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ABSTRACT. We provide a family of isolated tangent to the identity germs f : (C*,0) —
(C3,0) which possess only degenerate characteristic directions, and for which the lift
of f to any modification (with suitable properties) has only degenerate characteristic
directions. This is in sharp contrast with the situation in dimension 2, where any isolated
tangent to the identity germ f admits a modification where the lift of f has a non-
degenerate characteristic direction. We compare this situation with the resolution of
singularities of the infinitesimal generator of f, showing that this phenomenon is not
related to the non-existence of complex separatrices for vector fields of Gomez-Mont and
Luengo. Finally, we describe the set of formal f-invariant curves, and the associated
parabolic manifolds, using the techniques recently developed by Lépez-Hernanz, Raissy,
Ribén, Sanz Sénchez, Vivas.

INTRODUCTION

In this paper, we investigate birational properties of tangent to the identity germs in
C3, in relation with the construction of (strong) separatrices and parabolic manifolds.

A holomorphic germ f : (C%,0) — (C%0) is tangent to the identity when its dif-
ferential at 0 is the identity. In the one-dimensional case, Leau-Fatou’s flower theo-
rem [Lea97a, Lea97h, Fat19] ensures the existence of simply connected invariant domains
(petals) containing the origin at their boundary, where f is conjugated to a translation.
Petals for f and f~! cover a pointed neighborhood of the origin, and allow a precise descrip-
tion of the local dynamics of these germs. The properties of tangent to the identity germs
and their petals are fundamental both in the global (see e.g. the monography [Mil06])
and in the local (see e.g. the topological classification of tangent to the identity germs
[CamT78]) aspects of the theory of holomorphic dynamical systems in dimension 1, as well
as for understanding bifurcations via parabolic implosion (see e.g. the survey [Shi00]).

In higher dimensions, it is not possible to give, in general, such a precise description
of the dynamics near the origin, but one can still aim at describing higher dimensional
analogues of the petals, called parabolic manifolds.

They are attached to complex tangent directions at 0, called characteristic directions.
Characteristic directions can be described as either fixed points (non-degenerate case) or
indeterminacy points (degenerate case) for the action induced by f —id on the exceptional
divisor of the blow-up of the origin (or equivalently, of the action of the homogeneous part
H of smallest degree of f —id on P?~1),

A fundamental result by Hakim [Hak98] shows the existence of parabolic curves tangent
to non-degenerate characteristic directions (in any dimension).

Later, Abate [Aba0l] shows the existence of parabolic curves for isolated tangent to
the identity germs in dimension d = 2. In analogy with Camacho-Sad’s construction of
complex separatrices for holomorphic foliations in dimension 2 [CS82], the proof consists in
showing that, after a finite number of blow-ups along characteristic (and in fact singular,
see Definition 1.2) directions, one can always find a regular modification (i.e., a composition
of blow-ups) where the lift of f has at least one non-degenerate characteristic direction.
This allows to apply Hakim’s result to get a parabolic curve for the lifted germs, transversal
to the exceptional divisor of the modification, so that it descends to a parabolic curve for
f. Several authors addressed the problem of finding stable manifolds for (possibly non-
isolated) 2-dimensional tangent to the identity germs, and the picture is quite complete
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now, see e.g. [Eca85, Wei98, Hak98, Aba0l, ABT04, BMCLHO08, Mol09, Vivl2, Ronl5,
LHSS18, LHRRSS19, LHR20]. The description of parabolic manifolds has been recently in-
strumental for the construction of examples of wandering domains, see [ABD 16, ABTP21].
(Semi-)parabolic implosion in dimension 2 (or higher) and applications to bifurcation the-
ory can also be found in the literature (see e.g. [BSU17, DL15, Bial9]), and mainly rely
on a careful study of the dynamics on parabolic curves.

We briefly expose here some of the reasons why the study of tangent to the identity
germs and their parabolic manifolds is much harder in higher dimensions. Firstly, the
homogeneous part H introduced above acts on P4~1: for d = 2 all indeterminacy points
can be avoided by saturation, while they persist when d > 3. Since 2-dimensional mod-
ifications are composition of point blow-ups, most of the phenomenon are combinatorial.
In higher dimensions, we can blow-up higher dimensional centers, and their geometry
needs to be taken into account. Moreover, we only have a weak factorization theorem
(see [AKMWO02, Bon02]). Resolution theorems for vector fields are available in dimension
2 (see [Sei68]), and recently dimension 3 (see [Pan06, MP13]): here we need in general
to introduce singularities on the ambient space, by considering weighted blow-ups and
orbifolds. Finally, the infinitesimal generator of a tangent to the identity germ may not
admit complex separatrices when d > 3, as showed by Gomez-Mont and Luengo [GML92].
Adapting their construction to tangent to the identity germs, Abate and Tovena [AT03]
give examples of tangent to the identity germs in dimension 3 that do not admit robust
parabolic curves, i.e., parabolic curves attached to invariant formal curves, the analogue of
(formal) complex separatrices in this setting. In their examples, all characteristic directions
are non-degenerate, and (non-robust) parabolic curves exist thanks to Hakim’s theorem.

In this paper, we investigate the existence of parabolic manifolds attached to degenerate
characteristic directions in dimension 3, by studying the following family of tangent to the
identity germs:

(1) flz,y,2) = (x+yz(y —2) + Py +x(z* —2°) + Q, 2z + z2(y — 2) + R).

Here P,Q, R are holomorphic germs with order at least 4 at the origin. The coefficients
of the formal power series expansion of P, @), R are considered as parameters of the family.
We say that a certain property holds for a generic element of the family if it holds for an
open dense subset of the parameters with respect to the Zariski topology over C.

Since characteristic directions are determined only by the homogeneous part of smallest
degree of f —id, all these maps share the same characteristic directions: there are five of
them, which we label vy, vs, v3, v4, vs, all of them degenerate. We denote by p1, p2, p3, p4, D5
the corresponding points on the exceptional divisor of the blow-up of the origin. Other
examples are easy to construct, building on the examples of rational maps in P? with no
(holomorphic) fixed points given by [Ivall].

For the maps described by (1), we investigate two possible strategies to find parabolic
manifolds. The first strategy, following [AbaOl], consists in looking for a suitable bi-
rational model, where we can find non-degenerate characteristic directions (that are non-
exceptional, i.e., transverse to the exceptional divisor). Since non-degenerate characteristic
directions correspond to eigenvectors of the linear part of the saturated infinitesimal gen-
erator X of f, it is natural to start our study from a birational model 7y : X, — (C3,0),
which provides a resolution of the singularities of the infinitesimal generator.

Our example shows that, unlike dimension 2, this first strategy may fail in higher di-
mensions.

Theorem A. A generic element f : (C3,0) — (C3,0) of the family (1) satisfies the
following property:
For any regular modification © : X — (C3,0) strongly adapted to f and
dominating Tg, and for any point p € 7~ 1(0) in the exceptional divisor,
the lift f : X — X of f at p has only degenerate characteristic directions.
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Here “regular” means that we only allow sequences of blow-ups of smooth centers, while
“adapted to f” means that we only allow blow-up of centers that are invariants by the
saturated infinitesimal generator x, and with “strongly adapted” we only allow to blow-up
points or curves belonging to the singular locus of x.

We can actually say a little more about this family: one cannot find any non-degenerate
characteristic direction also for any point modification (see Subsection 5.4.2), nor along the
curves Cy and Cy (see below) for regular modifications (not necessarily strongly) adapted
to f above the points p; and ps (see Subsection 5.4.1).

The second strategy is in line with the recent works [LHRRSS19, LHR20, LHRSSV]. It
consists in looking for complex separatrices for the dynamics, and study parabolic manifolds
attached to them. While we know that this second strategy may fail in general by [GML92,
ATO03], it proves quite fruitful in this case. We are able to find formal invariant curves

tangent to the directions vy, ...,v4, and deduce the existence of parabolic manifolds by
[LHRSSV].

Theorem B. For generic elements f : (C3,0) — (C3,0) of the family (1), there exists
formal invariant curves Ci,...,Cy tangent to vi,...,vs respectively. These curves are
smooth, and they are the only formal invariant curves tangent to any direction (but possibly
vs). Finally, there are 3 (resp., 5) parabolic manifolds asymptotic to C1 and Cy (resp., Cs
and Cy), of dimension either 1 or 2.

For a generic choice of parameters, the parabolic manifolds asymptotic to C7 and Co
are of dimension 2, as well as either 2 or 3 out of the 5 asymptotic to C3 and Cy, the
others being of dimension 1 (this is a consequence of the computations done in the proof
of Corollary 5.12).

The dynamics above ps remains more complicated to describe. We are able to exclude
the existence of formal invariant curves that are transverse to the exceptional divisor of
the model X, while we are able to find a formal invariant surface S tangent to vs.

Besides being only formal, the surface S is also singular, and [LHR20] cannot be applied
to f|s even if S were convergent. When working on the model X, the strict transform S
of S is smooth and invariant by the lift f of f. A direct computation shows that f|s has
only two characteristic directions, corresponding to the tangent space of the exceptional
divisor 7y 1(0). In general Ty 1(0) could provide the only separatrices of f, and constructing
parabolic manifolds would require other techniques (similar to [LHR20]).

The techniques used to prove Theorem A are mainly combinatorial. In particular, we
identify three new classes of tangent to the identity germs, namely degenerate spikes, spin-
ning corners and half corners, and show that all singularities in a suitable model dominating
Xr, belong to one of these classes (or simple corners introduced in [AT03]). Then we show
that these classes are invariant by (strongly) adapted regular modifications, and they do
not admit non-degenerate non-exceptional characteristic directions.

To prove Theorem B, we use the combinatorial knowledge achieved in the previous
step, and some computations using normal forms, to describe the set of formal invariant
curves attached to the classes introduced above. Moreover, we compute the reduction to
Ramis-Sibuya normal form, and apply the results in [LHRSSV] to deduce the existence of
parabolic manifolds attached to these formal invariant curves.

In both results, the genericity conditions are explicit and easy to check. They are not
essential to the results: they are taken to simplify the birational study and the exposition
of the dynamical properties of germs of the form (1).

Besides giving an explicit way to find formal invariant curves and parabolic manifolds
in a non-trivial example, the identification of classes invariant by (adapted) modifications
provide ideal candidates to replace the final reduced forms %1 and %2 of [AbaOl]. The
reduction to these classes would be a fundamental step towards proving in general the
existence of parabolic manifolds in higher dimensions.
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The paper is organized as follows. In Section 1, we recall some basics about tangent to
the identity germs, vector fields, birational geometry and construction of formal curves,
as well as the theory of Ramis-Sibuya normal forms and the construction of parabolic
manifolds in the case of tangent to the identity germs.

In Section 2 we introduce the family of maps (1), study characteristic directions, and
exhibit the resolution 7y : X, — (C3,0) of the infinitesimal generator.

In Section 3 we recall the definition of simple corners, and introduce the three new
classes. We then study their combinatorics in terms of point blow-ups.

In Section 4 we study the behaviour of these classes under regular modifications strongly
adapted to the dynamics, and conclude the proof of Theorem A.

Finally, in Section 5 we use the combinatorial picture portrayed in the previous section
to construct formal invariant curves, compute Ramis-Sibuya normal forms, and conclude
the proof of Theorem B. We end this section by some remarks on not strongly adapted
modifications, point modifications, and on the dynamical picture above ps.
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1. BACKGROUND
1.1. Modifications

We start by some terminology about sequences of blow-ups.

Definition 1.1. A modification of (C%,0) is a proper bimeromorphic map 7 : X — (C%,0)
which is a biholomorphism outside the exceptional divisor 771(0). A modification is called
smooth if X is smooth, reqular if X, is obtained as a composition of blow-ups of smooth
centers.

If d = 2, any smooth modification is obtained as a finite composition of point blow-ups.
In general, building blocks of modifications are still given by blow-ups, whose centers have
codimension at least 2. In particular for d = 3, we can blow-up both points and curves.
The study of the birational geometry of tangent to the identity germs needs to take into
account the geometry of such curves, and not only the combinatorial data of blow-ups.

Moreover, it is not anymore true that smooth modifications are given by composition of
blow-ups (see [AKMWO02, Bon02]), which gives a further technical difficulty to deal with
generic modifications.

Most of the modifications we will consider will be point modifications, i.e., composition
of point blow-ups, since they are more directly related to characteristic directions.

When doing so, we will perform local computations on suitable charts.

Let 7 : X — (C%,0) be the blow-up of the origin, and fix local coordinates (x1, ..., zq)
at 0 € C?. The total space X, of the blow-up is covered by d charts Uj, with j =1,...,d,
corresponding to the complementary in X of the strict transform of the hyperplane {z; =
0}. With abuse of notation, we denote by (z1,...,x4) also the coordinates in Uj, for which
the map 7 takes the form

w(z1,...,2q) = (X125, ..., Tj_125, Tj, TjLj41, ..., TiLq)-
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In this case, we will say that we work in the xj-chart. A point p corresponding to a direction
v=ay :...:aq] belongs to U; if and only if a; # 0. If this is the case, p has coordinates

ai aj—1 aj4+1 aq
) P ) P ]
a; a; a; a;

in the xj-chart.

1.2. Characteristic directions

We introduce here some terminology about characteristic directions for tangent to the
identity germs in (C¢,0).

Definition 1.2. Let f : (C?,0) — (C%0) be a tangent to the identity germ. Denote by
H the homogeneous part of smallest degree of f —id, by ¢ the greatest common divisor of
the d coordinates of f — id (defined up to units), and let H; be the homogeneous part of
smallest degree of £~!(f —id). A tangent direction v € ]P’fé_1 is called

e characteristic if there exists A\ € C so that H(v) = \v;
o singular if there exists A € C so that H(v) = Av.

In both cases, v is called non-degenerate if A # 0, and degenerate if A = 0.

The degree of H is called the order of f, while the degree of Hy is called the pure order
of f.

Remark 1.3. The value A in the previous definition is sometimes called multiplier of
the characteristic direction. Notice that such value is not well defined up to change of
coordinates, but its vanishing is.

Notice also that if v is a singular direction, then it is a characteristic direction. In
fact, if L is the homogeneous part of ¢ of smallest degree, then H = LHy and H(v) =
L(v)Hy(v) = AL(v)v. We also infer that any characteristic direction that is tangent to
{L = 0} (or equivalently to {¢ = 0}) is automatically degenerate (as a characteristic
direction).

Remark 1.4. Borrowing some terminology from algebraic geometry, one can see charac-
teristic and singular directions as the same object.

Let X be a smooth manifold, p € X, f: (X,p) — (X,p) be a tangent to the identity
germ, and D = {1 = 0} be an effective divisor. Assume that its support is contained in
Fix(f). Then locally at p we can write

f(z) =z +¢(z) - (Hy(x) +ho.t.),

where h.o.t. stands for “higher other terms”. In this situation, a D-characteristic direction
(or a singular direction with respect to D) is an element v € P(7,X) such that Hy(v) = Av
for some A € C. Characteristic directions are obtained when D = 0 (or equivalently 1) = 1),
while singular directions are obtained when ¢ = ¢ as above (in this case the support of
D = div(¢) is the pure (d — 1)-dimensional part of Fix(f)).

We need some terminology to describe the interaction between the exceptional divisor
of a given modification and characteristic and singular directions.

Definition 1.5. Let f : (C% 0) — (C%0) be a tangent to the identity germ, and 7 :
X, — (C?0) be a smooth modification. Denote by E the exceptional divisor of 7, and let
fr Xz --» X be the lift of f in X,;. Let p € E be a point in the exceptional divisor so
that the germ of f; at p defines a tangent to the identity germ. We say that a characteristic
direction of f is exceptional if it belongs to the projectivization of the tangent space of £
at p.

In other terms, we can consider the blow-up of p, getting another modification 7’ : X» —
(C%,0) dominating m: ©' = 7 on with 7 the blow-up at p. Then a characteristic direction v
of f, is exceptional if the corresponding point p, in 771(0) belongs to the strict transform
of the exceptional divisor E. If v is a characteristic (resp., singular) direction for fr, we
will call the corresponding point p, a characteristic (resp., singular) point.

