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Foliations on the projective plane with finite group of symmetries

ALAN MUNIZ AND RUDY ROSAS

Abstract. Let F denote a singular holomorphic foliation on P2 having a finite
automorphism group Aut(F). We determine the maximal value that | Aut(F)|
can take and explicitly exhibit all the foliations attaining this maximal value. Fur-
thermore, we classify the foliations with large but finite automorphism group.

Mathematics Subject Classification (2010): 37F75 (primary); 32M25, 20B25
(secondary).

1. Introduction

The presence of symmetries has been used to understand some relevant problems in
holomorphic foliation theory, especially concerning integrability. For instance, it is
used in the construction of Jouanolou’s foliations [11], which play an important role
in his proof of the density of foliations on the complex projective plane P2 without
invariant algebraic curves; in [17] this relation between automorphism groups and
integrability was explored and put into more concrete terms.

A new perspective for the study of these automorphism groups arises after the
birational classification of foliated surfaces, given independently by McQuillan and
Mendes — see [4]. This is a foliated counterpart of the classical Enriques-Kodaira
work on surfaces. From the works of Hurwitz and Klein for curves and the work of
Andreotti in higher dimension, the question about the finiteness of automorphism
groups of foliations appears naturally. In 2002, Pereira and Sanchez [16] proved
a foliated version of Andreotti’s theorem: foliated surfaces of general type have
finite self-bimeromorphism groups. Then arises the question: how large these finite
groups can be? To propose a more precise question we restrict our study to the case
of singular holomorphic foliations on P?: is there a function f: N — N such that,
for any singular holomorphic foliation F of degree d on IP? with | Aut(F)| < +o0
we have

|Aut(F)| < f(d)?
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if the response is yes, what is the minimal function f? In [7], Corréa and the first
author of this paper show that the function f(d) = 3(d* + d + 1) bounds the
order of Aut(F) for a generic class of foliations F of degree d. The maximal value
3(d*>+d + 1) in this class is attained by the Jouanolou Foliation [11]. In the present
work, we show that the bound 3 (d 24d+ 1) does not work for all foliations but we
prove that the function f indeed exists. First of all, recall that foliations of degree
0 or 1 have infinitely many automorphism, so we only need to look for a function
f defined on {2, 3, ...}.

Theorem 1.1. Ler f: {2,3,...} — N be defined by f(2) = 24, f(3) = 39,
f(4) =216and f(d) = 6(d — 1) ford > 5. Then, if F is a degree-d foliation on
P2 such that | Aut(F)| < 400, we have

| Aut(F)| < f(d).

Moreover, this bound is sharp: there exist foliations attaining this bound for any
degree d > 2.

Furthermore, our main goal is to give a complete classification of the foliations
with large but finite automorphism group. In particular, we present all the foliations
attaining the bound f(d) in Theorem 1.1.

Theorem 1.2. Let F be a foliation of degree d > 2 on P* such that
3(d* +d +1) < | Aut(F)| < f(d).

Then F is projectively equivalent to one of the foliations in the following table,
where T and I are the binary tetrahedral and icosahedral groups, respectively.

Fol. | degree | Aut(F)| Aut(F) description
Tu d 3(d*+d+1) | Z/)(d*+d+1)ZxZ/3Z | Jouanolou foliation
G nonisotrivial hyperbolic
d>5| 6d—1? | (Z/@d—1)2)?xs; |fbration
Fa isotrivial hyperbolic
fibration
Ps 5 96 (Z/ZZ X T) -7.]27
general type Bernoulli
P | 11 600 ZJSL X T foliation
S 2 24 z/ 27)?% % S5 rational fibration
Hy 4 nonisotrivial elliptic
216 Hessian group fibration
H7 7 nonisotrivial hyperbolic
fibration

In particular, the extremal equality | Aut(F)| = f(d) is attained by the fibration
S if d = 2, the Jouanolou foliation J3 if d = 3, the foliation Hy if d = 4, the
foliations Gs, Fs and Ps if d = 5, and the foliations G and F4 if d > 6.
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Besides the well known Jouanolou foliations 74, the foliations F;, H4 and
‘H1 are already described in the literature: they appear in [13] as examples of
reduced convex foliations; these are, respectively, the Fermat foliations F, the
Hesse pencil of cubics H4 and the foliation H7 associated to the extended Hesse
configuration of lines. The other foliations are described in Section 3 but it is worth
mentioning here that, with the only exception of 7, all foliation in Table 1.2 have
some kind of first integral: the Bernoulli foliations have Liouvillian first integrals,
and all the others have rational first integrals. Moreover, from Table 1.2 we can
derive the following fact: since the canonical bundle of F is Kr = Opa2(d — 1), we
have a linear bound for | Aut(F)| in terms of the Chern number szg — this kind of
bounds are obtained in [8] for foliations with ample canonical bundle on projective
surfaces.

