a,b],

then
u(t) < g(t) Jr/ 9(s)k(s) exp </ k(r)dr) ds for all t € [a,b].
(0) If
b
u(t) < g(t) —i—/t k(s)u(s)ds for all t € [a,b],
then

u(t) < g(t) + /tbg(s)k(s) exp (/t k(r)dr> ds for all t € [a,b].

Lemma 4.3. Let X be a complete vector field in some open set V. of R™ such that |DX||y < v. Then,
for each i > 1, there exists a constant K; > 0 such that the total i-differential of the flow ¢ of X werifies
| Dyl < Kie™!t for all t € R.

Proof. We proceed by induction on i. Due to || Dip¢||v = max{[|05¢; v : |[I| =i}, it is clear that it suffices
to prove the inequality for any partial derivative of order 1.

Let us prove the result for i = 1. To this end let {I 1,19, .. ,In} be the canonical basis of R™ and consider
some Iz, ¢;. This partial derivative verifies the first variational equation, namely

%(%j Y = (DXngt)fhj ¢¢ with initial condition Jr, <pt|t:0 =1;.
Accordingly )
Or, 0t = 1 +/0 (DX 0 ¢5)0r, s ds.
Consequently, since ||DX ||y < v by assumption, the function i (t) = |0, ¢¢||v satisfies

t 0
ui(t) <1 —|—/ vuy(s)ds, if t >0, and u1(t) < 1 +/ vuy(s)ds, if t <O0.
0 t
Applying Gronwall’s Lemma to each inequality we obtain respectively

t
u(t) <1 +/ ve’t =) ds = e" for t >0
0

11



and
0
u(t) <1 +/ ve’ 0 ds = eV for t < 0.
t

Hence u1(t) < e”*l and so this proves the result for i = 1.
Assume now that the result is true for j < ¢ and fix some multi-index I with |I| = 4. Since ¢, is the flow
of the vector field X, we have that

d

T Dby = 0%(X o ;) with 0%y 0.

’t:O =
We expand the right hand side of the above equality by applying (a) in Lemma 4.1 to the each component
and, after integration, we obtain

i

t
oo =304 [ (DX 00 Dl o

=1 J

Note that the second summation above is taken over all the I-tuples J = (J1,...,J;) with J; +---+ J, = 1.
Therefore we can split it up as

t i t
0o =Cf [ (DXop)ojpds+ Y3 Ch [ (D'X o) 0fou- 0 s
0 0

1=2 J
Then, denoting u;(t) = [|0%¢:|lv and taking C! = 1 into account, by using the inductive hypothesis we

obtain

¢ ¢ ¢
u;i(t) < KI/ e ds —|—/ vu;(s)ds < L vt +/ vu;(s)ds, ift >0,
0 0 w 0

and
0 0 K, . 0
ui(t) < KI/ e " ds —|—/ vui(s)ds < —e ™! —|—/ vu;(s)ds, if t <O0.
t t w t
Here the positive constant

K=Y > CjID'X|vE;, - K
=2 J

depends continuously on || D7 X]||y, 7 = 2,...,i. Finally, by applying Gronwall’s Lemma, it follows that

Kr YKr o, K : :
Ul(t) < %Iewt _|_/ 461vsyey(t75) ds < ”7I€2ut < Kiezut’ if > O7
v 0 4

and
K; K K : ;
Uz(t) < 462ut _|_/ Jefwsyeu(sft) ds < Hifefzut < Kiefwt’ ift < 0,
iv . TV i(i — v

Kr .
i(i—1)v °

where we take K; = max{ |I| = z} This completes the proof of the result. ]

The following result will be used to bound the derivatives of Zj(x,y, u,t) with respect to z, y and pu.
Note that it refers to the functions J(z,y, u, t) such that Zy = e(m=AMt 7,

12



Lemma 4.4. Consider a complete vector field X (z,y, p) = 20, + (—Xo + P(x,y, 1))y, in the open subset
Vs = R2x {||p — pol| < 6} € R? x U such that |P|lv; < n and |DX||y; < v. Let hy and hy be M-flat
functions on R? x U with respect to x and y respectively. In addition, for k = 1,2, define