Clearly, the set of singular points describe an algebraic subvariety of CP?1. If the
maximal dimension of the irreducible components of this subvariety is k, we say that the



6 S. Mongodi, M. Ruggiero

germ f is k-dicritical. Notice that O-dicritical germs have only finitely many singular
directions. When f is (d — 1)-dicritical, the set of singular points coincide with CP4~!, and
we simply say that f is dicritical.

Remark 1.6. Assume that f : (C%,0) — (C%0) is a tangent to the identity germ, with
an isolated fixed point. Let m : X, — (C%,0) be any modification strongly adapted to f.
Since 7w defines a local isomorphism outside the exceptional divisor, the lift f; of f at X,
satisfies Fix(f;) = m~1(0). More generally if Fix(f) has no divisorial components, then
Fix(fr) has no divisorial components outside the exceptional divisor E = 7~1(0).

In the families we will study in the next chapters, we will often consider exceptional
the directions tangent to the divisor F' of fixed points of f, since these families arise when
studying the lift of the maps of (1) with respect to some modification.

1.3. Infinitesimal generators

To any tangent to the identity germ f: (C%,0) — (C%,0) is associated a unique (formal,
possibly non-convergent) vector field x, that has multiplicity at 0 at least 2, and satisfying
f =-expy (see e.g. [BMCLHOS8] for the construction in dimension 2). We recall that if ¢ is
a local coordinate (hence defining a germ of smooth hypersurface {¢ = 0}) at 0, we have

¢oexpy = an(,@
n=0 ’

where x” denotes the derivation x applied n times. The vector field x is called the infini-
tesimal generator of f, and denoted by y = log f.

Remark 1.7. Notice that the homogeneous part of degree k of x contributes to the factor
X"(¢) only starting from order (n — 1)(ordgy — 1) + k.

In particular, if f is given by the example (1), then ¢ o (f —id) and x(¢) coincide up to
order 4.

Consider now a smooth manifold X, a compact (smooth) submanifold Z C X of codi-
mension at least 2, and 7 : X; — X the blow-up of X along Z. If x is a vector field on
X, then x lifts to a vector field xr on Xi, satisfying x, = (dm),(xx)p for any ¢ = f(p),
p € X, as far as x is tangent to Z. When Z is reduced to a point {p} this happens exactly
when p is a singular point of .

Applying this situation to the infinitesimal generator x of a tangent to the identity germ
f, we get:

Proposition 1.8. Let X be a smooth manifold, Z C X be a compact smooth submanifold
of codimension at least 2, and 7w : X; — X the blow-up of X along Z. Let f: X — X
be a holomorphic map fixing Z pointwise, and such that the germ of f at any point of Z
is tangent to the identity; denote by x the infinitesimal generator of f. Finally, denote by
fr: X = X the lift of f, and by x the lift of x.

Then fr = exp Xx-

Proof. Assume for the moment that x is analytic. Let © be the flow of x, so that f(z) =
O(z,1). Set z = m(x) and Q(x,t) = 71 0 O(2,t) for any x ¢ E. As Q is analytic and
bounded in a neighborhood of F, it extends holomorphically to . Now, let us consider
x € Xz \ E. On the one hand, we get

mo fr(x) = f(2) =O(2,1) =m0 Q(x,1) .
On the other hand, we get

Xo(zt) = O'(2,t) = dip-1(0(:) ¥ (2, 1) = dTo4.0) (X ) (2,0
and 2 is the flow of y,. As this holds outside E and all the maps involved extend holo-
morphically to E, we obtain the desired result for y analytic.

The result for x formal follows, by applying the previous calculation to truncations, and
by Remark 1.7. 0
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1.4. Vector fields and characteristic directions

In more abstract terms, Proposition 1.8 says that the operator associating to a tan-
gent to the identity germ its infinitesimal generator is functorial (with respect to regular
modifications adapted to f).

In order to explicit the link between characteristic/singular directions, and singularities
of the infinitesimal generator, we need to introduce partial saturations.

Definition 1.9. Let X be a complex manifold, Z C X a compact submanifold of X, and
f:(X,Z) = (X,Z) a germ of holomorphic map fixing Z pointwise, and for which f is a
tangent to the identity germ at any p € Z. Let 7 : X; — (X, Z) be a modification over
7, adapted to f. Denote by E the exceptional divisor of m, and by f; the lift of f at X.
Finally, let x, be the infinitesimal generator of f.

The partial saturation of x, with respect to 771(D) at a point ¢ € E is the vector field

(@} o m(2)) Xy
where D = {¢ = 0} locally at p = 7(q), E = {1 = 0} locally at g and h = ord,, (¢~ !(f—id)).

Remark 1.10. In the setting of Definition 1.9, denote by F' the divisorial part of the
fixed locus of f, and by F the divisorial part of the fixed locus of f; the lift of f. We
let £ = 71(0) be the exceptional divisor of 7; we also set D = F = {¢ = 0}, and denote
again by h the order at 0 of £/~1(f —id).

When f is non-dicritical, then we have that F, = 7~ 'F + (h — 1)E, and the partial
saturation y, of x, corresponds to the saturation of a vector field in the usual sense.

When f is dicritical, then we have that F, > 7 'F + hE > 7 1F + (h — 1)E. In this
case, in the partial saturation we only simplify the factor due to 71 F + (h —1)E, and not
the one due to F, as the saturation in the usual sense would require.

Notice that by Remark 1.7, the set of singular points of a tangent to the identity germ f

coincides with the set of singular points of the (partially) saturated infinitesimal generator
Xr-
Proposition 1.11. Let f : (C%0) — (C%0) be a tangent to the identity germ, and
v € Pféﬁl be a tangent direction at 0. Denote by m : Xz — (C%0) the blow-up of the
origin, by fr the lift of f at X, and by x, the infinitesimal generator of fr. Let D be
an effective divisor whose support is contained in Fix(f). Then v is a D-characteristic
direction for f if and only if the partial saturation of x with respect to 71D is singular
at the corresponding point p, € 7=1(0).

Proof. Fix coordinates © = (x1,...,24) on (C%0) so that v = [1 : 0 : --- : 0]. Write
D = {¢ = 0}. Then we can write f as:
fl@) =z + £(z) (H(x) +m"),

where m is the maximal ideal at 0, and H := Hj is a non-vanishing homogeneous polynomial
of degree h > 0. Then v is D-characteristic if and only if H;(v) = Av for some A € C. We
work in the x1-chart. The lift f, of f satisfies

r10 fr =x1 +Lom(x) (m}le(l,xg, ceyTq) F (xill+1>)7

zj+Lon(x) (xlflej(l, T2, ..., Tq) + <x}f))
xjo fr= )
1+ 4on(x) <wlf_1H1(1,x2, ceyXg) (x’f))
where H = (Hy,...,Hy) and j = 2,...,d. Notice that ordyg(¢) + h > 2, hence f, leaves
771(0) fixed. By Proposition 1.8, the infinitesimal generator x, has the following form
when developed near p, (corresponding to the origin in the coordinates (z1,...,24)):

d

Xr = (x’ll—lﬁo 77(:3)) (Z(H] —x;Hy)(1,22,...,24)0; + x1§>.

Jj=2
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where ¢ is a suitable vector field. The partial saturation of y, with respect to 7=1(D) is,

~1
by definition, given by x, = (x'f_lé o ﬂ(x)) X, Which coincides with

d
Z ijl 1 xg,...,xd)aj
7j=2
on 7 (0) = {z; = 0}.
Then, v = [1 : 0 : --- : 0] is D-characteristic if and only if H;(1,0,...,0) = 0 for all
j=2,...,d. But this happens if and only if y, has a singularity at the origin. (|

We extend the notion of singular points, using the interpretation in terms of saturated
infinitesimal generator, for models not obtained as point modifications.

Definition 1.12. Let X be a complex manifold, Z C X a compact submanifold of X, and
f:(X,Z)— (X,Z) a germ of holomorphic map fixing Z pointwise, and for which f is a
tangent to the identity germ at any p € Z. Let 7 : X; — (X, Z) be a modification over
Z, adapted to f. Denote by f, the lift of f at X, and by x, its saturated infinitesimal
generator (with respect to 771(Z)). Then we say that f, is singular at p € 7=1(Z) if p is
a singularity of x.

1.5. Resolution of singularities of vector fields

In [Pan06], the author provides an algorithm to resolve singularities for analytic vector
fields locally defined at the origin of R3. He shows that, up to a finite sequence of weighted
blow-ups, any real analytic vector field can be assumed to have elementary singularities. Up
to further blow-ups, one can get even better final normal forms, called strongly elementary.

In [MP13, Theorem p.281], these results have been transported to the complex-analytic
case. In this case the singularities are classified, following the minimal model problem
for algebraic varieties, according to positivity properties of the canonical bundle of the
associated foliation. Elementary singularities are called here log-canonical (see [MP13,
Lii.1 Definition]). Again, a further improvement can be achieved, obtaining canonical
singularities.

One of the major difficulties in this setting is that weighted blow-ups don’t preserve
the class of smooth manifolds: one has to consider some mild singularities, namely, cyclic
quotients, which correspond to working with orbifolds.

When studying our example given by (1), we will only need smooth models (see Propo-
sition 2.3). We recall here the definition of log-canonical singularities in this setting.

Definition 1.13. Let X be a smooth 3-fold, D a simple normal crossings (SNC) divisor
on X, and x a vector field locally defined at a point p € D. Then x is called log-canonical
if its D-saturation is tangent to D, and either regular, or singular at p with a non-nilpotent
linear part.

In general, when working with a cyclic quotient singularity (X, p), we can see it as the
quotient of (C3,0) by the action of some finite group I'. Then a log-canonical foliation
on (X, p) is induced by a log-canonical T-invariant foliation on (C3,0) (see [MP13, Lii.5
Fact/Definition]).

We also need to recall the definition of (isolated) canonical singularities, (see [MP13,
II1.i.2 Definition and III.i.3 Fact]).

Definition 1.14. Let X be a smooth 3-fold, D a SNC divisor on X, and y a saturated
vector field at X with an isolated singularity at p € D. Then Y is called (D-)radial if it is
tangent to D and its linear part has eigenvalues (A1, A2, A3) € A(N*)? for some \ # 0.

A vector field x as above is called (D-)canonical if it is (D-)log-canonical, but not

(D-)radial.

The reduction of singularities for vector fields can be then stated as follows.
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Theorem 1.15 ([MP13, Theorem p.281]). Let (X, F) be a holomorphic foliation by curves
on a 3-manifold X. Then there exists a sequence of weighted blow-ups 7 : (X, Dr, Fr) —
(X, F) so that Fr has only log-canonical singularities.

Moreover, “log-canonical” in the previous statement can be replaced with “canonical”
by [MP13, IIL.ii.2 Resolution|. In the present paper, both log-canonical and canonical sin-
gularities are considered (without further mention) with respect to the exceptional divisor
D whose support is 771(0).

1.6. Parabolic manifolds

Definition 1.16. Let f: (C%,0) — (C%,0) be a tangent to the identity germ. A parabolic
manifold for f is a connected complex manifold A C C? of positive dimension such that

e 0 € OA;
e A is f-invariant, and f"(z) — 0 for all z € A as n — 400, uniformly on compact
subsets of A.

When moreover it has dimension 1 (resp., dimension d), it is called a parabolic curve (resp.,
parabolic domain).

Remark 1.17. Sometimes parabolic manifolds are also asked to be simply connected, and
not simply connected parabolic manifolds are sometimes called stable manifolds. To avoid
confusion with respect to the classical stable/unstable manifolds, we will stick with the
terminology of “parabolic manifolds”, and specify if they are simply connected if necessary.

Parabolic manifolds are often attached to complex directions, in the following sense.

Definition 1.18. Let f : (C%,0) — (C%0) be a tangent to the identity germ. Denote by
[] the canonical projection from C?\ {0} to P%_l, and let v € Pé_l be a tangent direction
at 0. Let p be a point in C?. We say that its orbit converges to the origin tangent to v if
f"(p) = 0 and [f™(p)] = v when n — +o0.

We say that a parabolic manifold A for f is tangent to v if the orbit of every point p € A
converges to the origin tangent to v.

Proposition 1.19 ([Hak98, Proposition 2.3]). Let f : (C%,0) — (C%,0) be a tangent to
the identity germ. If the orbit of a point converges to the origin tangent to a direction v
then v is a characteristic direction.

The following result is a geometric reformulation of [AT03, Proposition 3.1].

Proposition 1.20. Let f : (C% 0) — (C%,0) be a tangent to the identity germ. Suppose
that there exists an effective divisor D with simple normal crossings at 0 and supported in
Fix f, so that the D-saturated infinitesimal generator x of f is reqular at 0, and tangent
to D. Then no infinite orbit for f can stay arbitrarily close to 0.

Proof. In what follows, % = z{* - - - z;*. By our assumptions, we can find local coordinates
at 0 so that D = {2% = 0} for some a € N¢, and

f(@) = (z +2%g(x)).

Here g : (Cd,O) — C% is a holomorphic map, with homogeneous part of smallest degree
denoted by G. The multiplication x*g(z) is meant as the product of a scalar z® and a
vector g(z).

The saturated infinitesimal generator x is tangent to D if and only if zy|xy o g for all k
satisfying ay > 0. It is regular if and only if there exists k so that a; = 0 and x 0 g(0) # 0,
where xj o g is the k-th coordinate of g.

The result follows from [AT03, Proposition 3.1]. O

Suppose we have a tangent to the identity germ f : (C% 0) — (C%0). We apply the
previous proposition to the lift of f to the blow-up of 0, obtaining the following.
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Corollary 1.21. Let f : (C%0) — (C%,0) be a tangent to the identity germ, and let D
be a (possibly trivial) SNC' divisor with support contained in Fix(f). Suppose that f is not
dicritical, and the saturation of the infinitesimal generator X of f is tangent to D.

If an orbit converges to 0 tangent to a (characteristic) direction v, then v is singular
(with respect to D).

Proof. Let m : X, — (C%,0) be the blow-up of the origin, and let f, be the lift of f on
X,. The condition on the non-dicriticity of f corresponds to the fact that the saturation
Yx of the infinitesimal generator of f, is tangent to the exceptional divisor E = 7~1(0).
Together with the hypothesis of tangency to D, we get that X, is tangent to 7~ (D) U E.
Finally, a direction v is singular with respect to D if and only if x, is singular at the
associated point p € F.
We conclude by Proposition 1.20. O

Corollary 1.21 can be restated in terms of point blow-ups. Under the same assumptions
(and using the same notations as in the proof), if a orbit converges to a point p € 7~ 1(0),
then p is a singular point for x.

In general, Proposition 1.20 forces x, to be either singular at p, or regular at p and
transverse to the exceptional divisor. The latter case is excluded thanks to the non-
dicriticity hypothesis on f.

When working with blow-up of curves, we lack the correspondence between characteristic
directions of f and singular points of f, so we apply directly Proposition 1.20 in this case.

Verifying these conditions during the proof of Theorem A is straightforward and left to
the reader.

1.7. Invariant curves and point modifications
Point modifications allow to study (formal) curves. We first introduce some terminology.

Definition 1.22. An increasing sequence of infinitely near points (above the origin) is a
sequence p = (py,)nen of infinitely near points, which starts with pg = 0 € C? and satisfying
the following property: for any n € N, p,41 is a point in the exceptional divisor of the
blow-up 7, : Xp41 — X, of p, (where Xy = C%). We set 71, = mgo...0m,_1: X, — Xj.

Proposition 1.23. Let p = (pn)n be an increasing sequence of infinitely near points.
Suppose that for any n, p, is a smooth point of 7, 1(0), i.e., it belongs to ﬂ;_ll(pn_l) but
not to the strict transform of 7, *,(0).

Then there exists a unique (possibly non-convergent) smooth curve C = Cy, with the
property that the strict transform C,, of C' with respect to T, passes through py,.

Proof. This can be done explicitly as follows. Without losing generality, we may as-
sume that p; is the point associated to the direction [agl) - aglljl : 1] for some
at) = (agl), .. .,aéljl) € C%1. This allows us to make computations in the x4-chart,
and write m1(x1,...,24) = (z124,...,T4-124,24). We now take the local coordinates
(x1 — agl), ey D1 — al(jlzl) at p1. The smoothness hypothesis ensures that po is associated
to a point of the form [a® : 1] with a(® € C%!. By induction we obtain that p, is
associated to a point of the form (a(") : 1) for some a™ e €41 when all computations
for 7, are made in the z4-chart (after having translated coordinates as shown above).