This paper is organized as follows. In Section 2 we recall some basic defi-
nitions and results about foliations. In Section 3 we describe the foliations already
mentioned in our main theorems. In Section 4 we reduce the proof of our main theo-
rems to a variety of specific results according to the classification of finite subgroups
of PGL(3, C). The remaining sections are devoted to prove the results presented in
Section 4. It is worth mentioning that in Section 8 we develop a Molien-type for-
mula — Theorem 8.1 — that is fundamental to analyze the transitive primitive groups.
This formula leads to some simple but very long calculations that we have managed
to do with Maple™

ACKNOWLEDGEMENTS. We would like to thank the referee for the suggestions,
comments, and improvements to the exposition.

2. Preliminaries

Foliations on P2

In this paper we consider singular holomorphic foliations by curves — foliations
for short — with isolated singularities on P2, Such a foliation can be defined in an
affine chart C? with coordinates (x, y) by a polynomial vector field Pd, + Qo
with isolated singularities or even by a polynomial 1-form, for example the form
Qdx — Pdy. Conversely, a polynomial vector field or 1-form with isolated singu-
larities on C? define a unique holomorphic foliation with isolated singularities on
IP2. The degree of a foliation F — denoted by deg(F) — is geometrically defined as
the number of tangencies of F with a generic line in IP?. This degree reflects on the
polynomial 1-form defining F in the following way. Let w be a polynomial 1-form
with isolated singularities defining F and write it in the form

w =

k
(Ajdx + B;dy),

j=0
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where A ; and B; are homogeneous polynomials of degree j, and Agdx+ Bidy #0.
Then we have the following possibilities:

(1) The polynomial Agx 4 Byy is not zero; in this case the line at infinity of P? is
invariant by F and we have deg(F) = k;

(2) The polynomial Azx + Byy is zero; in this case the line at infinity of P2 is
generically transverse to F and we have deg(F) =k — 1.

In a more global point of view, a foliation F of degree d can also be defined by
homogeneous vector field in three variables: there exists a polynomial vector field

v= Adyxy + Bdy + Coy

of degree d in C? which induce — via the natural projection C3\{0} — P2 — a singu-
lar holomorphic distribution of lines on P? coinciding with the tangent distribution
of F. Another homogeneous vector field w of degree d induce the same foliation
F if and only if there exist « € C* and a polynomial P of degree d — 1 such that

w=ov+ P(Xdx + Yoy + Z0dz).

From this it is easy to see that we can find a homogeneous vector field w defining
JF and such that div(w) = 0, where div(w) is the divergence of w with respect to
dX ANdY A dZ. This choice of vector field is called the Darboux normal form and
it is unique — up to scalar multiplication, see [11, p.6] and [9, p.63]

Automorphisms

A biholomorphism ¢ : P2 — P? is an automorphism of F if ¢ maps each leaf of
F onto a leaf of F. The set of automorphisms of F is a group, which is denoted
by Aut(F). If v is a homogeneous vector field in C? defining F, then the image of
an element ¢ € GL(3, C) in PGL(3, C) is an automorphism of JF if and only if the
pushforward ¢,v = ¢ - (v o ¢~ 1) is also a vector field defining F. Hence, given
a finite subgroup G of GL(3, C), its image in PGL(3, C) preserves the foliation
defined by v with div(v) = 0 if there exists a character x : G —> C* such that, for
allp € G,

PV = x(@)v.

If this is the case, we also say that the vector field v is G-semi-invariant.