(13) Tie(@,y, 11, 8) = (hi; 0 pe(, y, 1)) exp <n /Ot Pops(x,y, 1) d8> :
where @ is the flow of X. Then, for each i =0,..., M, we have

|08 T1 (0, y, 1, t)] < K || M~ te(M—(tD)izinin)t if t € (—o0,0),

|07 Ta (2, y, 1, 1) | < Ky|M~eTroMH@ 20t (In=ME0mt - f ¢ € (0, +00),
for all (x,y, 1) € Vs and some positive constant K (independent of x,y, u and t).
Proof. Recall first that the flatness assumption on h; and hy means that, for 0 < r < M,
(14) D Ry, )l < Clal™ ™" and D" ha(e,y,w)ll < ClyM " for all (z,y, 4) € R? x U,
It is easy to show that the first two components of the flow ¢; are given by

o1 (,y, 1) = we' and @ (w,y, p) = ye oleX(vin)
for all ¢t € R, where .
X(,y, 1, t) =/O Pogy(x,y, ) ds.

Moreover, due to || P|lv, < n, we have that |x(z,y, u,t)| < [¢|n for all (x,y, p,t) € Vs x R. Accordingly, if
t <0 then |@?(z,y, u)| < |yle”Po=™* for all (x,y,u) € Vs. The combination of this with (14) yields

ID" hyo @r(w, y, w)ll < Cla|MrelM=n it <0,
(15)
ID"hao pu(z,y, p)|| < Cly[M e M=nCommt i ¢ > 0,
for each r = 0,..., M. The case i = 0 follows easily from the above inequalities with r = 0 and the bound

for x. On the other hand, from (a) in Lemma 4.1, if j > 1 then

t J t
Ix = / (Pops)ds = Z Z C{/ (Dfpo%)agl%n-ag% ds.
0 ¢=1L=(L,,....L¢) 0
It is important to note that the second summation above is taken over all the multi-indexes L1, ..., Ly such

that Ly +---+ Ly = J. In order to avoid cumbersome notations, when there is no risk of confusion we use
a “universal” positive constant K (meaning that it is something independent from x,y, u and t). Taking
this into account, by using Lemma 4.3 we get

. el )
|0 x(z,y, 1, t)| < K/ e ds < K eVt for all t € R.
0

Hence, from (b) in Lemma 4.1, it follows that

|0 erxeviD] < gellnlntimltl for all ¢t € R.

Exactly in the same way as we bound |6jjx|, the combination of Lemmas 4.1 and 4.3 shows that

J
1% (hue 0 ey, 1)) | < K13 [ D'y o oy, y, w)| for all ¢ € R.
=1

13



Now, the two last inequalities and the well-known formula

(16) Oj(ab) = > Cyrdadb,

J+L=I

imply that if ¢ > 1 then

i
04T,y . )] < KemTE 010 S™ 1Dy 0 04 (2,y, )| for all £ € R.
=1

Finally, thanks to (15), we obtain the desired inequalities. [ ]

Proof of Theorem 2.4. Given {X,} as in (1), we must prove that if {h,} is a family of N-flat functions
with N > N(k, Ao, m,n), then the homological equation X, (vf,) = vh, has a solution {f,} of class C*.
We claim that it suffices to prove this taking the normal form family {X lJLV F } that appears in (5) instead of
the original {X,, }. Indeed, thanks to Theorem 2.1, there exists a family of diffeomorphisms {®,} such that
QX = I{HXNF7 where &, is a function verifying that ,(0,0) # 0. Since ®, preserves the axes, we have

“w
that ®jv:=wvo®, = vx,, where y, is a function with x,(0, 0) # 0. Define hﬁ’F = :“
i

@7, hy,, which clearly
is also a family of N-flat functions. Now, if the corresponding homological equation

XEF () = oh)YF

has a C* solution {fiVF} then, using the well-known formula ®*(X(F')) = (*X)(®*F'), one can easily
check that

1\ K
Ju= (@) (0fi)
is a C* solution of the original homological equation, i.e., it verifies Xu(vfy) =vhy.