We consider the curve C, parametrized by (ml(t), vy g1 (t), t), where

xp(t) = Z a,gn)t".
n=1

It is a simple computation to show that C satisfies the statement. Moreover, a curve C
tangent to a vector of the form (a : 1) is parametrized uniquely as (z1(t),...,xq—1(t),t) for
some formal power series x(t) € C[[t] for k =1,...,d— 1, whose linear terms are uniquely
determined by a € C*~1, from which we infer the uniqueness of C. 0
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Remark 1.24. Notice also that if an increasing sequence of infinitely near points does not
satisfy the condition of Proposition 1.23, at least starting from a certain ng, then it does
not identify a curve (not even singular). In fact, any truncation (py)n<m identifies a set
Cy of curves tangent to them. If p,, is a singular point of #,.}(0), and py,+1 is a smooth
point of fr;@il(()), then the minimal multiplicity of the curves in Cp, 4 is strictly larger than
the analogous quantity for C,,. Since curves are desingularized by blowing-up points (for
irreducible curves, the intersection of the strict transform of the curve with the exceptional
divisor, see e.g. [CCO05, Section 3.2]), and smooth curves are characterized by sequences of
smooth infinitely near points, the condition in Proposition 1.23 is also necessary.

Given an irreducible curve C, we denote by p = p(C) the increasing sequence of infinitely
near points attached to it, starting with py = 0 € C%.

We want to apply Proposition 1.23 to increasing sequences of infinitely near points which
are singular points for the lifts of a tangent to the identity germ.

Proposition 1.25. Let f : (C%0) — (C%0) be a tangent to the identity germ, and
p = (pn)n be an increasing sequence of infinitely near points satisfying the hypothesis of

Proposition 1.23. Let C = Cy be the formal curve associated to p. If p, are singular points
for the lift of f on X,, for alln € N, then C is f-invariant.

Proof. Denote by f, : X, --» X, the lifts of f with respect to 7,. Being p, a singular
point for f,, we have in particular that f,,(p,) = pn. It follows that f(C) is an irreducible
curve whose strict transform with respect to 7, passes through p,. By Proposition 1.23,
this is exactly the curve Cj. O

The invariant curves constructed here are sometimes called (strict) separatrices for the
tangent to the identity germ f (see [LHR20] for the analogous in dimension 2). They
are in fact the analogous of separatrices for the (reduced) infinitesimal generator (see
[BMCLHO08]).

Remark 1.26. Notice that Proposition 1.23 and Proposition 1.25 do not hold if we replace
point modifications with sequences of blow-ups of centers with positive dimension. The
main reason is that curves are not anymore uniquely determined by the sequence of points
of intersection of their strict transform with the exceptional divisor.

As an example, consider the blow-up of the line {z = z = 0} in C?, and coordinates in
the blown-up space so that the projection takes the form w(x,y,z) = (zz,y, z). Reiterate
the process, so to construct a sequence m, : X, — (C3,0), where each element consists
in the blow-up of n lines. In this case, for any curve C' parametrized by (0,y(z), z) (with
y € 2C[z] a formal power series with vanishing constant term), its strict transform C,
would intersect 7, 1(0) at the origin p, of the corresponding chart. In particular, if the
points p,, are singular for the lifts f of a tangent to the identity germ f : (C3,0) — (C3,0)
we could only infer that f(C') is another curve lying in the plane {z = 0}.

We conclude with a version of Corollary 1.21 for invariant curves, which gives a partial
converse to Proposition 1.25.

Proposition 1.27. Let f : (C% 0) — (C%,0) be a tangent to the identity germ, and let D
be a (possibly trivial) SNC divisor with support contained in Fix(f). Suppose that f is not
dicritical, and the saturation of the infinitesimal generator X of f is tangent to D.

If C is a (formal) f-invariant curve, then C is tangent to a singular direction of f.

Proof. Let w: X, — (C%,0) be the blow-up of the origin, and let f; be the lift of f on X.
The condition on the non-dicriticity of f corresponds to the fact that the saturation x.
with respect to 771(D) of the infinitesimal generator of f, is tangent to the exceptional
divisor E = 771(0). But then invariant curves for ¥, at non-singular points must be
contained in F. 0
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1.8. Parabolic manifolds asymptotic to invariant curves

We have seen how orbits of points converging to the origin must be tangent to a char-
acteristic direction. One could be interested in controlling higher orders of tangency. This
corresponds to imposing conditions on lifts to other birational models. We need here some
terminology to deal with these conditions, which are expressed in terms of asymptoticity
to (formal invariant) curves (see [LHRRSS19, LHRSSV]).

Definition 1.28. Let f : (C% 0) — (C%,0) be a tangent to the identity germ. Let p = (p,)
be an increasing sequence of infinitely near points above the origin. Denote by 7, : X,, —
(C9,0) the composition of the blow-ups of the points py, ...,pn_1, and by f, : X, -+ X,
the lift of f to X,,. We say that the orbit of a point p € C?\ {0} converges to the origin
asymptotic to p if for any n € N, the limit of the f,-orbit of 7, !(p) is exactly py.

If p = p(C) for some irreducible curve C, we say that the orbit converges to the origin
asymptotic to C.

We say that a stable manifold A is asymptotic to p (resp., to C)if the orbit of p is
asymptotic to p (resp., to p(C)) for any p € A.

We now recall [LHRSSV, Theorem 1], which allows to construct parabolic manifolds
from formal invariant curves.

Theorem 1.29 ([LHRSSV, Theorem 1]). Let f : (C% 0) — (C%0) be a tangent to the
identity germ, and let C be a formal invariant curve for f. Then either C is contained in
Fix(f), or there exist finitely many parabolic manifolds asymptotic to C.

1.9. Ramis-Sibuya normal forms

To describe precisely the number and dimension of the parabolic manifolds produced by
Theorem 1.29, we need to introduce some terminology.

We first introduce Ramis-Sibuya normal forms, for tangent to the identity germs in
dimension 3.

Definition 1.30. Let f : (C3,0) — (C3,0) be a tangent to the identity germ, and let C
be a smooth f-invariant formal curve. We say that the couple (f,C) is in Ramis-Sibuya
normal form with respect to local coordinates (z,y, z) at the origin, if C' is transverse to
{z =0}, and f takes the form

exp(di(2))(z(1 4 c112") + c1oyz") + (")
(2) f(@,y,2) = | exp(da(2)) (y(1 + c222") 4+ cnzz") + (") |,

2= 2 g b2l (p2r42)

where d; and dy are polynomials of degree at most r — 1 vanishing at the origin, and
c12 = co1 = 0 unless d; = ds.

Notice that on the z-coordinate, assuming that C' has sufficiently high tangency with
{z = y = 0}, we find the formal normal form of the action of f|c. In particular the
existence of such a normal form implies that f|c defines a parabolic 1-dimensional germ
of multiplicity r + 1.

Theorem 1.31 ([LHRSSV, Theorem 5.11]). Let f : (C3,0) be a tangent to the identity
germ, admitting an (irreducible) f-invariant formal curve C. Suppose that f|c # id. Then
there exists a sequence of weighted blow-ups m : X, — (C3,0) so that the strict transform
Cy of C is smooth, and, if fr : (Xx,p) — (Xx,p) denotes the lift of f at p= Cr N7 1(0),
then (fr,Cr) is in Ramis-Sibuya normal form.

In [LHRSSV], the authors show the reduction (up to taking iterates) to Ramis-Sibuya
normal form in the more general setting of automorphisms admitting an f-invariant formal
curve where f|c has multiplier 1 (in particular, the linear part of f does not need to be
the identity).
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The reduction process consists in three steps. The first consists in an embedded reso-
lution of C. In the second step, one applies Theorem 1.15 to solve the singularities of the
infinitesimal generator of f. The third step reduces the pair (fr,Cr) to the desired normal
form, by performing further blow-ups. Notice that both the second and third steps may
require weighted blow-ups.

Once the couple (f,C) is reduced in Ramis-Sibuya normal form, one can describe ex-
plicitly the number and dimension of the parabolic manifolds provided by Theorem 1.29.

With the notations of (2), write d; for j = 1,2 as

r—1
dj(z) = d,(j)zk.
1

B
Il

Given an attracting direction £ for f|c (i.e., any complex r-th root of 1, see [LHRSSV,
Section 6]), we set

(3) Rj(€) = (Re(d€),...,Re(d) € 1)).

Definition 1.32. We say that £ is a node direction for the variable = (resp., y) if R1(§) <0
(resp., R2(€) < 0), and a saddle direction otherwise, where < denotes the lexicographic
order.

Theorem 1.33 ([LHRSSV, Theorem 6.1]). Let f : (C3,0) — (C?,0) be a tangent to the
identity germ, and let C' be an f-invariant formal curve. Suppose that (f,C) is in Ramis-
Sibuya normal form. For any attracting direction & for flr, let s = s(§) € {0,1,2} be the
number of variables for which £ is a node direction. Then there exists a parabolic manifold
A(&) asymptotic to C, of dimension s(§) + 1, which is connected, simply connected, and
which is a fundamental domain for the set of points whose orbit converges to 0 asymptotic
to C' and tangent to &.

2. THE EXAMPLE
2.1. Rational maps with no holomorphic fixed points

We want to start with a tangent to the identity germ f which has a finite number of
characteristic directions, all degenerate.

Recall that if f : (C3,0) — (C3,0) is a tangent to the identity germ, its characteristic
directions can be reinterpreted in terms of the action induced by the homogeneous part
of smallest degree of f — id on P?: non-degenerate characteristic directions correspond to
holomorphic fixed points, while degenerate characteristic directions correspond to indeter-
minacy points.

In order to work with a germ with only degenerate characteristic directions, we start
with a rational map in P? which has no holomorphic fixed points:

(4) H([z:y:2]) = [yz(y — 2) cx(x? — 22) s wz2(y — 2)).
Hence we focus on germs of the form:
r+yz(y—=2)+ P
(1) fla,y,2) = ly+a@®-2)+Q |,
z4+zz(y—2)+ R
with P, @, R of order at least 4. Notice that, by abuse of notation, we denote by H both

the homogeneous part of smallest degree of f — id, and the action on P? induced by it.

Remark 2.1. The choice of H as in equation (4) is inspired by [Ivall, Example 2.1].
In op. cit., the author provides examples of rational maps of P? without (holomorphic)
fixed points, of any given degree. The word holomorphic is used to distinguish the case of
meromorphic fixed points, i.e., fixed points p with the additional condition H(p) 3 p. In
other terms, there exists a sequence of non-indeterminacy points p,, converging to p whose
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image H(p,) converges to p. The original example [Ivall, Example 2.1] is a rational maps
of P! x P! without holomorphic fixed points, that we consider in the birationally equivalent
model P2.

The map H acting on P? still has no holomorphic fixed points, while it has exactly 5
indeterminacy points p; = [0:0: 1], po =[0:1:1], pg=[1:1:1], py =[-1:1:1], and
ps = [0:1:0]. Out of these indeterminacy points, one can check that only p3, ps and ps
are meromorphic fixed points.

When we need to develop P,Q, R in formal power series, we will use the following
notations:
P=> Pua'yz*, Q=) Qia'y’2¥, R=>> R’y
i?j?k: /L'7j7k i7j7k
where the indices i, j, k vary in N with i + j + k > 4. We will also denote by P(® (resp.,
Q™, RM) the homogeneous part of degree h of P (resp., @, R).

2.2. Characteristic directions

As a consequence of Remark 2.1, f has exactly 5 characteristic directions, given by
vy =[0:0:1,veo=00:1:1v3=[1:1:1,ug =[-1:1:1],u5 =[0:1:0]
All these directions are degenerate, of multiplicities 1,1, 3, 3,5 respectively. We denote by
P1, P2, P3, P4, P5 the corresponding characteristic points.

For a definition the multiplicity pf(v) of a characteristic direction v, see [ATO03, p.
278]. For the reader’s convenience, we show here how to compute the multiplicity of
vs. The multiplicity /([0 : 1 : 0]) is the local intersection multiplicity at [0 : 1 : 0] of
y(z o fO) —z(yo fO) and y(z o f3) — 2(y o f®)) in P2. We denote by (¢,1), the
local intersection multiplicity at p of {¢ = 0} and {¢» = 0}. In this case, computing the
intersection in the chart {y = 1}, we obtain

pp([0:1:0]) = (2(1 — 2) — 2(2? — 2%), 2(1 — 2) — w2(z® — 22))o

=(z—22 -2t 42222 221 — 2 — 22+ 2%))o
= (z—22 —xt 42222 2)o + (2 — 2% — 2t + 2222, 2)
=1+4+4=5.

Computations for the other multiplicities are similar and left to the reader.
Remark 2.2. Consider the local diffeomorphism o(z,y, z) = (—ix,iy,iz). Then we get
x4+yz(y—z)+iPoo
o lofoo(x,y,2)=|y+az@®—2%)—iQoo
z4+xz(y—2)—iRoo

In particular, the 3-jet f(=3) is invariant by this conjugacy. The action of ¢ on the char-

acteristic directions vy, ..., vs is a bijection that fixes vy, vs, vs while it exchanges vs and
V4.

It follows that one can recover the birational study of the lifts of f above the point py
associated to v4 from the behaviour of the lifts of f above ps.

2.3. Resolution of singularities of the infinitesimal generator

In this section, we provide a resolution of the infinitesimal generator x of a tangent
to the identity germ f : (C3,0) — (C3,0) of the form (1), in the sense of [MP13] (see
Proposition 2.3).

In Section 3, we will show that after further blow-up (see Proposition 3.14), all the sin-
gularities will be isolated and belonging to one of three classes (simple corners, degenerate
spikes and spinning corners). We will then study the behaviour of these families under
point modifications (introducing a fourth family, half corners).
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We will finally study the behaviour of these families under general admissible modifica-
tions (strongly adapted to the dynamics) in Section 4.

By Remark 1.7, the infinitesimal generator y of f takes the form
x = (yz(y — 2) + P(4))8m + (ac(xQ — 2+ Q(4))3y + (zz(y — 2) + R(4))82 + &,

where £ is a (possibly formal) vector field of multiplicity at least 5.
To study the resolution of x, we will perform computations from the point of view of
maps instead of vector fields, relying on Proposition 1.8.

2.3.1. First blow-up.

To resolve the singularities of x, we first blow-up the origin. We write the blow-up
71 @ X1 — (C3,0), and compute the lift f; of f with respect to 7;. By Proposition 1.11,
the singularities of the saturated infinitesimal generator x; of fi are isolated, given by the

pOiIltS b1,P2,P3, P4, D5-
We first work in the z-chart, for which the map m is written as m (z,y, 2) = (22, yz, 2).

We obtain:
r—22y(1—y)+z1Pom
1—222(1-y)+2z"1Rom

(5) fl(xvyvz) = y_22$(1_$2>+Z71Q07T1
1-22z2(1—y)+2z"'Rom

z(1— 2zx(l—y)+2'Ro 1)

We rewrite f; developing around a point in {z = 0}, obtaining
x4 22 (—y 4+ 22 +y? — 2%y) + 23(PW — 2RW)(z,y,1) + (%)
6)  filey.2) = | y+2e(-1+y+2? —y?) +25(QW — yRW)(z,y,1) + (%)

24 282(—1+y) + 2 RD (z,y,1) + (%)

We study f; around the characteristic points pi,...,ps. The point p; corresponds to
the origin in this chart. In this case the linear part of the reduced infinitesimal generator
is:

(—y + P004Z)8a; + (—J} + Q004z)8y.
Hence x1 has a canonical singularity at p;, with eigenvalues of the linear part given by 1,
—1 and 0.
Similarly, the point po corresponds to (0,1,0) in this chart. By setting y = 14 v, we get
(7)
4+ 220(1+v —22) + 23(PW — 2RW) (2,1 +v,1) + (2%)

fi(z,v,2) = | v+ 222(—1 —v+ 22 —v?) + 22(QW — (1 + v)RW) (2,1 + v, 1) + (2%

2+ 2820 + 2 RW (2,1 4+ v,1) + (°)

We get again a canonical singularity, with eigenvalues of the linear part i, —i and 0.