3. Examples

In this section we describe those foliations already mentioned in Theorem 1.2.
Hereafter we will work with homogeneous coordinates (X : Y : Z) on P? and
(x, y) will denote the natural coordinates in {Z # 0}.
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3.1. The Jouanolou foliation 7,
The Jouanolou foliation of degree d, denoted by 7y, is defined by the vector field
Y9y + 2%y + X908,
or, in affine coordinates, by the 1-form
xy = Ddx + (¢! —xNdy.
The automorphism group of J; has order 3(d> 4+ d + 1) and it is generated by the

maps [X : Y : Z]— [V : Z : X]and [X : Y : Z] — [I9T'X : 1Y : Z], where

[4°+d+1 = | with [ primitive.

3.2. The Fermat foliation F,

The Fermat foliation F,; of degree d — already described in [13] — is generated by
the vector field
X%ox + Yoy + 297.

In affine coordinates we can define F; by the 1-form
(y - yd> dx — (x —xd> dy
or even by the rational first integral

xl=d
yl=d _ 1’

This foliation has an automorphism group of order 6(d — 1), generated by the
transformations

(X:Y: Z]l—[Y:Z:X],
X:Y: Zl—>[X:Z:7],
[X:Y:Z]— [AX:Y: Z],
[X:Y: Z]— [X:AY : Z],

where X is a primitive (d — 1)th root of unity.

3.3. The foliation G;

In affine coordinates, this degree-d foliation is defined by the rational first integral

(xd—l 4oyl g 1)3
xd—Tyd1
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or by the the 1-form
(y + yd — 2xd71y> dx + (x + x4 — 2xyd71> dy.

This foliation has the same group of automorphism as the Fermat foliation ;. For
d > 5, the foliation G4 is birational to a nonisotrivial hyperbolic fibration and is
therefore of general type.

3.4. The Hessian foliations H4 and H~7

The foliation Hy is the degree 4 foliation given by the well known Hesse pencil of
cubics. This foliation has the rational first integral

X:Y:Zl— [X +Y +2Z°:XYZ].

On the other hand, the foliation H7 — see [13] — is the degree 7 foliation given in
affine coordinates by the vector field

% = DE + 7y 4 Dxde + 0F = DO+ 763 + Dya,.

This foliation leaves invariant the extended Hessian arrangement of 21 lines on the
plane and it is tangent to a pencil of curves of degree 72. The automorphism group
of both foliations H4 and H7 is the classical Hessian Group — see [14] — of order
216, generated by the maps

[X:Y: Z]l—[Y:Z:X],

[X:Y:Z]—[X:Y:AZ],

[X:Y:Z]— [X:AY :22Z],

[X:Y:Zl=> [X+Y+Z:X+AY +212Z: X +2%Y +1Z],
where A is a primitive cubic root of unity. See [13] for more details about the
foliations H4 and H7.
3.5. The foliations S
The foliation S is the foliation of degree 2 defined by the vector field

YZox + ZX0y + XY0z.

In affine coordinates S is defined by the 1-form
(—x + xy2> dx + (y - x2y> dy

or by the rational first integral

1 —x2

1—y2
This foliation has the same group — of order 24 — as the Fermat foliation F3.
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3.6. The Bernoulli foliations Ps and P;;

The degree 5 foliation Ps and the degree 11 foliation Py are defined by the 1-forms
xdy — ydx + d(xsy — xys)
and
xdy — ydx —}—d(x“y + 11)c6y6 — xy“),

respectively. In the affine coordinates (x, y) above, Aut(Ps) is a subgroup of or-
der 96 of GL(2, C). The center of this group is {A/: A* = 1} and its image in
PGL(2, C) is the octahedral group presented in such way its smallest orbit is given
by the 6 lines

xsy—xy5=0.

On the other hand, the group Aut(/P;;) is the subgroup of order 600 of GL(2, C)
having {A1: !0 = 1} as its center and whose image in PGL(2, C) is the icosahedral
group presented in such way its smallest orbit is given by the 12 lines

My +11x8y8 — xy!t = 0.

The foliations Ps and P;; have no rational first integrals but they are particularly
special: since both foliations are presented in the form

xdy —ydx +dP =0, 3.1

where P is a square free homogeneous polynomial of degree > 4, they have non-
degenerate singularities and both foliations are of general type. Moreover, if we do
the change of coordinates (x, y) = (£, l) in Equation (3.1) we obtain the Bernoulli

R 2’z
equation

dz
P(t,1)— = P(t, Dz — "1,
nP( )dt (1, 1)z — 2

so Ps and Py have Liouvillian first integrals — see [6].