;From now on and, as we have just shown, without loss of generality, we study the equation
(17) X, (vfy) = vh, with X, = 20, + (—A(1) + Pu(u))ydy.

In order to construct a solution of the homological equation it is convenient that the flow of X, is defined
for all ¢ € R. This can be achieved by a “globalization process” using a suitable family of bump functions.
More precisely, we consider a family of C*° bump functions {¢.} such that

Lif [|(z, )| <e/2,
T/JE(IE, = .
0 if [[(z,y)l| = ¢,

and verifying moreover || D[l < ¢ for a fixed ¢ > 2. Then, setting hj, = h,. and
X5 =20, + (=0 + Pi(z,y))y0y, where Py(x,y) = (Ao — () + Pu(u))e(z,y),
we consider the homological equation
(18) XZ(Ufﬁ) = vh;,
which coincides with (17) on the £/2-disk centered at the origin. Now, as we explained before, taking

M = [%} , we write hy, = hy, | + h, o with h7, ; and hj, , being M-flat with respect to z and y respectively.
Then we define

0 +o0o
(19) fo(@y) = / 52,y pot) di — / 5 2,y o 1) d,
0

—00
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where t
i (2, y, pt) = AN (RE 0 oy (2, y, 1)) exp <n/ PS o pg(x,y, 1) dS)
0

and ¢ (z,y, 1) is the flow of X;. It is important to mention that this flow is defined for all ¢ € R because X,
is linear outside a compact set. Now the key point is to prove that (19) is a well defined C* function because
then, as we showed before, it is straightforward to verify that it is a solution of (18). The rest of the proof
is dedicated to showing that this is the case provided that ¢ and ||u — po|| are small enough.

For each positive € and § we consider the subsets
Voo = {(2,y,1) eR*T™ 2 |(z, )| <&, [l — poll <6} and Vs = R*x{||u— poll < 5}

Then we have the estimate

1Pellvs < sup - {|A(k) = dol} + 1Pu(, w)llve 5 =: m(e, 0),
lu—poll<s

where note that 7(e,0) is a continuous function tending to 0 as (¢,0) — (0,0). Define vy = max{1,\o}.
Then, since |lyDvc|v. ; < ¢, it follows that

IDXGlvs < vo+ lyDPullv. s + lyDA(w)llv. 5 + ene, 6) =: v(e, 0),

where v(g,d) is a continuous function tending to vy as (¢,d) — (0,0). We can hence apply Lemma 4.4 to
bound the partial derivatives of

t
T (1 8)i= (HEy 0 91,9, ) exp (n | Proete.um ds) for 1= 1,2
0

Our goal is to choose & and ¢ small enough so that the bounds of the partial derivatives of I; are integrable
functions with respect to ¢. To this end note that if

N = N(k, Ao, m,n) = 2[max{(vo + 1)k — m + Aon, (vo/Xo + 1)k + m/Xg — n} + 1],

then M = [%] satisfies the inequalities
M > (vo+1)k—m—+ don and M > (vg/No + 1)k +m/Ag — n.

By continuity of 5(e, d) and v(e, §), there exist ,§ > 0 such that = n(&,d) and v = v(&, d) are close enough
to 0 and vy respectively, in order that the inequalities

ar:=M—(v+1k—|njn+m—Ap)n >0
ag:= =AM+ v+ X)k+(n|—M+Enp+m—Au)n<0
hold for || — pol|| < 6. Thus, by applying Lemma 4.4, we can assert that the inequalities

05T (@, g, )] < Km0 S 19375 @,y 1) < K| M Fett

INPIN
and
01T5 (2, y, )] < K200 N T3 (2, y, 1, 1)] < Ky Fe!
NP

are verified for 0 < ¢ < k. (To see this we also used the formula in (16) for the derivation of a product.)
Therefore, since a; > 0 and aa < 0 by construction, the functions §7Z¢ and 9:Z% are integrable with respect
to t on (—00,0) and (0,00) respectively. Thus, ff; is a well-defined C* function and, accordingly, it is a
solution of the homological equation (17) for ||(x,)| < &/2 and ||u — uol| < 6. [ |
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Part 11
Asymptotic expansion of the Dulac time