The points ps and p4 have coordinates (1, 1,0) and (—1, 1,0) respectively in the z-chart.
We treat ps, the case of py being completely analogous by Remark 2.2. By setting z = 1+u,
we get
(8)

u+ 220(=2u+v —u?) 4+ 23(PW — (1 4+ w)RM)(1 +u, 1 +v,1) + (z%)

filu,v,2) = | v+ 221+ u)(2u — v + u? —v?) + 23(QW — (1 + v)RM)(1 4+ u, 1 +v,1) + (2%

2+ 231+ u)w+ 2 RW (1 +u, 140, 1) + (2°)
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In this case the linear part of y; is
2(PW — RW)(1,1,1)0, + (2u —v+2(QW — RW)(1,1, 1))@,

which gives an isolated canonical singularity with eigenvalues —1, and 0 (of multiplicity 2).
It remains to study the characteristic direction vs = [0 : 1 :0]. In this case we work in
the y-chart, and write m(z,y, 2) = (zy,y,yz). The lift f; of f takes the form

r+y*2(1—2)+y tPom
14+ y2x(z? —22)+y 1Qom

(9) fi(z,y,2) = y(1+y2x(aj2—z2)+y*1Qom)

z4+y?rz(1—2)+y tRom
L+y?z(z? —2%) +y'Qom

The Taylor expansion at the origin gives the following expression for fi(x,y, 2):

(10)
x4 y? (Z — 22 — 2t + 2222 + Posoy + (Piso — Qoao) 7y + Pos1yz + Posoy? + me)

y+y° (563 — 2% + Qoaoy + ym)
z+y? (xz —x2? — 232 + 22° + Rosoy + Rizory + (Ro31 — Qo40)yz + Ros0y? + ym2>
The linear part of the reduced infinitesimal generator is:

(Posoy + 2)0z + Roa0y0.

We get a nilpotent linear part (of rank 1 if Rgsp = 0, and of rank 2 otherwise). In this case
the singularity is not log-canonical, and we need to keep blowing-up.

2.3.2. Second blow-up.

For simplicity, we will assume Rgq9 # 0. In this case, fi has only one singular direction
vs,1 = [1:0:0]. Consider the blow-up 7 : Xo — X of the point ps. In the z-chart we
have ma(x,y,2) = (z,2y,12). Set Ta(x,y, 2) = 7 o ma(x,y, 2) = (x?y, xy, 2%yz). The lift
fo of fin X5 is given by

1+ 22221 —22) + 272y tPofy
x
1+ a%?(1 = 2%) + 27 ly Qo

(1 + 2521 - 22) + 27y Qo ﬁ2)2

11 f2 L,Y,%2) =
1 ( ) 14+ 22y?2(1 —zz) + 22y~ 'P o7y

2423y 2(1 —x2) + 272y 1 Ro 7y
14 22y?2(1 —zz) + 22y~ 1P o7y

We rewrite fo developing around the origin, obtaining
(12)

 + 2y (P040y + 2+ (P30 — Qoao)zy — 2 — 22% + 2°2% + (zy)m
fo(z,y,2) = |y + :1:2y3( — Posoy — z + (2Qoa0 — Prso)wy + 22° + 22 — 22%2% + <wy)m)

2+ x2y? <R04oy + Rigory + 22 — 2% — Poaoyz — 222% + w23 + <my)m>
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2.3.3. Third blow-up.

Let w3 : X3 — X5 be the blow-up of the point ps; corresponding to the origin in the
last coordinate chart we considered. To study the singular points associated to fo, we will
need to consider two different charts.

First, in the z-chart we get
(13)

z + 20> <P04oy + 2z —2? + (P30 — Qoao)xy — 2222 + 2*2? + (J:Qy))
f3(z,y,2) = |y + $5y3( — 2Posoy — 22 + 3z + (3Qoa0 — 2P130) wy + 22227 — 3z2? + <332y>>
2+ xhy? (R040y + Risory + 22 — 2Pysoryz — 222> + a:z(x, y})

For any zy € C, the saturated infinitesimal generator x3 of f3 has a singularity at (0,0, 29),
with nilpotent linear part of rank 2. In this case the singular directions of f3 form the line
[pRoao : pzo(2z0 — 1) : 7] with [p : r] varying in PE.

We now work in the z-chart, so that m3(x,y, z) = (zz,yz, 2), and get

T+ x3y224< — Rogoy + 22 — w2 + 2Posoyz — Risoxyz + 2%(y, z>>
(14) f3(w,y,2) = y+ 3323/324( — Roaoy — vz — Rigozyz + 2%(y, Z>>

2+ x2y%2° <R04Oy — 2+ 2z — Pogoyz + Rizoryz + 22{y, z>)

In this case x3 has a singularity of order 2 at the origin (and of order 1 with nilpotent linear
part at (xg,0,0), with zg # 0, that we already know about from the previous computation).

2.3.4. Fourth blow-up.

Finally, we consider the blow-up m4 : X4 — X3 along the line L of singular points of x3.

The line L is covered by two charts in X3, the one where the exceptional divisor is
{z = 0} and the line is given by L = {# = y = 0}, and the one where the exceptional
divisor is {#z = 0} and the line is given by L = {y = z = 0}. This gives a total of four
charts to be considered on Xy, to cover the exceptional divisor 7r4_1(L).

We first consider the chart in X3 that gives (13), so that L = {z =y = 0}.

We put ourselves in the chart of X4 not intersecting the strict transform of the excep-
tional divisor E3 = {z = 0} of 73, obtaining m4(x,y, 2) = (z,zy, z). Computing the lift of
[f3, we get

x + 2y? (Z + Posory + <$2>)
(15)  falw,y,2) = y+27y? (=32 = 3Ruozy + (22))
z 4 z7y? (RO4OZJ + 2 — 222 + Rizory — 2Pygoryz + (x2>)

The saturation xj of the infinitesimal generator of f; with respect to {x = 0} takes the
form

X5 = zy?20, + y3( —3z— 3P040xy)8y + 12 (Ro4oy + 2z — 222+ Risozy — 2P040wyz) 9. + ¢,

where ¢ is a suitable vector field. We study this vector field on the point (0, yo, 20).
If yo # 0, we have that (0, yo, 20) is singular if and only if

—3yoz0 = 0,
Rosoyo + 20 — 228 =0.

Since Ro4o # 0, this system does not have solutions.
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Suppose now yg = 0. Then the saturation y4 with respect to the exceptional divisor,
locally given by {zy = 0}, gives

X4 = 220, — 3y20y + (Roaoy + 2 — 22%)0, + €,

where £’ is a vector field whose coefficients belong to x(z,y). First notice that x4 is regular
unless zo(1 — 2zp9) = 0.

At the point ¢ corresponding to the value zg = 0, x4 has a linear part with a non-
vanishing eigenvalue (of eigenspace generated by 0.): hence we get an isolated canonical
singularity. Similarly, at the point gy corresponding to zg = %, X4 has an isolated canonical
singularity, with linear part with eigenvalues %(1, —3,-2).

With respect to suitable coordinates in a chart intersecting Fs3, we get the form 74(x, y, z) =
(zy,y, z). For the lift of f3, we get

x+ a:6y7 (3P040y + 3z + (y2))
(16) fa(z,y,2) = | y+ 905y8< — 2Py40y — 22 + <Z/2>>

2+ 2ty (Row + oz — 22%) + ()

The saturation xY of the infinitesimal generator of f; with respect to {y = 0} takes the
form

Xy = 32520, + x4(R040 +x(z — 222))8z + ¥,

where £ is a suitable vector field.

We study x4 at points (zo, 0, z9). The case xg # 0 corresponds to previous computations,
and we have no singularities here.

When z¢ = 0, again we get regular points, hence no singularities arise in this chart.

We finally consider the chart in X3 giving (14), so that L = {y = z = 0}.
We pick the coordinate chart of X4 not intersecting the strict transform of the exceptional
divisor F3 = {z = 0} of 73, obtaining m4(z,y, 2) = (x,yz, z). For the lift of f3, we get

v+ 23y2T (2 —x — Rosoy + 2Posoyz — Rizoryz + <Z2>>
(17)  falz,y,2) = |y + achgz?(l — 2z — 2Roa0y + Poaoyz — 2Riz0zyz + <22>>
z+ x2y2z8( — 1+ 2 + Rosoy — Poaoyz + Rizozyz + <22>)

As usual, we denote by x4 the saturated infinitesimal generator of f4, and study its germ at
points (g, y0,0). At the point g3 corresponding to the origin, we get an isolated canonical
singularity, whose linear part has eigenvalues (2,1, —1).

When zyp = 0 and yg # 0, we have a singularity if and only if 1 — 2Rg40y0 = 0, i.e., yo =
ﬁ. At the corresponding point g4, consider local coordinates (z,v, z) with y = yo + v.
In these coordinates, the linear part of x4 takes the form (up to renormalization of a factor

Yy3):
3 ) 1
(18) 596% + (—2yox — y + Y5 Poaoz)9y — §Zaz:

hence we get another isolated canonical singularity.
The case xg # 0 corresponds to the study carried on above: we get again a singularity
when xg = 2 and yg = 0, which corresponds to ga.
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To finish our study, we consider a chart of X, intersecting the strict transform of Fj,
getting my(x,y, 2) = (z,y,yz). For the lift of f3, we get

T+ x3y7z4( — Rogo + 22 —x2z + <y))
(19) fa(z,y,2) = y+ 9629824( — Roao — @z + <Z/>)

z 4 22y 20 <2R04o —z+2xz+ <y>>

The only point g5 that remains to be studied corresponds to the origin in this chart,
and Y4 has an isolated canonical singularity there, with linear part having eigenvalues
Rogo(—1,-1,2).

To sum up, we proved the following result.
Proposition 2.3. Let f : (C3,0) — (C3,0) be a germ of the form (1) with Ros # O.
Let mo : Xny — (C3,0) be the reqular modification obtained as the composition Ty =
71 0Ty 0 m3 oy described above (hence X, = Xa).

Then the reduced infinitesimal generator X, of the lift fr, of f at Xz, has only isolated
canonical singularities, namely p1,...,04,q1,...,q5 € Xnr,-

Notice the abuse of notation, where we denote by p1,...,ps both the points in X;, and
their unique preimages through mo o 3 0 4 in X4.

b1 p1

D2
P4

Eq

D5

FIGURE 1. Singular points of the saturated infinitesimal generator at X;
(on the left) and X4 = X, (on the right).

Remark 2.4. One can check that Panazzolo’s algorithm [Pan07] would perform two
weighted blow-ups to solve x: the first is the blow-up m : X3 — (C3,0) of the origin,
and the second is the blow-up 7, : X; — X of the point ps, with respect to the weight
w = (1,3,2). The weighted blow-up 7, produces a divisor that is birationally equivalent
to E4 (meaning that there exists a birational map from X4 to X, sending Fy to - 1(ps)).
To compute w, notice that the Newton polyhedron (see [Pan07, Section 3] for a definition)
associated to the saturated infinitesimal generator of f; given by (10) is generated by

(1,0,0),(0,1,-1),(-1,0,1),(-1,1,0).

It has two bounded faces (generated by the first and last three vertices in the list respec-
tively), and the one generated by the first three vertices has w as normal vector.

3. BIRATIONAL STUDY ABOVE THE RESOLUTION

In this section, we study the dynamics of f and its behaviour under point modifications,
starting from the model 7y given by Proposition 2.3.
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3.1. Special families

First, we introduce some special families of tangent to the identity germs that will appear
in the birational models. We describe here a few notations that we will use all long the
rest of the paper. Any family f of germs will be introduced by giving a name and a code.
For example simple corners [Ro]. The code will be used in all the diagrams below. The
letter R in the codes refers to the saturated infinitesimal generator of these families being
reduced (see also Subsection 5.4.2). As for the names, they were inspired by the geometric
characteristic of the germs. For example, degenerate spikes possess only one degenerate
characteristic direction, pointing out from the exceptional divisor.

Any family is described in some special coordinates, and there will be some formal power
series P, @, R, belonging to suitable ideals (that will be explicited according to cases). We
will always develop, without further mention, P, @, R in formal power series, as:

P = Z aijkxiyjzk, Q= Z bijk:ciyjzk, R = cl-jkxiyjzk.
i,k ik ik
Unless otherwise specified, we will also replace a1g9 with az, agio with ay and ago1 with a.,
and analogously for () and R. Finally, we will often replace aggg, booo and cooo with ag, bg,
cp, or with «a, 3,, according to the situation.
Recall also that P, (), R denote also the parts of degree 4 of higher or the maps f of the

form (1) that we are studying. In this case we will keep developing them with coefficients
Pijiy Qijk, Riji, to avoid confusion.

3.1.1. Simple corners

We start from simple corners, introduced for vector fields in [GML92] and adapted to
tangent to the identity germs in [ATO03].

Definition 3.1 ([ATO03, p. 288]). A tangent to the identity germ f : (C3,0) — (C3,0)
is a simple corner [Rg] if there are a,b € N*, c € N, A € C*, p € C\ (AQx9), and local
coordinates (z,y, z) so that

z + (29’2 z (A + P)
(20) flay,2) = y+ @y (n+Q) |,
2+ (2%2°)R

with P,@, R € m, and z|R if ¢ > 0.

Remark 3.2. We will discuss singular and exceptional directions with respect to the
divisor D = {a:“ybzc = 0}, whose support is the union or two or three coordinates planes,
depending on the vanishing of c.
The saturated infinitesimal generator y of f has the following properties:
(a) x is tangent to D;
(b) x is a canonical singularity,
where we recall that a canonical singularity is a non-radial log-canonical singularity (the
non-radial behavior is ensured by the condition on the eigenvalues A, ). These properties
completely characterize simple corners when ¢ > 1 (among tangent to the identity germs
fixing pointwise a set of the form {zyz = 0}).
In order to characterize simple corners with ¢ = 0, one would have to ask for additional
properties on the foliation induced on the normal bundle of the curve {z = y = 0} obtained
intersecting the two irreducible components of D.

3.1.2. Degenerate spikes

Definition 3.3. A tangent to the identity germ f : (C3,0) — (C3,0) is a degenerate spike
[R1] (of Siegel type) if there are ¢ € N*, and local coordinates (z, vy, z) so that
z+2°(Ax+ P

(21) fley,2)=y+2(y+Q) |,
2+ zTIR
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where A € C*, i € AR, while P,Q € m? and R € m.

Remark 3.4. Notice that any germ of the form

z+ 2°(ayy + a.z + P)
(22) y+2¢(bpz + 0.2+ Q) |,
2+ 2°tR

with ayb, # 0, a.,b, € C, P,Q € m?, and R € m is a degenerate spike, associated to
A= —p=/ayb,.

Remark 3.5. Degenerate spikes will appear at points belonging to a unique irreducible
component of the exceptional divisor D = {z = 0} on blown-up models.
In terms of the saturated infinitesimal generator x of f, degenerate spikes are charac-
terized by the following properties:
(a) x is tangent to D;
(b) the induced foliation on D has a Siegel singularity;
(c) the linear part of x has exactly one vanishing eigenvalue.

In particular, by the classical Briot-Bouquet’s theorem, x|p has no invariant curves

passing through p but for the two complex separatrices, tangent to {z = 0} and {y = 0}
when f is given by (21).

Clearly the Siegel type refers to condition (b) above. In general we could ask only for
the non-resonance condition p/\ ¢ Q>¢, i.e., the induced foliation on D is canonical (and
with invertible linear part). In this paper, without further mention, all degenerate spikes
are of Siegel type.

3.1.3. Spinning corners

Definition 3.6. A tangent to the identity germ f : (C3,0) — (C3,0) is a spinning corner
[Ro] if there are local coordinates (x,y, z) such that f can be written as

x +yP2%(x + P)
(23) flay,2) = y+y*=Q
where b, ¢ € N*, Q, R € m and P € m?.

Remark 3.7. A germ which can be written, in local coordinates (z,y, ), as

r +y*2%(agz + ayy + a,z + P)
(24) flz,y,2) = y+ytQ
z 4 ybchrlR
with a, € C*, ay, a, € C,and b, ¢, P, Q, R as above, is in fact a spinning corner. Indeed,
by a linear change of coordinates (x,y, z) +— (x, uy, vz) with pu, v satisfying u’v¢ = a,, one
may assume a, = 1. Moreover, in new coordinates u = a,r + ayy + a.z, y and z, we get

u—+ Pz (agu + Pog¢t)
fluy,2) = y+y""1Qo o™t )
z 4 ybzc—HR o ¢—1

with P = a, P + ayyQ + a.zR and ¢~ (u,y,2) = (az'(u — ayy — az2),y, 2).