4. Finite subgroups of PGL(3, C) and organization of the results

In this section we present the classification of finite subgroups of PGL(3, C) given
by Blichfeldt in [14] — another great exposition is given by Yu and Yau in [18]. For
each type of group of this classification we state a specific result about automor-
phisms of foliations; thus

e in all this section F denote a degree-d holomorphic foliation with isolated sin-
gularities on P? such that Aut(F) is finite.
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It will be easy to see that Theorems 1.1 and 1.2 are direct consequences of the
results presented in this section, so we leave this verification to the reader.

In [14, Chapter XII], the finite subgroups of PGL(3, C) are classified as fol-
lows. There are two kinds of intransitive groups: Abelian groups generated by
diagonal matrices and finite non-Abelian subgroups of GL(2, C), as described in
Subsections 4.1 and 4.2. The transitive groups are classified in two classes: the
infinite class of imprimitive groups — which we describe in Subsection 4.3 — and the
finite class of primitive groups which we describe in Subsections 4.4 and 4.5.

4.1. Abelian groups of diagonal matrices

A group in this class is such that, in suitable homogeneous coordinates, all its ele-
ments are of the form

[X:Y:Z]+— [aX :bY : Z],

where a, b € C*. About the foliations having such a group of automorphisms, we
have the following result which is a corollary of Proposition 5.2.

Proposition 4.1. Suppose that Aut(F) is a finite Abelian group of diagonal matri-
ces. Then
| Aut(F)| <d* +d + 1.

4.2. Finite non-Abelian subgroups of GL(2, C)

In suitable homogeneous coordinates, a group in this class is composed by transfor-
mations of the form

[X:Y:Z]l— [aX+bY : cX+dY : Z],

where [CCI 3:| belongs to a finite non-Abelian subgroup G of GL(2, C). Recall that

the image of G in PGL(2, C), being finite, is one of the following groups:
(1) A dihedral group;
(2) A polyhedral group, so we have three possibilities:

(a) The Tetrahedral Group 7', isomorphic to the alternating group A4;
(b) The Octahedral Group O, isomorphic to the symmetric group S4;
(c) The Icosahedral Group /, isomorphic to the alternating group As.

In relation with the dihedral case, in Section 5 we prove the following result.

Proposition 4.2. Suppose that the image of Aut(F) in PGL(2, C) is a dihedral
group. Then
| Aut(F)| < 2(d*> +d +1).

For the polyhedral case we have the following result, proved in Section 7.
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Proposition 4.3. Suppose that the image of Aut(F) in PGL(2, C) is a polyhedral
group. Then
|Aut(F)| > 3(d>+d + 1)

if and only if F is equivalent to one of the Bernoulli foliations Ps or Py .

4.3. Transitive imprimitive groups

In this case we have two types of groups. The first type is composed by those
groups such that, in suitable homogeneous coordinates, they are generated by the
transformation

(X:Y: Z]l—[Y:Z:X]

and a group of transformations of the form
[X:Y:Z]— [aX :bY : Z].
Proposition 4.4. Suppose that Aut(F) is a group of the above type. Then
| Aut(F)| <3(d>+d + 1)
and the equality holds if and only if F is isomorphic to the Jouanolou foliation [J.

The second type of transitive imprimitive groups is composed by those groups such
that, in suitable homogeneous coordinates, they are generated by

(X:Y:Zl— [Y: Z:X],
a transformation of the form
[X:Y:Z]l— [uY :vX : Z],
where u, v € C*, and a group of transformations of the form
[X:Y:Z]— [aX :bY : Z].
Proposition 4.5. Suppose that Aut(F) is a group of the above type.
(1) Assume that the line at infinity Z = 0 is invariant by F. Then
| Aut(F)| < 6(d — 1)°

and the equality holds if and only if F is isomorphic to Fy or G4. Moreover,
if F is different from Fy4 and G4 we have

| Aut(F)| < 3(d> +d + 1);
(2) Ifthe line at infinity is generically transverse to F, then
| Aut(F)| = 3> +d +1)
if and only if F is equivalent to the foliation S.