5 Statement and proof of Theorem B

In this section we give an asymptotic development of the Dulac time (time of passing arround a corner) of
a family of vector fields unfolding a saddle point with possibly polar factors in the coordinate axes. We see
this result as a basic building block for studying the Poincaré time (time associated to the Poincaré map)
near a polycycle. Critical periods of the Poincaré time are particulary important since the condition of
non-criticality of the period appears for instance in the bifurcation theory of subharmonics. Under the non-
criticality of the period, zeros of appropriate Melnikov functions guarantee the persistence of a subharmonic
periodic orbit of a Hamiltonian under a periodic non-autonomous deformation (see Theorem 4.6.2 of [3]).
Moreover, the problem of existence of a uniform bound for the number of critical points of the period
function on a family of polynomial (or analytic) vector fields can be seen as a problem analogous to the
second part of 16th Hilbert problem on limit cycles. We see our work as a contribution to establishing a
finite “cyclicity” result in finite codimension (i.e., existence of a local uniform bound) for the number of
critical points of the period function of polynomial vector fields on hyperbolic or more general polycyles.

Let U be an open set of R™ and let {X,,, u € U} be a C*™ family of vector fields defined in some open
set U of R%. Assume that the vector field X » has a hyperbolic saddle p,, as unique critical point inside U.
In this situation it is well know that there exists exactly two smooth transverse invariant curves S, and 7,
through p, (depending also smoothly on p). We also consider a family Y}, proportional to X,, but having
poles along S, and 7, of order m and n respectively. We make the convention that if m (respectively, n)
is a negative integer then Y, vanishes along the invariant curve S,, (respectively, 7,,) with multiplicity —m
(respectively, —n). We can take a coordinate system (x,y,u) on Ux U C R**™ such that p, = (0,0, u),
Sy ={(z,y,n) : 2 =0} and 7, = {(z,y, ) : y = 0}.

In the coordinates mentioned above X,, and Y, can be written as in (1) and (2) respectively. Our goal
is to study these two families in a neighbourhood of a parameter py € U such that

Auo) = £ with with (p,q) = 1.
q

By applying Theorem A, in a neighbourhood of (0,0, 10) € R**™ there exists a C* diffeomorphism @ such

that
1

i (20 (A + P )

where P, and @, are polynomials in the resonant monomial u = z”y? and

{= min{ﬂ €Z:8(p,q) > (m,n)}.

Composing ® with suitable homotheties we can assume that ® is defined on {|z| < 2, |y| < 2}. Let B
and X4 be two normalized transverse sections to the separatrices = 0 and y = 0 respectively. To be
more precise, LIV and X2 are parameterized by o1 (s):= ®(s,1) and o2(s) := ®(1,s) respectively, so that
5 = o({y = 1}) and XY = ®({z = 1}). We denote the Dulac map and the time function associated
to the transverse sections & and ©J by D and T respectively. More precisely, if (¢, (xg,0); 1) is the
solution of Y, passing through (zo,y0) at t = 0, for each s > 0 we define D(s; ) and T'(s; ) by means of
the relation

(@*Y,) =Y, F:=

¢(T(s:1),01(s); ) = 02(D(s3 1))

Theorem B is the main result of this part of the paper. It gives an asymptotic development of T'(s; 1)
near s = 0, uniform with respect to u, assuming that m and n are not both negative. (This assumption
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implies that ¢ > 1.) After exchanging coordinates if necessary, we assume that n > 0. In order to state the
result we must introduce the so called Roussarie-Ecalle compensator, namely,

s -1 if
w(s;a) = a 1 a#0,
—logs ifa=0.

We also define a(p):=p — A(p)gq.

Theorem B. With the notation and assumptions introduced above, for each K > 0, the function T(s;u)
can be expanded as

T(s% p) = aglogs + ™A, (s") + By, (8", sPw(s, a(u))) + Vi (s 1),
where, for p = g, Vi (s;p) is a K-flat function at s = 0 uniformly on p. Moreover
(a) ap = —q in case that (m,n) = (0,0) and zero otherwise.