If we denote @ = b,z + byy + bz + m and R = c,x + ¢y + c.z + m for the germ f,
and an analogous expression with tildes over the coeflicients for the same germ in the new
coordinates, we have that b, = b, — Z—sz, and analogously for b, ¢, and ¢,.

Remark 3.8. Spinning corners will appear in the intersection of two irreducible compo-
nents D; and Dy of the exceptional divisor D, given in local coordinates by {yz = 0}.

In terms of the reduced infinitesimal generator x of f, degenerate spikes are characterized
by the following properties:
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(a) x is tangent to D;
(b) the linear part of x has rank 1, with the eigenspace of non-zero eigenvalue tangent
to D1 N Ds.

In fact, if D = {yz = 0} then we have ¢ o (f —id) = y%2% A4, with by,cs € N
and Ay a holomorphic germ that is not a multiple of y or z, with ¢ € {z,y,z}. The
tangency condition on {y = 0} says that b, > min{b,,b.}, while the one on {z = 0}
gives ¢, > min{cy,¢y}. The existence of an eigenvalue tangent to Di N Dy says that
zo(f—id) =y’ 2% (ax + By + vz + P) with a # 0 and P € m?, and b, < b, and ¢, < ¢,.
By setting b = by, ¢ = ¢, Q = yby—b—lzcy_cAy, R = yP>7b2¢:7¢"1 A, and checking the
linear part of X in extreme cases for the parameters (i.e., if by, =b+1and ¢, =c,or b, =b
and ¢, = ¢+ 1), we get a germ of the form (24).

3.1.4. Half corners

Definition 3.9. A tangent to the identity germ f : (C3,0) — (C3,0) is a half corner [Rg]
if there are local coordinates (z,y, z) such that f can be written as

x+ 2°(x + P)

(25) f@,y,2)=|y+ 2" (B+Q)
Z+Zc+2R

where c € N*, 3 € C, Pem?, Q €mand R € O with v = R(0,0,0) € C.

Remark 3.10. As for the case of spinning corners, one can show that any germ of the
form

T + 2°(azx + ayy + a.z + P)

(26) fx,y,2) = y+ 2B+ Q)
2+ 2°T2R

with a, # 0, ay,a, € C and all other entries as above is indeed a half corner. In fact, we
may assume a, = 1 by a linear change of coordinates (z,y, z) — (z,y,vz) with v¢ = a,.
Then, one can assume a, = 0 by performing the change of coordinates v = = + a,y (which
changes the value of a, to a,, = a, + Bay), and finally we can set v’ = = + a,z and get a
germ of the form (25).

Notice also that when 8 # 0, we may assume it equals 1, by performing the change of
coordinates (z,y, z) — (x, By, 2).

The value of  (its vanishing) will be important in the sequel. We will say that a half
corner is simple if 5 # 0, non-simple otherwise.

In fact, we can independently normalize (by conjugating by linear diagonal maps) both
the second and third coordinates, for example by assuming that g € {0,1} and v :=
R(0,0,0) € {0,1}.

Remark 3.11. Once in form (25) we still have some freedom up to linear change of
coordinates. Assume 8 = 0. In this case we can conjugate by a map of the form (z,y, z) —
(Az, py, vz) with v© = 1. In this case we get Ey = vby, ¥ = vv. In particular their ratio is
well defined up to homotheties (and it is in fact an invariant of conjugacy for half corners
in form (25)).

Remark 3.12. Half corners will appear in points contained in a unique irreducible com-
ponent D of the exceptional divisor, which we will assume having local equation {z = 0}.

One can characterize half corners in terms of their infinitesimal generator also in this
case, but the description is more intricated. We just remark that again the saturated
infinitesimal generator is tangent to D. Moreover, its linear part has a non-zero eigenvalue
(whose eigenspace is tangent to D), and:

e cither a Jordan block associated to the zero eigenvalue in the simple case, with
the kernel being tangent to D; or
e a kernel of dimension 2 in the non-simple case.
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3.2. From the resolution to special families

We show here how, possibly up to further blow-up, the singularities appearing in the
model 7o : X, — (C3,0) given by Proposition 2.3, belong to one of the families described
in Section 3.1

In fact, from the study done in Section 2.3, the lift fr, : X, = X5, satisfies the following
properties.

e At the singularity p1, fr, takes the form (6), which is a degenerate spike of the form
(22) with respect to the coordinates (z,vy, z), with parameters c = 2, « = f = —1.

e At the singularity ps, fr, takes the form (7), which is a degenerate spike of the
form (22) with respect to the coordinates (x,y, z), with parameters ¢ = 2, « = 1,
B=—1.

o At the singularity qi1, fr, takes the form (15), which is a spinning corner of the
form (24) with respect to coordinates (z,y, z), with parameters a, = 1, ay = Ro4o,
a,=0,b=2,¢c=T.

e At the singularity g2, fr, is a simple corner of the form (20) with respect to
coordinates (z,y,w) with w = z — 3 (notations of (15)), with parameters a = 7,
b=2,¢c=0, )\—gamd,u——§

o At the singularity g3, fr, takes the form (17), which is a simple corner of the form
(20) with respect to coordinates (z,y,x), with parameters a = 7, b = 2, ¢ = 2,
A=—-1land p=1.

e At the singularity q4, fr, is a simple corner of the form (20) with respect to
coordinates (z,z,v) with v = y— 5 > (notations of (17)), with parameters a = 2,
b=7,¢=0,A=3and u = —1 (up to common factors, see (18)).

e At the singularity g5, fr, takes the form (19), which is a simple corner of the form
(20) with respect to coordinates (z,y,x), with parameters a = 4, b =7, ¢ = 2,
A=1and = —1 (up to a common factor Ry4p).

The only singularities not falling in one of the families described in Section 3.1 are ps
and ps. By symmetry (see Remark 2.2), we will only deal with ps, the case of ps being
completely analogous.

On suitable coordinates (u,v, z) centered at ps, the germ fr, takes the form:

(8)
u+ 220(=2u+v —u?) + 22(P® — (1 + u)R)Y1 +u, 14+ v,1) + (24

Jro(u,v,2) = | v+ 22(1 +u)(2u — v+ u? —v?) + 23(Q(4) -1+ U)R(4))(1 +u,1+wv,1)+ <z4>
24+ 2214w+ 2*RY (1 +u, 14 0,1) + (2°)

In this case, the homogeneous part of smallest degree of z72(fy, — id) is linear, with
associated matrix

0 0 «
2 -1 B,
0O 0 0

where a = (P® — R®)(1,1,1) and 8 = (Q¥W — RW)(1,1,1).

The computation of singular directions depend on weather « vanishes or not. In both
cases, vz = [0 : 1 : 0] is a singular direction (associated to the eigenvalue —1), as is
v = [1 : 2 : 0] (with multiplier 0). If o # 0, the generalized eigenspace associated to
the eigenvalue 0 is associated to a Jordan block of size 2. It follows that v3 1 and v3o are
the only singular directions (which are both exceptional). If & = 0, the kernel has rank 2,
which gives a line of degenerate directions, generated by [1 2:0)and [0: 3 : 1].

For simplicity, we will assume that o = P®(1,1,1) — R*¥(1,1,1) # 0.

Blow-up of ps.
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We consider 71 : Xz, — Xr, the blow-up of p3 in X,. We consider the chart in Xz, so
that 71 (x,y, 2) = (zy,y,yz). The lift f1 of fr, is given by:

z —|—y222<x — 92 +y(—3$3 +22—x+ 1) + z(a — Bx) —|—y<y,z>>

fi(z,y,2) = y+y322(— 1422 +y(3z* —x —1) +BZ+y<y,Z>)

z+y223<1—2$+y(2+x_3x2) —Bz+y<y,z>>

This is clearly a simple corner at ps; (which corresponds to the origin in this chart). It is
with respect to coordinates (z,y,x), witha=b=2and c=0, A\ =1 and p = —1.
The point p3 o corresponds in this chart to (%, 0,0). By setting x = % + u, we get

u+y222<—u+%y+(a—%6)z—l—m2>
(27) filu,y,2) = y+y’s? <2u— %y+ﬂz+m2>
z+y2z3<—2u+£y—ﬂz+m2)

This is a spinning corner of the form (24) with respect to the coordinates (u,y,z), with
parameters b = 2, ¢ = 2.

Remark 3.13. Thanks to Remark 3.7, we can perform the change of coordinate z =
ayu + ayy + a.z, where a,, = —1, ay = %, and a, = (a0 — %ﬁ), in order to conjugate the
germ ]71 given by (27) to an analogous germ with the coefficients a, = a, = 0 (coefficients
with a tilde correspond to the new variables). In this case, we get Ey =0,¢y,=1, Ez = 2a

and ¢, = —2a.
We proved the following:

Proposition 3.14. Let f : (C3,0) — (C3),0) be a germ of the form (1) with Ros # 0
and PW(+1,1,1) # +RW(+1,1,1). Let Ty : Xz, — (C3,0) be the regular modification
obtained as the composition Ty = my o Ty © o, where w1 s the blow-up of ps and Ty is the
blow-up of py.

Then the lift fz, of f to Xz, has finitely many singular points, where it is either a simple
corner, a degenerate spike, or a spinning corner.

3.3. Birational study

Here we describe the behaviour of the families introduced in Section 3.1 under point
blow-up.

3.3.1. Simple corners

The situation for simple corners is already known, we summarize here their behaviour
under point blow-up.

Proposition 3.15 ([AT03, Proposition 4.1]). Let f : (C3,0) — (C3,0) be a simple corner,
and denote by f the blow-up of f at 0. Then

(i) 0 is never 2-dicritical;

(ii) the singular directions of f are always simple corners of f

We will need the behavior of simple corners with respect to any admissible blow-up, and
to do so we need to be more explicit on the geometry of the singular directions of a simple
corner.

Proposition 3.16. Let f : (C3,0) — (C3,0) be a simple corner of the form (20), write

R=oax+By+vyz+m? witha =B =0ifc >0. Then we get the following singular
directions:
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p1
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Leo—9 *
Pa2 P41’
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FIGURE 2. Singular points of the saturated infinitesimal generator at Xz .
We have degenerate spikes at p; and p, spinning corners at p3 2, ps2 and
q1, and simple corners at the other marked points.

A—7:0:q] if « and A — v are not both vanishing;
p:0:7] forall[p:r] €PL, ifa=\—v=0;
[0:p—~:08]if B and u—~ are not both vanishing;
0:q:7] forall[g:r] €PL, if B=pu—~y=0;
[0:0:1].

All directions are exceptional, and simple corners.

Proof. The computation of singular directions is straightforward, since it corresponds on
determining the eigenspaces of the linear map represented by

A0 O
0 w O
a B 7

Since we will need this computation later, we verify that the singularities arising are again
simple corners (property we already know from Proposition 3.15), at least for the case of
non-isolated singular directions. B

By working on the z-chart, and developing in formal power series, the lift f of f takes
the form

a;(l + 2925 (A —y —az — By + <Z>)>
(28) F@y.2) = [y(1+amt=(n =7 —ax =By + () |
z(l + 2925 (v + az + By + <Z>)>

where s = a+b+c. At the origin, corresponding to the direction [0 : 0 : 1], we get a simple
corner. If v =0, we get a simple corner again with respect to (z,y, 2); if v # 0, note that,
it (A=7)/v, (u—2)/v € Qsp, then u/\ € Qs0, which is impossible, so we obtain a simple
corner with respect to (z,z,y) or (z,y,x).
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If A =~ and a = 0, we get singularities at all points (xg,0,0). By replacing x = x¢ + u,
we get simple corners of the form (20) with respect to coordinates (y, z,u). The other cases
are analogous and left to the reader. O

We depict the situation in the next diagram. Exceptional directions are depicted in red,
while non-exceptional (degenerate) directions will be depicted in blue (there are none for
simple corners). We also indicate the type of tangent to the identity germ we get at each
characteristic point (in this case, all simple corners). Finally, we indicate the geometry of
singular points in case they come in a family (in this case, with a parameter zy € C).

Dm0 al i (A=) £ (0,0)

Ro
1:0:2)ifA=y=a=0
Ro (C/ Ro
O 0 =+ L (=, 8) # (0,0)
C
\[():ll%:zo] iftpu—vy=p8=0

Ro
[0:0:1]

Remark 3.17. We say that a simple corner is resonant if either A — vy = o = 0 or
u—y = p =0, where we used the notations of Proposition 3.16. Notice that both istances
cannot happen at the same time, since we would have A = p, which is not allowed.

If we are in the first case A —y = a = 0, and we apply to (28) the change of coordinates
(x,y,2) = (2,y,2—x0) =: (2/,9/, 2), then we get a germ of the form (20), with R € (', /).
In particular, the linear part o/z’ + 3y + 'z’ of R satisfies v/ = 0, hence all these simple
corners are not resonant. A similar computation holds in the second case.

Remark 3.18. Suppose C is a formal invariant curve for a simple corner and let p(C) =
(pn) be the increasing sequence of infinitely near points associated to C. By Proposi-
tion 1.27 (and with the notation of Proposition 1.25), we have that p, is a singular direc-
tion for f,_1; by Proposition 3.16, singular directions of a simple corner are again simple
corners and exceptional, i.e. contained in the exceptional divisor. Inductively, we have
that all infinitely near points associated to C' are contained in the exceptional divisor of
the corresponding blow-up, therefore C is contained in the exceptional divisor of the simple
corner.

3.3.2. Degenerate spikes

Lemma 3.19. Let f : (C3,0) — (C3,0) be a degenerate spike of the form (21). Then f
has three singular directions, given by:

o U = [0:0: 1], which is non-exceptional and degenerate;
o Wi = [1:0:0], and wh = [0:1:0], which are exceptional, with multipliers A and
W (seen as singular directions).

Proof. The proof is a direct computation, left to the reader. U

Remark 3.20. For maps of the form (22), we have ¥ = |2 :—% :1| and w} =

by ay
[\/ay : (—1)7\/b; : 0] for j = 1,2 (for some determinations of the square roots of a, and
by).
Proposition 3.21. Let f : (C3,0) — (C3,0) be a degenerate spike of the form (21). Let
7: X — (C3,0) be the blow-up at the origin in C3. For the lift f of f to X, we have that:
o U =1[0:0:1] is a degenerate spike;
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e W =[1:0:0] and Wh=[0:1:0] are simple corners.

The following diagram portrays the situation for degenerate spikes. We recall that
exceptional directions are depicted in red and non-exceptional degenerate directions are
depicted in blue. To help the reader, we also indicate with a subscript the chart in which
we make the computations, i.e., the equation of the exceptional divisor obtained with the
last blow-up.

Ry

Ri Uz
0 o Do
SN W

Proof.
[0:0:1] ) We make computations in the z-chart, so that n(z,y, 2) = (xz,yz, z). For the
lift fof f, we obtain

4+ z2°(Ax+z"1Pom)
1+ z2¢Rom

(29) fl@,y,2)=| y+2(py+2'Qom)
1+ z2¢Rom

z(142°Rom)
By developing in formal power series, we get
T+ 2° ()\x + agp2z + mQ)
f(xayaz) = y+zc(uy+b0022+m2) ’
z+ 2¢Tim
which is again a degenerate spike.
ql :0:0],[0:1: OD We study [1:0: 0], the case [0 : 1 : 0] being obtained by exchanging

the role of x and y. We make computations in the x-chart, so that = (z,y, 2) = (x, zy, xz),
and get

33(1 + $CZC(>\ +z71Po 7T)>

_ y+ a2 (py + Qo)
f(xuyaz): 1+xczc()\+$_lpoﬂ')

1+ 2%°Rom
z
1+ xczc(x\ + 2 1Po 7r)

By developing in formal power series, we get

N x4zt (N + <CL‘>))
f@y,2) = [ y+a2¢((u— Ny +(z)) | >
z—l—a:czc+1(—>\+ (x )

which is a simple corner with respect to coordinates (z, z,y).
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3.3.3. Spinning corners

Proposition 3.22. Let f : (C3,0) — (C3,0) be a spinning corner of the form (23). The
singular directions of f are [1:0:0] (non-degenerate) and the points of the line [0 : p : ¢q|,
with [p : q] € P{ (all degenerate).
Let m: X — (C3,0) be the blow-up at the origin. For the lift f of f to X, we have that:
(i) [1:0:0] is a simple corner;
() [0:1:0] and [0:0: 1] are spinning corners;
(#i) [0: p:q] are half corners for any p,q with pg # 0.