Proposition 4.4 and Proposition 4.5 are proved in Section 6.
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44. Transitive primitive groups having a non-trivial normal subgroup

Up to isomorphism, we have three groups in this class:

(1) The Hessian Group G, already presented in Subsection 3.4;
(2) The normal subgroup E < G generated by the transformations

TIX:Y:Z]=[Y:Z:X],
S[X:Y:Z]=[X:AY:2%Z],
VIX:Y:Z]=[X+Y+Z:X+AY +2%2Z: X +A2Y +AZ];

(3) The normal subgroup F < G generated by the group E and the map UVU !,
where

UX:Y: Z]=[X:Y:AZ].

Proposition 4.6. Suppose that Aut(F) is a transitive primitive group having a non-
trivial normal subgroup. Then, we have

| Aut(F)| = 3(d* +d + 1)
if and only if F is equivalent to one of the Hessian foliations Ha or H7.

This result is proved in Section 9.

4.5. Transitive primitive simple groups

Up to isomorphism, we have three groups in this class: the icosahedral group which
is isomorphic to As, the image of the Valentiner Group in PGL(3, C) which is
isomorphic to Ag and the Klenian group isomorphic to PSL(2, 7). In this case we
have the following result, proved in Section 9.

Proposition 4.7. Suppose that Aut(F) is a transitive primitive simple group. Then

| Aut(F)| < 3(d*> +d + 1).

5. Foliations with finite group of diagonal automorphisms

In this section we study foliations on P> having finitely many automorphisms of the
form

[X:Y:Z]— [aX :bY : Z]

which correspond to (x,y) > (ax,by) in the natural affine coordinates on {Z #£0}.
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Consider a polynomial 1-form @ = Adx + Bdy in C?. We assume that A and
B have no common factor in C[x, y], so that w has isolated singularities. We can
write

w= Z oe,'jxiyjdx + Z ,Bijxiyjdy,
i,j>0 i,j>0

where «o;;, Bij € C. To each monomial form aijxiyfdx, a;j # 0or /Sijxiyjdy,
Bij # 0 appearing in w, associate respectively the monomial xit1yi or x'y/*1 and
consider the set

M ="yl £0)U Iy T g #0).

Set
M=m-m":mm e Mj.

Given f € M/’ nonzero, write f = x¥y!f with k,{ > 0 and (f,xy) = 1, and
define the set
S={f:feM}.

Let F be the singular holomorphic foliation defined by @ on C? and let G be the
group of transformations of the form (x, y) +— (ax, by), a, b € C* that leave F
invariant. Precisely, G is composed by the maps g of the form (x, y) +— (ax, by)
such that g*w A w = 0 which is equivalent to g*® = 6w for some 6 € C*.

Lemma 5.1. Let w, S and G be as above. Let V(S) C C2 be the algebraic set
defined by S. Then there exists a bijection between G and V (S) N (C*)2. Precisely,
the map (x, y) — (ax, by), a,b € C* belongs to G if and only if (a, b) belongs to
V(S). In particular G is finite if and only if so is V (S) N (C*)2.

Proof. Let g(x,y) = (ax, by) witha,b € C*. If g € G there exists § € C* such
that g*w = Ow, that is:

Z ai+1bjaijxiyjdx+Za"bj+lﬁ,~jx"yjdy= Z Qaijxiyjdx+z eﬁijxiyjdyv
0{,'/'750 ﬁij?éo a"j#o ,3,'_,'750

@ty = Oy’ yldx + Y @bt —0)pijxty/dy =0. (5.1)
i #0 Bij#0

It follows that the numbers a' !5/ for o; j #0and a'bi*! for p; j # 0 are all equal.
Therefore (a, b) € V(S). This proves G C V(S) N (C*)2.

Conversely, for any (a,b) € V(§) N (C*)? we define the automorphism
g(x,y) = (ax, by). From the definition of S we know that there exists 6 € C*
such that the equation 5.1 holds, i.e., g € G. Hence V(S) N (C"H? c G. O

We now state and prove the main result of this section.
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Proposition 5.2. Let w, F and G be as in Lemma 5.1 and suppose moreover that
G is finite. Let d be the degree of the extension of F to P*. Then

Gl <d*+d+1

and equality holds if and only if, up to the symmetry (x,y) +— (y, x), the form w is
equal to
wapp = (@ + pxdy)dx + (By? — pxTdy

for some a, B, p € C*.
We need the following lemma, whose proof is given at the end of this section.