(b) A,(z) and B, (z,w) are polynomials in z and w and their coefficients are rational functions in the
coefficients of P, and Q, in (4) without poles at = py.

(¢) The order of B,(z,w) at (0,0) is > min(n, ¢f) and, if mq—pn # 0, then A,(0) = m
In order to prove Theorem B let us first note that, by construction, if (z;(s),y:(s)) is the solution of
XVE =20, + (=A(p) + Pu(u))yd, with initial condition (20,0) = (s,1), then

—log s
T(s;p) = / (v + u'Qu(u))

dt
(z¢(s),y¢(s))

where recall that v = 2™y" and u = zPy?. Thus T'(s; p) is a finite linear combination of terms

—logs
T;i(s) :/0 z4(s) ye(s)? dt with (4,5) € T:={(m,n)} U{v(p,q):v=1¢,...,0+degQ,}.

Here and in what follows, in order to avoid long formulae we omit the dependence on u when there is no
risk of ambiguity. Clearly Typo(s) = —logs and, in case that i # 0, Tyo(s) = # So it suffices to study
T;;(s) for j # 0 and to this end we take advantage of some results of Roussarie in [13, Chapter 5]. For the
sake of clarity we collect them in the following lemma:

Lemma 5.1. For each t > 0, us(s) = z¢(s)Py:(s)? can be expanded as a series in s as

up(s) = ng(t)spk,
k=1

where g1(t) = e and g, (0) = 0 for k > 2. In addition, for each r > 0, we have that
1079k (t)] < C.C*et™® for all t >0 and p ~ po

for some constants C and C,. (independent of t, u and k). Finally, g (t) = e**gr_1(t) with gx_1(t) being a
polynomial of degree < k —1 in Q(t,«):= >l

e

(e

It is to be noted that the upper bound of 9"gy in Lemma 5.1 is slightly different from the one in [13]
because there the exponential factor is e'*/2 instead of e**/3. This is only a technicality. Indeed, one can
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easily verify that if p is close enough to po so that |a(u)| < 1/3 then we can replace 1/2 by 1/3 in the
exponent. Now, with the notation introduced in Lemma 5.1, it follows that

[e'e) 1/q
yi(s) = e M (Z gk(t)sk”> for ¢t € [0, —log s].
k=0

Since (1 + 2)7/9 = ZZO (j{q)zl for |z| < 1, we get

W) = oY g5,
k=0
with
: jila
(20) m=> 5 (1w
I=1 i +-+iy=k

Note that there are as many summands above as the number p(k) of partitions of k and it is easy to see
that p(k) < (le;l) < 221 < 4%, On the other hand, if [ < k then (Jéq) < 5]t < |§]F. Thus, using the
inequality in Lemma 5.1 for r = 0, it is easy to check that

RS (4|j|00)ke(2/3+\a|)kt
for some positive constant Cy. Consequently, if s ~ 0 and a =~ 0, then
S i, (i—X\j > ~ p—logs
Tl](s) = /0 Z Spk?+'be(zf)\])t§jk(t) dt — Z Spk}+’b/0 e(lf/\J)tgjk(t) dt’
k=0 =

since the right-hand side of

] —log s ) ) ) . k
(21) Pk / CG=AtG L () dt| < 5 (4|j|cos<p72/sf|a|>>
0

is the general term of a convergent series in k provided that s and « are small enough. In short, we have
shown that

> . _logs . .
(22) Tij(s) = Zs”k“Tijk(s) with T, (s):= / =AMt (t) dt.
k=0 0

Our next goal is to bound the derivatives of the k-th term in the above series. More concretely, we prove
the following result:

Lemma 5.2. For each r > 0 there exits a positive constant C,. such that
‘ar (Spk+iTijk(8)) | < k" (4‘jlcr)ks(p—2/3—\a|)k—7'+)\j.