We sum up the situation for spinning corners.

Proof. The list of singular directions is easily obtained by the fact that the homogeneous
xX

part of smallest degree of f — id is given by y?z¢
0

[1:0:0]) We make computations in the z-chart, and we obtain
(1 + z5y® z(1+27'Po 7r)>

_ 1+ 25y2°Qom
f(z,y,2) = yl—i—:nsybzc(l%—m*lPOW) )

1+ 25yP2°Rom

z

14+ asybz¢(1+a~'Pom)
where s = b+ c¢. This gives a simple corner.
GO :0:1),[0:1: OD We study [0: 0 : 1], the case [0 : 1 : 0] being obtained by exchanging
the role of y and z. Making computations in the z-chart, we get
z+yP2*(z+ 2" tPom)

1+yb25Rom

y1+ybzsR07r

z(l +y*2°Ro 7r)
We develop in formal power series, obtaining
(30)
T+t (a: + Z(P(2) — xR(l)) (z,y,1 )
Floy,2) = [+ ((QW = RW) (2, 1) + 2(Q® R<2 )(a:, 1)+ () |
2+ 122 (RO (@,y, 1) + 2RO (0,9,1) + (7))
where for any & € N*, P(¥) denotes the homogeneous part of degree k of P (and analogously

for Q and R).
In particular, f is a spinning corner of the form (24) with respect to coordinates (z,y, 2).
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[0:yp:1]) It remains to study the germ of f at points of the form [0 : yo : 1], with

yo € C*. We write Q = b,z +byy + bz + @', and R = c,x + ¢yy + c.z + R’ with
Q', R' € m®. We center coordinates at [0 : yo : 1] by setting y = yo + v, and from (30) we
get:
(31)

x4 g2 (w4 2P0, o, 1) + (. 2)m)
v (B a(bs — o) + o ((b+ Dyg B+ (0 — ) +2(Q = B) P (0,p0, 1) +m?) |

z+ ybzst? (7 + zeg +v(byy T + ¢y) + 2R (0,90, 1) + m2>

where B = g(yo) =b, — ¢, + yo(by — ¢y) and ¥ = 7(y0) = ¢» + yocy. This is a half corner,
non-simple or simple depending on the vanishing of 3(yo).

O

Remark 3.23. In what follows, we will be interested in the existence of non-simple half
corners, hence in the vanishing of the coefficient 3(yo).Three situations can occur:

e if b, = ¢, and b, = c;, then all half corners are non-simple;

e if exactly one of the two equalities above hold, then all half corners are simple;

e if none of the two equalities above hold, then there exists a unique yy at which f
is non-simple, and all the others produce simple half corners.

Notice that the value of g(yo) has the same formula for spinning corners of the form
(24) with ay = a, = 0 (i.e., where we allow a, to be different from 1).

3.3.4. Half corners

Proposition 3.24. Let f : (C3,0) — (C3,0) be a half corner of the form (25). Its singular
directions are given by:

e [1:0:0], exceptional;
e [0:1:0], exceptional;
e [0:yp:1] for all yo € C, non-exceptional degenerate (when f is non-simple).

Let .]? be the lift of f to the blow-up of the origin in C3. Then

o [ is a simple corner at [1:0: 0],
e [ is a spinning corner at [0:1: 0],
o if f is non-simple, then f is a half corner at [0 : yo : 1] for all yo € C.

Here is a depiction of the situation for half corners.

Ro
[1:0:0],

Ro
0 0:1:0],
C
R
\[O : y03: 1], if =0

Proof. The list of singular directions is easily obtained by the fact that the homogeneous
x

part of smallest degree of f —id is given by 2¢ | 8z
0
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[1:0:0]) We make computations in the z-chart, and get
z(1+z°°(1+ a2 1Pom))

N y+ a2t (B+ Qo)
f@y,2) =] 1+ac2¢(l+z1Pom)

1+ xctlctlpon
1+ x¢z¢(l14+a~tPom)

Since 22 | P o, by direct computation we get

B T+ xc+1zc(1 4 m))
f(z,y,2) = y +a“z°m )
which is a simple corner with respect to coordinates (z, z, y).
[0:1:0]) In the y-chart, we get

z+y2(z+y tPom)
L+ y2t (B + Qo)
fx,y,2) = [y +ye=t B+ Qo))

1 + yc+1ZC+1R o
Ty (B Qo)
By developing in formal power series, we get

z + y°z°(z + agoy + m?)
(32) fley,2) = | y+y 2228+ (y2) |,
z+ Y2t (= Bz + (yz))
and ]?is a spinning corner at [0 : 1 : 0].
[0:yo:1]) Finally, suppose § = 0. By doing computation in the z-chart we get

z+z2¢(x+2"1Por)
14+ ztlRom

fla,y,2) = YtzQom
14+ 2zt lRonm
z(l +ZC+1Ro7r)

Write Q = b,x + byy + b2 + Q' and R =y + ¢y + ¢y + ¢,z + R/, with @', R’ € m? and
expand f in formal power series:

2+ 2%(z + 2PP(0,y,1) + 2(z, 2))
f($, Y, Z) =|ly+ ZC+1 (bz + (by — '}/)y + bmw + Z(Q(2) (07 Y, 1) —CY — nyZ) + Z<.Z', Z))
2+ 282 (y + 2(e + ) + 2(,2))

We develop at the direction [0 : yo : 1] for some yg € C, by setting y = yo + v, and we get
(33)
z + 2¢(z + 2P@(0, yo, 1) + 2m)

v+ zott (bz + (by — Y)yo + bz + (by — 7)v + z(Q(Q)(O, Yo, 1) — czy0 — cyyd) + zm)

z + 262 (’y + z(c. + cyyo) + zm)
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By Remark 3.10, fvis again a half corner, non-simple or simple according to the vanishing
of B(yo) = bz + (by — 7)Yo-
O

4. BLOW-UP OF SINGULAR CURVES

We study here the behaviour of the families introduced in the previous two sections
when blowing-up curves contained in the singular locus S; of fr the lift of f at a model
Xr (i.e., the singular locus of its saturated infinitesimal generator).

4.1. Patterns

We start by describing the structure of S; when 7 is a point modification (adapted to
f) dominating X ,. To do so we will use the following terminology.

Definition 4.1. A (rational) pattern is a triple (X, C, f), where X is a smooth 3-fold, C is
a smooth compact rational curve inside X, and f : (X,C) — (X, C) is a holomorphic germ
at C, fixing C pointwise, and defining tangent to the identity germs at p for any p € C.
Moreover, if x is the saturated infinitesimal generator of f, we impose that its singular set
S contains C. The curve C' is called the core of the pattern.

If G is a family of tangent to the identity germs, we say that a pattern (X, C, f) is of
type G (or a G-pattern) if the germ of f at p belongs to G for all but finitely many p € C.
Any such point p is called a generic point of the pattern, while any point at which the
germ of f does not belong to G is called a special point. The generic locus of the pattern
is the set of generic points of C', while the special locus is its complement.

If we need to express the fact that special points of a G-pattern belong to some classes
S, we will talk about S-G-patterns. A G-G-pattern is a G-pattern without special points.

Remark 4.2. One should think of patterns as germs of dynamical systems on germs of
3-dimensional manifolds around the core. These could be also described in more algebraic
geometrical terms (by using formal schemes for example).

Proposition 4.3. Let f : (C3,0) — (C3,0) be a germ of the form (1) satisfying the
conditions of Proposition 3.14. Let 7 : Xx — (C3,0) be any point modification adapted to
f and dominating Xr,. Let S; be the singular set of the saturated infinitesimal generator
X of the lift fr of f at X,. Then any positive-dimensional irreducible component C; of
Sy is a rational curve, and (X, Cr, fr) is either a Ry-Ry-pattern or a Ro-Rs-pattern.

Proof. By Proposition 3.14, the model X, has finitely many singularities, which are either
simple corners, degenerate spikes or spinning corners.

By blowing-up points over such families, we either stay in such families, or we obtain half
corners. Non-isolated singularities may arise only when blowing-up simple corners (and in
this case we get Ro-Ro-patterns), or spinning corners and half corners (and in both cases
we get Ro-Ra-patterns). To conclude, we need to control the strict transform of the cores
C of such patterns, when blowing-up points p in the core.

Since the singularities above simple corners are themselves simple corners, when we
blow-up points in the core of Ro-Rg-patterns we still get Ro-Ro-patterns.

For the case of Rs-patterns, we need to determine the equations of the core C at any
point p € C with respect to the local coordinates at p used to describe spinning corners
and half corners.

It is easy to check that for Ro-Rs-patterns coming from the blow-up of either a spinning
corner or a half corner, the core is given by C' = {z = z = 0} (both at the special points
where we have spinning corners, or at generic points where we have half corners), see
Proposition 3.22 and Proposition 3.24.

If we blow-up any point p € C, the strict transform C of C intersects the exceptional
divisor necessarily at the spinning corner at p = [0 : 1 : 0], and it is locally given by

C={z=y=0}
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This situation is stable by further blow-ups, and we are done. O
We now study the behaviour of these patterns under blow-up of their cores.

4.2. Blow-up of Rg-Ry-patterns

Lemma 4.4. Let (X,C, f) be a Ry-Ro-pattern given by Proposition 4.3. Then for point
p € C there exists local coordinates (x,y,z) at p so that C = {x =y = 0} and f is of the
form (20), with R € (z,y).

Proof. From Proposition 4.3 Rg-patterns arise when blowing up simple corners, and a
direct computation shows that locally f can be written as in (20) with C' = {z =y = 0}.
Imposing that points in C are singular for f imply that R vanishes at all points in C', which
is equivalent to asking R € (x,y). O

Proposition 4.5. Let (X,C, f) be a Ro-Ry-pattern given by Proposition 4.3, and let 7 :
X — (X, C) be the blow-up of C. Denote by BE=m" L(C) the exceptional divisor, and by S
the set of singularities of the lift f of f at X. Then ENS consists of exactly two sections
Co and Coo of m|lg : E — C, not intersecting each-other. Finally, fort =0 and t = oo,
(X Ct, f) defines a Ro-Rg-pattern, satisfying the same conditions as in Lemma 4.4.

Proof. To study the fiber above p, we have to consider two charts of X, where in local
coordinates 7 acts respectively as w(z,y, 2) = (z,zy, z), and 7(x,y, 2) = (zy,y, 2).
In the first case, f takes the form

_ (a+bbc) ()\+<x Z>)
(34) flz,y,2) = y+ 20 Tbyb2) (M A+ (z,2) |,
z + (2 Fy’2¢) ()

where the rest in the latter coordinate belongs to (zz) whenever ¢ > 0. We study (34) at
points (0, yo,0) with yo € C.

At yo = 0, we have a singular point and we clearly get a simple corner with the wanted
properties. When yg # 0, we get a regular point, since u — A # 0.

The computations on the second chart are completely analogous, and left to the reader.
We get another simple corner at the point associated to the direction [0 : 1]. O

4.3. Blow-up of Ry-Rs-patterns

Lemma 4.6. Let (X,C, f) be a Ra-Rs-pattern given by Proposition 4.3. For any point
p € C, there are coordinates (x,y, z) so that C = {x = z =0}, p = (0,90,0) and f has the
form:

x +ybz¢(z + P)
(35) flay,z)= | y+yPzt'Q |,
with ¢ > 1 and P € (z). Moreover either B—1=b2>1, orb= B =0.

Proof. From Proposition 4.3, Rs-patterns arise when blowing up spinning corners and
(non-simple) half corners. A direct computation shows that there one can find coordinates
(x,y, z) at p so that f is of the form (23) or (25), and C = {x =2 =0}, 0or C = {z =y = 0}
for spinning corners. Being (23) symmetric on y, z, we may assume we are in the first case.
The statement follows from rewriting (31) of Proposition 3.22 under the form (35), and
from (33) of Proposition 3.24. O

Proposition 4.7. Let (X,C, f) be a Rs- R3-pattern given by Proposition 4.3, and let 7 :
X - (X, C) be the blow-up of C. Denote by E=m" Y(CO) the exceptional divisor, and by S
the set of singularities of the lift f of f at X. Then EN S consists of exactly two sections
Co and Cso of m|g : E — C, not intersecting each other. Finally,

° ()Z, CN'OO, f) defines a Ro-Ro-pattern, satisfying the same conditions as in Lemma 4.4;
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. ()A(:, Co, f) defines a Ra-Rs-pattern, admitting local coordinates of the form (35).

Proof. Let p € C be any point in the core, and pick (z,y,z) local coordinates so that
f is written as in (35). We write P = z(a(y) + (z,2)). To study the fiber above p,
we have to consider two charts of X, where in local coordinates m acts respectively as
(x,y,2) = (z,y,22), and w(z,y, z) = (x2,y, 2).

In the first case, f takes the form

N a:(l + 22 (1 + za(y) + <$z>))
(36) flx,y,2) = y+aztyPtQon
z(l + 2’2 — 1 — za(y) + (wz)))

The singular points if f in the exceptional divisor E = {z = 0} are of the form (0, yo, o)
with zo(1 + zoa(yo)) = 0.

When yq varies, the closure of points zp = 0 define a rational curve Cy. From (36) we
deduce that ()Nf , Coo, ]7) is a Rg-Rg-pattern satisfying the conditions of Lemma 4.4.

To study the points satisfying zpa(yo) = —1, we work on the second chart. We get

. vy (e +aly) +(2))
(37) flx,y,2) = y+szc+1Qo7r
2+ yP2T2Ron

In this chart, the singularities in E = {z = 0} have the form ¢y = (=g, y0,0) with
xog = —a(yp). These points form a rational curve Cj not intersecting C, for which
()N( , Co, f) is a Rg-Rs-pattern. More precisely, f is a spinning corner at gy exactly when
yo =0 and b > 1, i.e., if and only if f is a spinning corner at p.

By the change of coordinates (z,y,z) — (z + a(y),y, 2), we get an expression of the
form (35). O

We sum up the study of blow ups of singular points and patterns in Figure 3.

4.4. Proof of Theorem A

Let f: (C3,0) — (C3,0) be a generic germ of the form (1) (i.e., with parameters P, Q, R
satisfying the conditions of Proposition 3.14).

Any regular modification 7 : X; — (C3,0) adapted to f and dominating 7 is either a
point modification, or it dominates 7y given by Proposition 3.14.

By Proposition 4.3, in the first case the only patterns that appear are Rg-Rg-patterns
or Ro-Ra-patterns. In the second case, patterns may appear from regular modifications
adapted to the dynamics above simple corners or spinning corners, which are again Rg-
Ro-patterns or Ro-Rs-patterns. By Proposition 4.5 and Proposition 4.7, no new patterns
arise when blowing-up cores these two type of patters, and similarly the blow-up of points
doesn’t provide new type of special points in a pattern. Hence for any such modification
7, we have only simple corners, degenerate spikes, spinning corners and half corners, which
admit no non-exceptional non-degenerate singular directions.

5. INVARIANT CURVES AND PARABOLIC MANIFOLDS
5.1. Invariant curves

5.1.1. Degenerate spikes

Proposition 5.1. Let f : (C3,0) — (C3,0) be a degenerate spike of the form (21). Then
there exists a unique f-invariant formal curve C' not contained in E := {z = 0}. Moreover,
C is smooth and transverse to E.

Proof. By Proposition 3.21 (see also Figure 3), there exists a unique sequence of infinitely
near points p consisting of singular points for the lifts of f. By Proposition 1.25, these
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FiGURE 3. Blow-up of special families and patterns.

points induce a formal invariant curve C}, which is f-invariant, smooth and transverse to
E.

Let now C be a formal f-invariant curve. Since curves are resolved by point blow-ups,
there exists a point modification 7 : X; — (C3,0) so that the curve C' lifts to C, which
is smooth and transverse to the exceptional divisor F, of w. Denote by f; the lift of f at
Xr.

Then C; must intersect F, transversely at a point p, and f, must be a degenerate spike
at p. In fact, by Theorem 1.29 f,. admits a parabolic manifold tangent to Cj, and by
Corollary 1.21 we deduce that p must be a singular point for f;. Since, by Remark 3.18,
simple corners don’t admit formal invariant curves (not lying in the exceptional divisor),
we must have that p is a degenerate spike.

Since there is a unique sequence q of infinitely near points consisting of singular points
and satisfying the conditions of Proposition 1.23 above a degenerate spike, we deduce that
Cr = Cy, and by projecting down, we get C' = C,,. O

5.1.2. Half corners

Proposition 5.2. Let f : (C3,0) — (C3,0) be a half corner of the form (25). Write
Q=bx+by+b.2+Q, R=v+R withQ €m? and R € m. Set E = {z =0}.

o If B # 0 (i.e., the half corner is simple), then f does not admit any formal f-
tnvariant curve transverse to F.
o If =0 (i.e., the half corner is non-simple), and

then f admits a unique smooth f-invariant formal curve C transverse to E.
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Proof. Let us write f under the following form:

x+ 2°(x + P)

(39) f@,y,2)=|y+ 2" (B+Q)
2+ 2°T2R

with P =37+, Fag(y) + (zz).
Step 1) We want to show that up to formal conjugacy, we can suppose that ax = 0 for

all k, hence P € (xz).

When k£ = 1, the condition a; = 0 corresponds to having that the Ro-R3-pattern obtained
after blowing-up {x = z = 0} has core which corresponds to the intersection of the strict
transform of {x = 0} and the exceptional divisor.

Using (37) and arguing by induction, having a; = ... = ax = 0 corresponds to the
analogous statement for the iterated blow-up h-times, h = 1,...,7, of the cores of the
Ro — R3-patterns we meet at each step. We set Xo = C3 (as a germ at the origin), and X},
to be the blow-up of X;_; along {z = z = 0}. Since a change of coordinates of the form
2’ = x4 a(y) in X}, corresponds to a change of coordinates of the form 2’ = x + zFa(y), in
X, these change of coordinates converge to a formal change of coordinates 2’ = z+ A(y, 2).

By Step 1, we may assume P € (xz). This corresponds to having the surface
S = {x = 0} invariant by f.

Let C be an f-invariant curve. If 5 # 0, the only singular directions are [1: 0 : 0] and
[0:1:0], which are exceptional. By Proposition 1.27, C' must be tangent to one of these
directions, hence it cannot be transverse to E.

Suppose now that § = 0 and C' is transverse to E. Then, again by Proposition 1.27, C
must be tangent to a direction of the form [0 : y; : 1] for some y; € C. Let w1 : X3 — (C3,0)
be the blow-up of the origin pp = 0, and let p; be the point corresponding to [0 : y; : 1].
By computing the lift fr, of f with respect to the z-chart, we get another half corner of
the form

z+ 2°(z + (zz2))
(40) fri(2,y,2) = | y+ 2T (0o 4 (by — )y + bez + (2))
z+ 272 (y + (2))

The germ fr, cannot be simple at p;, as the strict transform of C' cannot be tangent to
the strict transform of E, which is again given by {z = 0} in these coordinates. Hence we
must have b, + (by —v)y1 = 0.

By induction, we infer that C' must be contained in S = {z = 0}.

Let p, be the sequence of infinitely near points associated to C', and let
7n : Xy — (C3,0) be the blow-up of the points py, . ..,pn_1. The lift fr of f at p, € X,
(with computations done always in the z-chart) is a half corner of the form (40), with
second coordinate given by

y+ 2L (B + (by — ny)y + (2, 2)),

for some bé”) € C. In particular, if b, ¢ yN*, then there exists a unique y, € C so that

bi") + (by — ny)yn = 0. We deduce in this case the uniqueness of the f-invariant curve
transverse to F. Il

Remark 5.3. Some of the steps in the proof of Proposition 5.2 can be replaced by alter-
native arguments. For example, Step 3 can be replaced by studying directly the action of
g=fls:S — S, and its saturated infinitesimal generator f . In fact, f has a singularity at
the origin if and only if 5 = 0 and in this case its linear part is (byy + b,2)0y + 720,. As
long as b, and ~y do not both vanish, we get a log-canonical singularity. When b, ¢ vQ,
the singularity is in fact canonical, and we have exactly two complex separatrices: one
given by ENS, and the other transverse to E in S. The case b, € v(Qs¢ \ N*) can be also
treated explicitly using normal forms for 2-dimensional vector fields.
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The existence of formal invariant curves for non-simple half corners can be deduced
directly from Proposition 3.24. In fact, the computations made in the proof, show that
when blowing-up such a germ, we obtain half corners with parameters

Byo) = bz + by = Myo,  by=b,—v,  F=17,
where yg € C. In particular, as long as b, € YN*, we may construct an increasing sequence
of infinitely near points which are non-simple half corners, which identify a formal invariant
curve by Proposition 1.25.
One can also replace Step 3 of Proposition 5.2 by a direct computation, following the
techniques developed in [Rugl2, Rugl3, Rugl5]. This would correspond to parametrize a
curve C' transverse to E inside S as (0,7(¢),t¢) for some e > 1 and formal power series

G =2 n>1Ynt" € C[t]. We then impose the invariance condition

(41) yo FO,5(0),t) = (20 F0,5(0),£)" ),

and solve this equation by expanding everything in formal power series on t.
When  # 0, the contradiction to the existence is obtained by checking (41) at order
e(c+1). When =0, for e =1 and for any n > ¢+ 1, (41) contains a term of the form

(by + (n—c—1)y)yp—c—1 =1o0.t.,

where L. 0.t. is a polynomial expression depending on y,, for h < n—c—1. We deduce from
this the existence and uniqueness of § solution of (41).

5.1.3. Spinning corners

In the following result, we say that an irreducible curve C' is transverse to E = {yz = 0}
if the strict transforms of £ and C' do not intersect on the exceptional divisor of the blow-
up of the origin. Notice that this definition does not coincide with the common definition
of transversality when C' is singular.

Corollary 5.4. Let f : (C3,0) — (C3,0) be a spinning corner of the form (23). Write
Q = bz + by + bz +m?, and R = ¢,z + cyy + ¢,z + m?. Set E = {yz = 0}.
o Ifb, = cy and b, = c., and they are not all vanishing, then there exists infinitely
many f-invariant formal smooth curves transverse to E.

o Ifby #cy and b, # c., and
(42) (cz = b2)(by — ¢y) & (bycz — bacy)NT,

then there exists a unique formal f-invariant curve smooth and transverse to E.
o If exactly one of the two equalities b, = c, and b, = c, is satisfied, then there are
no formal f-invariant curves transverse to E.

Proof. Consider the blow-up of the origin. From Proposition 3.22, the points p(yg) corre-
sponding to the directions [0 : yp : 1] for yop € C* have a non-simple half corner when
satisfies b, — ¢, + yo(by — ¢y) = 0. The parameters of the half corner are given (up to a
factor y3) by:

by = yﬂ(by - Cy) =cy — by, ¥ =c;+ YoCy,
see (31).

e If b, = ¢y and b, = c;, then pg is a non-simple half corner for all values of yo € C*,
with parameters Zy =0and 7y = ¢, +yocy. Aslong as we do not have ¢, = c, =0,
then for all yg but at most one special value, the corresponding non-simple half
corner at p(yo) satisfies the non-resonance condition (38), and there exists a unique
invariant curve at p(yp) and transverse to the exceptional divisor.

o If b, # ¢, and b, # c., the only non-simple half corner is obtained at p(yo) with

Cz — Uy

. In this case, we have ¥ =

i — — , where § = byc, — cb,.
y — Cy y — Cy

Yo
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If 5 =0, being Zy # 0, the condition (38) is satisfied. If 6 # 0, then the condition
(38) gives exactly (42).

e If exactly one of the two equalities b, = ¢, and b, = ¢, is satisfied, then p(yo) is a
simple half corner for all o € C*. By Proposition 5.2, we have no invariant formal
curves transverse to the exceptional divisor, and hence no f-invariant formal curves
transverse to F.

g

Remark 5.5. Corollary 5.4 does not deal with the existence of formal invariant curves
that may be tangent to the exceptional divisor.

Given a spinning corner in the form (23), and using the notations of Corollary 5.4, we
set A = (b b >

Cy C:

Without further mention, germs or patterns that we blow-up will be considered in the
special coordinates used to obtain Figure 3.

Spinning corners may arise either blowing-up other spinning corners, at the point asso-

ciated to [0: 1: 0] and [0: 0 : 1]; or by blowing-up a half corner, at the point associated to
[0:1:0]. Finally they are also obtained by blowing-up the core of a Rp-Rs-pattern.

’ From spinning corners ‘ Assume f is a spinning corner, and consider the lift fNWith respect

to the blow-up of the origin, at the point associated to [0 : 0 : 1]. At this point, fis a

spinning corner, with associated matrix A= <8 b. c_ © ) We can apply Corollary 5.4,
z
and deduce that if b, # 2c;, there are no invariant curves transverse to the exceptional
divisor for f, while if b, = 2¢, # 0, then there exists infinitely many invariant curves.
By repeating this argument, we get infinitely many invariant curves as long as b, /c, € N*,
or ¢, /b, € N* (this last condition is obtained by exchanging the role of y and z and studying
the direction [0:1:0]).

’From half corners‘ We need to study the direction [0 : 1 : 0]. In this case, we get A=

0 -8
to the exceptional divisor exists. For non-simple half corners, we have § = 0, and the
existence of invariant curves depend on the terms of higher degrees of f.

’ From Rg-Rs-patterns | In this case, it is easy to check from (37) that the spinning corner

0 . . .
< p . Hence, for simple half corners, we have 8 # 0, and no invariant curve transverse

f above a spinning corner of the core of the pattern satisfies A= A, and we can apply
directly Corollary 5.4.

One can also use formal computation techniques (see Remark 5.3), which show again
how the existence of invariant curves may depend on the higher order terms of P, Q, R.

5.2. Parabolic manifolds

In this section we describe how to get Ramis-Sibuya normal forms from the special
classes of tangent to the identity germs introduced in the previous sections, and apply
Theorem 1.33 in order to obtain parabolic manifolds attached to such germs.

5.2.1. Degenerate spikes

We start from degenerate spikes, for which we are able to describe explicitly the algorithm
that brings them into Ramis-Sibuya normal form.

Lemma 5.6. Let f : (C3,0) — (C3,0) be a degenerate spike. Then f is formally conjugated
to a germ of the form

w42 (Ae(1+ Po2) + {a))

(43) f@y.2) = | y+ 2 (uy(l +Qo(2) + (zy))
2z 4+ ZC+1m



38 S. Mongodi, M. Ruggiero

Proof. Firstly, we may assume that f is on the form (21).
The saturated infinitesimal generator x; takes the form

L= Az +p(2,9,2) 0 + (ny + q(z,y,2)) 0y + 2r(2, y,2)0:,

where p, ¢ € m? and r € m.

We recall that any vector field can be conjugated to a vector field in Poincaré-Dulac
normal form, where only resonant monomials are allowed in the formal power expansion
of the coefficients of the vector field (see, e.g., [[Y08, Chapter 1.4]). In our case, resonant
monomials for the first, second and third coordinates respectively, are of the form zT 1y 2*,

xiyI 2R and xiyd 2* respectively, where \i 4+ pj = 0.

When p/A € C\ Q, we get i« = j = 0, while k ranges among positive integers. When
uw/A=—n/m € Qo (assume m and n coprime), we get that ¢ = hn and j = hm for some
h € N*.

Since n, m > 1, the Poincaré-Dulac normal forms can be written as

Az (14 po(2) + (zy)) 0 + py (1 + qo(2) + (zy)) 0y + (ro(2) + (zy))0:,

where pg, qo, 7o are suitable formal power series vanishing at 0.

In general, the change of coordinates that puts Xy in its Poincaré-Dulac normal form
could move the exceptional divisor {z = 0}; in this particular case, however, we content
ourselves with putting f into a slightly less precise form with a change of coordinates
adapted to the exceptional divisor. Let us consider a change of coordinates of the form
O(x,y,2) = (z+ ¢(z,y,2),y + ¥(x,9, 2), 2) with ¢, € m?; by suitably choosing ¢, ¥, we
conjugate Xy to a vector field of the form

(44) X = Az (L4 po(2) +D(w,y, 2)) 0 + py (1 + qo(2) + 4(x,y,2)) 0y + (27(2,y, 2)) -,
with pp and go are as above, p,q € (xy), and 7 € m.

Since the exceptional divisor {z = 0} is invariant by ®, if we conjugate f by ®, we
obtain a tangent to the identity germ f of the form (43), whose associated vector field will
be Xf= z°X. O

Remark 5.7. When f has the form (43) then the unique formal invariant curve given by
Proposition 5.1 is given by C' = {z = y = 0}.

Notice that by replacing ® by its truncation at order N in the proof of Lemma 5.6, we
may assume that a degenerate spike germ f is analytically conjugated to a map of the
form (43) up to terms in m™, for M large enough. In this case we may assume that C' is
arbitrarily tangent to the z-axis.

Since Ramis-Sibuya normal forms depend only on the truncation at a suitable high order
of a given germ, there is no loss of generality in working with germs up to formal conjugacy.

Proposition 5.8. Let f: (C3,0) — (C3,0) be a degenerate spike and let C be the unique
f-invariant formal curve given by Proposition 5.1. Suppose that C' is not pointwise fized
by f.

For any n € N*, consider 7, : X,, — (C3,0) the point modification, obtained recursively
starting by m the blow-up of po = 0, and m, obtained from m,—1 by blowing-up the point
Pp—1 = W;El(O) N Cp—1, where Cp,_1 is the strict transform of C by m,_1.

Denote by f, the lift of f at X,,, as a germ at p,. Then forn > 0, and up to an analytic
change of coordinates, the pair (fn,Cy) is in Ramis-Sibuya normal form.

Proof. By Lemma 5.6, we may assume that C = {z = y = 0}, and f is of the form (43).
We can write the third coordinate of f as

zof=rz+2MR =2+ 2 (h(2) + (z,v)).

Notice that f|c(z) = z+2°T1h(2): up to a polynomial change of coordinates in the variable
z, we may assume that

(45) h(z) — _Ze + BZC+26 + <Zc+26+1>7
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with e = ordg(h). Notice that performing this change of coordinates changes the values of
A and p, but their ratio stays invariant (see Remark 5.9).

The blow-ups 7, can be computed with respect to the z-chart, and the point p,, corre-
sponds to the origin in this chart. By direct computation we get

4+ 2°(2(A + Ro(2) + 2" (xy)))

(1+zc(h )+ 2" (z,y ))

(46) fulw,y,2) = | ¥+ 2 (Wl Qo(2)) + 2" (aw))

(l—i-zc(h + 2"z, y) ))

z(l—i-zc(h(z) —i—z”(m,y)))

Set r =c+e > c+ 1, and take n > ¢ + 2e. Then (46) can be rewritten as
z(1+ 2N+ Po(2)) +nz")) + (2"1)

(47) fa(@,y,2) = [ y(1+ 2(n+ Qo(2)) + n2")) + (=" ) |,

5 Zr-i—l 4 BZ2T+1 + <Z2r+2>

which is on the form (2). O

Remark 5.9. When we change coordinates to obtain (45), the values of A and u are
replaced by Ahe " and phe /", where h(z) = hez® + (2671).
Suppose we have a degenerate spike of the form

x + z%(z,y, z)

(48) flx,y,2) = | y+2%(w,y,2) |,
z+ ZC+1R(.T, Y, 2)

and we want to put it under the form used in the computations of Proposition 5.8. This
boils down to first put the linear part of (a,b) (evaluated in z = 0) in diagonal form, and
then perform a change of coordinates x — z + a(z) and y — y + [(2) for suitable formal
power series «, 5 € zC[z]. In particular, if we need to know the action of f|o (where C is
the unique formal f-invariant curve transverse to {z = 0}) up to order ¢+ 1 + e, we only
need to know the values of o and 8 up to order e.

By Theorem 1.33, we can describe easily the parabolic manifolds attached to a degenerate
spike f. The situation is particularly simple when the multiplicity r + 1 of (f — id)|¢ at
the origin is minimal, case that covers the study above the points p; and ps in the proof
of Theorem B.