Proof. The case r = 0 follows directly from (21). To study the case r > 1 let us introduce the function

hik(s) = gjr(—logs),
so that T}k (s) = —h;k(s)s* =71 By (a) in Lemma 4.1, we have that

r

0" (gro(—logs) =>_ > C7((@g)o(~logs))d" (~logs)---0"(~logs)
I=1i1+-+i;=r
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for some collection of constants {C7 }; .. Accordingly, by applying Lemma 5.1, there exit positive constants
C and C, such that

10" (g1 0 (—logs))| < C.CFs™H/37,
Here C is the same as in Lemma 5.1 whereas C,. is not. Since gi(—logs) = s*gg+1(—log s), on account of
(16) we get

T

or (gk o(—log s)) = Z (;) M(s*)or " (gk+1(7 log 5))

h=0

and consequently
0" (Gr o (—log s))| < C.CHFH1g=(kFD/3=r=lal,

Now, by using the above estimates in the r-th derivative of (20),
7 - Jla : :
e =3 T (1) E G - togs) s
I=1 i+ iy =k it tii=r
we obtain that
|arﬁjk(s)| < Z|j|l Z Z (CTc)lcksf(k+l)/37r7l|a\ < (4‘j‘cr)ksf(2/37|a\)k7r.
=1 i1t =k jite+ii=r

(In the two inequalities above, and in what follows, for the sake of simplicity C,. stands for a “universal”
constant not depending on k.) Hence, due to 0T};x(s) = —h;x(s)s*~"~1, from (16) we conclude that

07T ()] < (4]4]Cy )P s~ B/3HIODE=rEA =,
Finally, the inequality in the statement follows by applying the derivation formula in (16) once again. ®

Proposition 5.3. Fiz (i,7) € Z with j # 0. Then, for each K > 0, there exists M (K) > 0 such that

o0

\I/fg(s): Z sPEEIT i (s)

k=M(K)
is a K-flat function at s =0 for p = pg.
Proof. Since a(ug) = 0, there exists a constant 3 such that

0<B<p—2/3—|a| for p= pup.

If s is small enough then Z;‘;M(K) k" (4|j|C’rs'6)k is a convergent series for each » = 0,..., K. Denote by
C the maximum of their values for r = 0,. .., K. Then, by Lemma 5.2 and taking M(K) > %, it
follows that
Z |ar(8pk+zT”k(S))| < sK—r Z kr(4|j|crsﬁ)ks(p—2/3—\a|—ﬁ)k—K+/\j < é\vsK—r.
k=M (K) k=M (K)
This proves the result. [ ]

Proof of Theorem B. Set VX = 0. For j # 0, consider the functions \Ilf]( given by Proposition 5.3 and
define T)f = T;; — W[, Then it follows that

T(s)= Y Tij(s) =T"(s) + ¥ (s),
(1,7)€T
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ij)eT Tff and UK is K-flat at s = 0. Here recall that
Z={(mn)}U{vip,q):v==_... 0+degQ,}.

Note moreover that Tho(s) = —log s and, in case that i # 0, Tjo(s) = % So it suffices to study T} with
(i,j) € Z and j > 0. To this end notice that

where T := 2o

M(K)—1

TH(s)= Y s T(s),
k=0

where T;;;, are the functions introduced in (22). We claim that the following is verified:
(a) If (i,5) = (m,n) with mqg —np # 0 and n > 0, then
s1PkEm)T 1 (s7) = bys(MTPRI 4 By (s”,sPw(s, a)),
where By(z,w) is a polynomial of order > n at (0, 0).

(b) If (i,5) = v(p,q) with v > 0, then sP*+T, .4 (s) = B, (s?, sPw(s, ), where B, (z,w) is a polyno-
mial of order > k + v at (0,0).

We will show in addition that, for each v > 0, the coefficients of B, are rational functions in the coefficients
of P, in (5) without poles at u = po.

In order to prove (a) note first that, taking (20) into account and applying Lemma 5.1, it follows that
gk (t) = Rjx(Q(t, ) for some polynomial Rjj, of degree < k. Then

m—=An

—log s w(s,a)
Tk (s) = / MR L (UL, @) dt = / (1+aw) = 'Rup(w)dw,
0 0

where to obtain the second equality we perform the change of variables w = Q(¢, o). Then, after integrating
by parts k times, we get

m—An

1+ aw) =«
m—An

(W) (1 + aw) (W) (1 + aw)?
m—An+ o (m—An+ a)(m— An+ 2a)

Ty (5) = (o) -

+

(PR )+ awy )]
(m—An+a) - (m—In+ ka) '

Note that the denominators in the above expression are different from zero for pu ~ py because a(ug) = 0
and, due to mqg —np # 0, m — A(uo)n # 0. Accordingly

m—=An

Tonk(s) = =76 (0) + (1 + aw(s, @) = 7 (w(s,a)),

where 75, is a polynomial of degree k with 79(0) = —— # 0. Then, using that 1 + aw(s,a) = s~ and

m—An
a = p — \q, some easy manipulations show that

m—An gm—np

(1+aw(s,a)) = =(14aw(s,a)) ™ (1+aw(s, o))

Q3

= 5%”77"(1 + aw(s,a))% =g ™ (sg + %ssw(s%,a))n.
Therefore

(23) SR e (8) = — 73 (0) PR + sPR 7y (w(s, ) (sg + gsgw(s%,a))n.

20



Note at this point that w(s,a) = J, (w(sl/q,a)) for some polynomial J; of degree g. Indeed, this is so
because ; ;
-1 (s7MN)1-1 s q*l<1+87Q/q+'“+57a(q71)/q>
@ @ @

and s7%/7 =1+ aw(s'/9, @). This shows that

(24) sPw(s,a) = (sp/q)qu(w(sl/q,a))

is a polynomial in s?/9 and s?/%w(s'/%,a). Consequently, so it is sP*7y (w(s,a)) since it is a finite sum of
terms of the form ' ' . s )
sPFw(s, )t = sPE—D) (sPw(s, )" = (s”/q)q( _l)(s”w(s,oz))Z

with 0 < ¢ < k. This fact, on account of (23), proves (a).

Next let us prove part (b) of the claim. The same change of variables as before gives

—log s w(s,a)
Topvgr(s) = /0 eo”’tRl,qJ€ (Q(t,a))dt = /0 1+ aw)”*lquyk(w)dw,

which is a polynomial of degree < k + v in w(s,«). Exactly the same way as before this shows that
P, e k(s) = By (sP, sPw(s,a)) for some polynomial B, of order > k + v at (0,0), proving the
validity of (b).

In view of (a) it is clear that to prove the result it suffices to study those terms arising from (4, j) = v(p, q)
with v > 0. However this is easy because, once again from (24), we can write sP4F+)7T, 1 (s9) as a
polynomial in s? and sPw (s, (u)), which contributes to the terms of By, (s?, sPw(s, a(w))) in T'(s; p). This
concludes the proof of the result. [ ]

6 Perspectives

In this section we give some perspectives for future work. The principal motivation for this work was the
study of asymptotic properties of the period function near a hyperbolic polycycle. We give an asymptotic
development of the Dulac time near a hyperbolic singular point. It is important to note that our Dulac
time T in Theorem B is measured between normalized transverse sections which are constructed using the
diffeomorphism that brings to the temporal normal form (4). In order to have a result on the Dulac time
between arbitrary transverse sections one must add to the local Dulac time T' in Theorem B the two times
necessary to go from given transverse sections to the normalized ones. The times must be calculated in the
coordinate on the source transversal. This leads to a composition problem. We postpone the solution of
this problem to the general paper dealing with hyperbolic polycycles to which we hope to come in a near
future. In any case we must study then the composition problem in detail.

Note that the monomials log s, s™31t+P4 siPJ appearing in the asymptotic development permit a process
of derivation division generating a Chebyshev system (see [6, 11]). One can hope that this can be generalized
to the total period of a hyperbolic polycycle and that hence in finite codimension one can prove non-
accumulation of critical periods on hyperbolic polycycles.