Corollary 5.10. Let f : (C3,0) — (C3,0) be a degenerate spike (of Siegel type) of the form
(21), and let C be the unique f-invariant formal curve given by Proposition 5.1. Suppose
that C is not pointwise fixed by f, and let v + 1 be the multiplicity of (f — id)|c at the
origin.

Then f admits r parabolic domains Ay. When e := r — ¢ = 1, these parabolic domains
have dimension 1 or 2.

Proof. This is a direct consequence of Proposition 5.8 and Theorem 1.33. In particular,
when writing (47) under the form (2) when e = 1, we get the values d; (z) = A\z¢ and da(z) =
pz¢. Being A/ =: —n € R, we deduce that the vectors R;(£) and R2(&) associated to the
attracting direction £ for the Ramis-Sibuya normal form (3) satisfy R;(§) + nR2(§) = 0.
Hence either R;(§) = 0 for j = 1,2, and in this case £ is a saddle direction for both
coordinates, and the dimension of the associated parabolic manifold is 1, or R;(&) # 0, and
in this case £ is a node direction for exactly one of the two coordinates, and the associated
parabolic manifold has dimension 2. O



40 S. Mongodi, M. Ruggiero

5.2.2. Half corners

For half corners, describing the explicit reduction to Ramis-Sibuya normal forms is more
involved. We describe here the situation where the multiplicity r 4+ 1 of (f — id)|c at the
origin is minimal. This case corresponds exactly to non-simple half corners of the form (25)
with «v # 0, and it covers the study above the points ps and p4 in the proof of Theorem B.

Proposition 5.11. Let f : (C3,0) — (C3,0) be a non-simple half corner of the form (25),
with v # 0. Suppose that f admits a f-invariant smooth formal curve C transverse to
{z =0}.

For any n € N*, consider 7, : X,, — (C3,0) the point modification, obtained recursively
starting by w1 the blow-up of po = 0, and m, obtained from m,_1 by blowing-up the point
Pp_1 = 775}1(0) N Cph_1, where Cp,_1 1is the strict transform of C by mp_1.

Denote by f, the lift of f at X,,, as a germ at p,. Then forn > 0, and up to an analytic
change of coordinates, the pair (fn,Cy) is in Ramis-Sibuya normal form.

Proof. Up to a formal change of coordinates, we may assume that C' = {z = y = 0}, and
f is of the form (25) with P € (z,y)m and Q € (z,y). We can write the third coordinate
of f as
zof=z+2"R=z+2"(h(2) + (2,9)),
with h(0) =~ #0
Notice that f|c(z) = 2z + 2t2h(2): up to a polynomial change of coordinates in the
variable z, we may assume that

(49) h(z) = =1+ Bz 4 (2°72),

which is compatible with the third coordinate of (2) when we set » = ¢+ 1. In this case,
the first coordinate of f becomes = + z°(a‘x + (z,y)m), where o’ = 1/~v. To sum up, we
can write f in the form:

x + 2°(afr + aj0122 + apr1yz + t)
(50) fley,2) = y+ 2 (bex + byy + (z,y)m) |,
2+ 22 (h(2) + (2,9))

for suitable aio1, ao11, bz, by € C, and we set v = (z,y)((z, y, 2%)).
The blow-ups 7, can be computed with respect to the z-chart, and the point p,, corre-
sponds to the origin in this chart. By direct computation we get

z + 2°(a“z + a1z + aon1yz + 22 (z, )
(1 + 2t (h(z) + 2"(x, y>))n
(51) fulz,y, 2) = Y+ 2T (b + byy + 2(z,y))
(1 4 zetl (h(z) + 2"z, y>))n
z(l + 2T (h(2) + 2"(x, y>)>
Take n > ¢+ 1. Then (51) can be rewritten as
x(l + (@z)¢ + (a101 + n)zc+1) + aor1yz“Tt + (2612)

(52) falz,y,2) = y(1+ (by +n)2tt) + bpzzctt + (2°42) :

5 — pCt2 + 5Z2c+3 + <ZZC+4>
which is on the form (2) with » = ¢+ 1, di(z) = (az)¢ and d2(z) = 0, as long as api1 =
by = 0.
We claim that this last property can be achieved by performing a change of coordinates
(before blowing up) of the form ®(z,y, 2) = (z + \yz,y + pxz, z). Its inverse is given by

1 (= Ayz oy —pwz
q) (x>y7z)_<1_)\ﬂ2271_AM2272>'
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If f is of the form (50), then we get

T+ Myz + 2°(az + a3z + (ao11 + a°A)yz + ¢)
dlofod(z,y,z) =" Y+ pzz + 2T (byx + byy + (z,y)m)
2+ 2P (h(2) + (2,9))

z — Apz2?® + 2¢(a’z + aimzz + (ao11 + aA)yz + t)
1 — Apz?(1+ (2¢t1))
= y — Ayz? 4 2T ((by — pat)z + byy + (z,y)m)
1 — Auz?(1+ (zethy)
2+ 2T2(h(z) + (z,y))
x4+ 2¢ (acx + a1z + (a1 + aN)yz + t)
= | y+ 2 ((by — pa®)z + byy + (x,y)m)
2+ 272 (h(2) + (2,y))

It suffices to set A = —a™“ap11 and pu = o “b,. O

Corollary 5.12. Let f : (C3,0) — (C3,0) be a non-simple half corner satisfying the same
hypotheses of Proposition 5.11.
Then f admits r = ¢+ 1 parabolic manifolds Ay, which are of dimension 1 or 2.

Proof. By Proposition 5.8, we may assume up to point blow-ups that f is in the Ramis-
Sibuya normal form (52). Denote by R; and Ra the invariants associated to the Ramis-
Sibuya normal form given by (3). Let £ = e2™k/" be a r-th root of unity. Since do = 0, then
Ry = 0, and all directions are a saddle in the second coordinate. For the first coordinate,
we get a node or a saddle depending on the sign of the real part of a®¢. We conclude by
Theorem 1.33. g

5.3. Proof of Theorem B

Here we apply the results of the previous sections to our example (1). From Proposi-
tion 3.14, we get a model with 11 singularities. Among those, we get two degenerate spikes
at p1 and ps, and three spinning corners at p3 2, p42 and g;. The others are simple corners
and do not give rise to parabolic manifolds, see [AT03].

At py the lift of f takes the form (6), which is a degenerate spike. To compute the

parameters appearing in Proposition 5.8 and Corollary 5.10, we need some further change
of coordinates (see Remark 5.9).
After performing the change of coordinates 2’ = x +y, vy = x — y, we get

a' + 22(— 2" + (Pooa + Qoos)z + m?)

(53) fil@', v, 2) =] v+ 22y + (Pooa — Qooa)z + m?)

2+ 23(— 32’ — 3y + 2Roos + m?)
After the change of coordinates 2"/ = 2’ — (Pyos + Qoo4)z, ¥ = v + (Pooa — Qoosa)z we
finally get

g’ + 22— 2" +m?)
(54) h"y" 2) = '+ 22y +m?)
2+ 2% (= 32" = 3y + 2(Rooa — Qooa) + m?)

The change of coordinates provided by Lemma 5.6, that reduces f; to the form (43), leaves
the linear part of z73(z o (f; — id)) invariant. We deduce from Corollary 5.10 that, if
Roos # Qoo4, the parameters of Proposition 5.8 are c=2,e=1,and weget r=c+e =3
parabolic manifolds attached to p;.
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Here A = —1, u =1, he = Roosa — Qoos, and by a direct check we get that all parabolic
manifolds have dimension 2, unless h? € iR, in which case one of the three parabolic
manifolds has dimension 1, while the others have dimension 2.

For the degenerate spike at ps, computations are similar and left to the reader.
In this case we get again ¢ = 2, e = 1, and r = 3 parabolic manifolds whenever h, :=
R®(0,1,1) # 0. They are all of dimension 2, unless h2 € R, where one of the three
parabolic manifolds has dimension 1.

At the point pso we have a spinning corner of the form (27). According to

Remark 3.13, after a suitable change of coordinates we get the form
x+y222<—m+m2)
fl(fc,y,z) =|y+ y322< — 2z 4 20z +m2>

z —|—y2z3<2x +y— 2az—|—m2>

In particular, the parameters of Corollary 5.4 are given by b, — ¢y, = —1, c; — b, = —4a,
and § = byc, — cyb, = =20

The ratio (by — ¢y)(cz — b,)/6 of (42) equals —2, which is not a positive integer, hence
the conditions of Corollary 5.4 are satisfied, and there exists a unique formal f-invariant
curve smooth and transverse to the exceptional divisor.

If we blow-up the origin via the map 7(z,y,2) = (vz,yz, z), we get the lift

x+y224(—w—|—(z>>
fo= |y + 9225 (—da—y+da+ ()
z+y2z6<2x+y—2a+<z>)

At the point yg = 4a we get a non-simple half corner, with parameters ¢ = 4, v = 2a.
Being o #£ 0, we get e = 0. By Corollary 5.12, we get r = ¢+ 1+ e = 5 parabolic manifolds,
which are of dimension 1 or 2.

Since the germ f; at p3 is conjugated to the one at py (see Remark 2.2), a similar

situation arises above py4 2.
Finally, at the point g; we have a spinning corner of the form (15). By conjugating

by the map ¢(x,y, z) = (z + Roaoy, z,y), we get
z+y'2? (a: + m2>
(55) filwy.2) = | y+y"2 (o - Rows +m?)
z+ y7z3( —3x + 3Rps0z + m2)

In this case we have b, = ¢, = 0 and ¢, = —3b, # 0. In particular, there are no formal
fa-invariant curves transverse to E by Corollary 5.4 (see also Remark 5.5), but we cannot
exclude fy-invariant curves tangent to E (see Subsection 5.4.3).

5.4. Further remarks
5.4.1. Curve blow-ups over degenerate spikes

When studying resolution of singularities for vector fields, it is often natural to con-
sider (possibly weighted) blow-ups of centers that are invariant by the dynamics (and not
necessarily contained in the singular locus).

In our setting, this would correspond to allowing the blow-up of curves that are invariant
by the saturated infinitesimal generator x of f (in a given model), and contained in the
exceptional divisor (obtained from previous blow-ups).
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In the case of degenerate spikes (of Siegel type), the study can be easily done, since we
can determine explicitly such curves. In fact, if f is a degenerate spike of the form (21), then
the restriction of the saturated infinitesimal generator x on F = {z = 0} gives a canonical
singularity of Siegel type, which admits exactly two (strong) complex separatrices. Up
to a (possibly formal, since the coordinates of ¥ do not converge in general) change of
coordinates, we may assume that these curves are x = 0 and y = 0. Hence we may assume
that the conditions z|P(z,y,0) and y|Q(z,y,0) are satisfied. The next proposition gives
the description of the lift of a degenerate spike when we blow-up one of the two complex
separatrices (the other is completely analogous, we just need to interchange the role of x
and y).

Proposition 5.13. Let f: (C3,0) — (C3,0) be a degenerate spike of the form

x + zcé)\x(l + a(z,y)) + 2P)

(56) ey, z) = | y+2°(my(1 + b(z,y) + 2Q) | .
2+ zTIR

with a,b € my, P,Q, R € m. Let m: X — (C3,0) be the blow-up of the line {x = z =0} in
C3, and denote by f the lift of f in X.
Then the saturated infinitesimal generator of f has two singularities on the fiber above
the origin, namely [1 : 0] and [0 : 1] Moreover for f we have that:
e [0:1] is a degenerate spike.
e [1:0] is a simple corner.

Proof. Computations are analogous to the ones performed in the previous sections, and
left to the reader. O

Suppose now that f is a degenerate spike (of Siegel type), and let C' be a formal f-
invariant curve. Let 7 : X — (C3,0) be a modification. By Remark 3.18, the strict
transform of C' on X cannot contain a simple corner. Since C' must intersect the singular
points, we infer that for any regular modification 7 (not necessarily strongly) adapted
to f, C must intersect the (unique) degenerate spike. We infer the uniqueness of the
formal f-invariant curve, and the fact that, for any such modification, the non-exceptional
characteristic directions are always degenerate. This applies in particular to degenerate
spikes that we find at the points p; and ps.

Notice that, a priori, we cannot exclude the case of non-degenerate non-exceptional
characteristic directions giving rise (via Hakim’s results [Hak98]) to a non-robust parabolic
curve (while we can exclude robust ones by the uniqueness of the f-invariant curve).

5.4.2. Point modifications

With the same techniques adopted in Section 3, it is possible to study characteristic
directions on any model 7 : X — (C3,0) obtained via point modifications.

If we only allow point modifications, we cannot resolve the singularities of the infinites-
imal generator x of f, and this leads to having to deal with singularities of the saturated
infinitesimal generator X, (on a given model X ) that are not log-canonical.

We omit definitions and computations in this case because they would stretch the length
of this paper excessively. Just to give a hint of what happens in this case, let us follow the
resolution of singularity above ps. At ps, the map f; obtained as lift of f by the blow-up
of the origin takes the form (10), for which the linear part of the saturated infinitesimal
generator is nilpotent, of rank 2 if we assume Roqo # 0. Let us say that this germ is a
N;-form (N stands for nilpotent).

After blowing-up ps, we get a second form at the point ps ; corresponding to [1: 0 : 0]. In
this case the linear part of the infinitesimal generator has still rank 2, but the exceptional
divisor locally consists of two irreducible components. Say that we get a Na-form.

Blowing-up ps 1, we get a line L of singularities, corresponding to the singular directions
[p:0: 7] with [p:r] € PL. In this case, at [1: 0 : 0] we get another No-form. At [0: 0 : 1]
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we obtain a singularity for the saturated infinitesimal generator with vanishing linear part,
that we call Hi-form (H stands for higher order). At [p : 0 : r] with p,r # 0, we get
another nilpotent singularity, call it N3-form. In other terms, we got a N3-pattern, special
points Ny and Hy, and with core L. If we blow-up L, we get the resolution of singularities
o described by Proposition 2.3. If we blow-up points, we need for example to deal with
the blow-up of Hi-forms, which is quite intricate. Fundamental for the definition of these
classes is the identification of the right non-resonant conditions, in the same spirit of the
ones appearing for simple corners, as well as suitable conditions on the higher order terms
of the saturated infinitesimal generator.

The birational study can be completed for point modifications, and one can show that no
non-degenerate characteristic directions can appear in this case. However, the additional
forms, and the appearance of several new types of patterns, make the birational study for
all possible modifications (strongly) adapted to f combinatorially much more involved. We
suspect that no non-degenerate characteristic directions can be found in this way either.

5.4.3. Dynamics over q1

We have shown that at the point ¢; there are no formal fs-invariant curves transverse to
the exceptional divisor, while the existence of (non-transverse) fj-invariant curves remains
open in this case. Notice that we can construct a formal f4-invariant surface .S, transverse
to the exceptional divisor at ¢;. In fact, the saturated infinitesimal generator x4 of f4
is reduced, and one can proceed as in the proof of Lemma 5.6, and find new coordinates
(z,y,z) on which x4 is in Poincaré-Dulac normal form. One can check that the Poincaré-
Dulac change of coordinates can be done so that the exceptional divisor is described by
{yz = 0}, while the invariant surface S is described by {z = 0}.

By blowing-up the point ¢, we find a Ra-Rs-pattern (denote by ]74 the lift of fy). If
we compute the blow-up in the z-chart, and then translate coordinates at an half corner
point of the pattern, we get a germ as in Proposition 5.2 after Step 1 of the proof, and the
invariant surface built in Step 1 is exactly the strict transform of S.

The map fi]s gives a (formal) 2-dimensional tangent to the identity germ, with sat-
urated infinitesimal generator f of order 2. A direct computation shows that f4|s has
exactly two characteristic directions, corresponding to the two irreducible components of
the exceptional divisor. If é admits another complex separatrix, we can apply again the
arguments of Subsection 5.2.2 to reduce f in Ramis-Sibuya normal form and find parabolic
manifolds. If f has no other complex separatrices, we cannot apply the results [LHRSSV]
in order to find parabolic manifolds attached to g1, and one needs to study the dynamics
of f, more in details.

Finally, notice that the f-invariant surface Sy := m(S) is not smooth. Hence, even if
S were convergent, we could not apply the results of [LHR20] to find paraboic curves for
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