It would be useful to know the structure of the coefficients in the Dulac time and divide the Dulac time
similarly as for the Dulac map in [11]. It seems out of reach for the moment.

Note that our study covers all the cases of the polar factors of the vector field (2), except for the
case m,n < 0. This last case occurs when both separatrices are lines of zeros of the vector field Y. For
studying the accumulation of critical periods we don’t have to study this case, since in this case already
the contribution of the Dulac time tends to infinity and no critical periods can appear. Nevertheless, in
this case very interesting resonances between the order of poles (m,n) and the eigen-values (p,q) seem to
appear, leading to higher order compensators. We hope to return to this problem later.
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Some parts of the present study apply also to the saddle node case. However, in the treatment of the

remainder term via Theorem 2.4 only the part corresponding to the strong variable can be eliminated.

References

[1]

2]

[3]

P. Bonckaert, On the continuous dependence of the smooth change of coordinates in parametrized normal
form theorems, J. Differential Equations 106 (1993), 107-120.

C. Chicone and F. Dumortier, Finiteness for critical periods of planar analytic vector fields, Nonlinear
Anal. 20 (1993), 315-335.

J. Guckenheimer and H. Philip, “Nonlinear oscillations, dynamical systems, and bifurcations of vector
fields,” Applied Mathematical Sciences, 42. Springer-Verlag, New York, 1983. xvi+453 pp.

Y.S. II’yashenko, and Y.S. Yakovenko, Finitely smooth normal forms of local families of diffeomorphisms
and vector fields, (Russian) Uspekhi Mat. Nauk 46 (1991), 3-39; translation in Russian Math. Surveys
46 (1991), 1-43.

L. Teyssier, Equation homologique et cycles asymptotiques d’une singularités neud-col, Bull. Sci. Math.
128 (2004), 167-187.

P. Mardesi¢ Chebyshev systems and the versal unfolding of the cusps of order n. Travaux en Cours, 57
Hermann, Paris, (1998), xiv+153 pp.

P. Mardesi¢, D. Marin and J. Villadelprat, On the time function of the Dulac map for families of
meromorphic vector fields, Nonlinearity 16 (2003), 855-881.

P. Mardesi¢, D. Marin and J. Villadelprat, The period function of reversible quadratic centers, J.
Differential Equations 224 (2006), 120-171.

P. Mardesi¢ and M. Saavedra, Non-accumulation of critical points of the Poincaré time on hyperbolic
polycycles, Proc. Amer. Math. Soc. (to appear).

L. Ortiz-Bobadilla, A. Ortiz-Rodriguez and E. Rosales-Gonzélez, Remark on finitely smooth lineariza-
tion of local families of hyperbolic vector fields with resonances of high order, Bol. Soc. Mat. Mexicana
6 (2000), 199-212.

R. Roussarie, On the number of limit cycles which appear by perturbation of separatriz loop of planar
vector fields, Bol. Soc. Brasil. Mat. 17 (1986), 67-101.

R. Roussarie, “Modeles locaux de champs et de formes,” Astérisque, No. 30. Société Mathématique de
France, Paris, (1975). 181 pp.

R. Roussarie, “Bifurcation of planar vector fields and Hilbert’s sixteenth problem”, Progr. Math.,
vol. 164, Birkhauser, Basel, 1998.

C. Rousseau and L. Teyssier, Analytic moduli for unfoldings of sadle-node vector fields, (preprint).

V. S. Samovol, Equivalence of systems of differential equations in the neighborhood of a singular point,

(Russian) Trudy Moskov. Mat. Obshch. 44 (1982), 213-234.

M. Saavedra, Asymptotic expansion of the period function, J. Differential Equations 193 (2003), 359—
373.

M. Saavedra, Asymptotic expansion of the period function II, J. Differential Equations 222 (2006),
476-486.

22



[18] F. Takens, Singularities of vector fields, Inst. Hautes Etudes Sci. Publ. Math. 43 (1974), 47-100.

[19] W. Walter, “Ordinary differential equations”, Graduate Texts in Mathematics, 182. Readings in Math-
ematics. Springer-Verlag, New York, 1998. xii+-380 pp.

23