Lemma 5.3. Let S be a finite set of polynomials in C[x, y] and set N = r}_la§< deg f.
S
Suppose that V (S) is finite. Then |V(S)| < Ndeg f forall f € S.

Proof of Proposition 5.2. Suppose first that the line at infinity is invariant by F.
Let us prove that |G| < d? + d. Since the line at infinity is invariant by F, we
have deg A, deg B < d, hence the monomials in M have at most degree d + 1 and
therefore deg f <d+1forall f € § —here S is as defined in the beginning of this
section. Thus, in view of Lemma 5.3, in order to prove that |G| < d? +d it suffices
to find some f € S with deg f < d. Observe that there exist three pairwise distinct
monomials in M otherwise S would contain only one element modulo sign and
V(S) would be infinite. We can choose two between these three monomials, say
my and my, such that both are divisible by x or both are divisible by y. Then we
have m; —my = x¥y! f with f € S,k +1 > 1,so thatdeg f < d.

Suppose now that the line at infinity is generically transverse to F. Then the
polynomial form w defining F can be expressed as

w = Adx + Bdy + yQdx — xQdy,

where A = 0 or degﬁ <d,B=0or degé’ < d,and Q # 0 is homogeneous of
degree d. Take two monomials m, m" € M with f = m —m’ # 0. If these two
monomials are associated to monomial forms appearing in Adx + de, we have
degm, degm’ < d + 1 and therefore deg f < deg f <d + 1. If m or m’, say m, is
associated to a monomial form appearing in dex —X Qd y then m € (xy). Then,
since m'’ is divisible by x or y, we have f = m—m’ = x¥y! f with k+I > 1 and we
obtain again deg f <d + 1. Therefore deg f < d + 1 forall f € S. If there exists
f € S withdeg f < d + 1, again by Lemma 5.3 we obtain |G| < d? + d. Thus we
can assume that deg f d+1forall f € S. Suppose that there exist two different
monomials m and m’ in M of degree d + 2. Then these monomials are associated
to monomial forms in y Qdx — x Qdy, so both monomials m and m’ are divisible
by xy and therefore m — m’ generates an element in S of degree < d, which is a
contradiction. We conclude that there exists a unique monomial in M of the form
m = xPt1y4*+! b g >0, p+ g = d and any other monomial in M has degree
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< d + 1. As above, there exist at least two other monomials m; and m;, different
from m. Suppose that there exists another monomial ms € M different from m, m;
and my. Then, there is a pair of monomials in {m, my, m3}, say m; and m,, that are
both divisible by x or both divisible by y. Then, since degm;,degm; <d + 1, we
have that m; — my generates an element in S of degree smaller than d + 1, which is
a contradiction. Then M contains exactly two monomials other than m, say m; and
my, which have degree at most d+ 1. If m; and m, have some common factor, again
we have that m; — m, generates an element in S of degree smaller than d + 1; so
we can assume that m; = x¥1, my = yk2 for some k1, ko € N. Then f =xk — y"‘2
is contained in §, so that max{k, kp} = deg f = d + 1. Suppose that k; = d + 1;
the other case is equal to the fist one up to the symmetry (x, y) — (y, x). Since
m —my = xPH1y?+1 _ yd+1 generates an element in S of degree d + 1, we deduce
that ¢ = 0, so that m = x?*!y. Now, since m — m; = x4ty — xX1 generates
an element of degree d + 1 in S, we obtain k; = 1 and therefore m; = x. Then
M = {x¥t1y x, y¢+1} and therefore

S={£&% — D, £ -y, £(x -y}
It follows that
V(S) = Vxdy — 1, x4 — yd),
which gives
Gl = |V(S)| =d* +d + 1. (5.2)

Observe that the equality above only happens if the line at infinity is generically
transverse to Fand M = {xd+1 v, X, y‘”rl }. From the construction of M it follows

that A =«o, B = ,Byd and Q = ,oxd, ie.,
wa.p.p = (@ + pxly)dx + By — px¥*)dy,

where «, 8, p € C*. Finally, it is easy to see that the foliation defined by wy g, , has
degree d and d?> + d + 1 diagonal automorphisms. O

Proof of Proposition 4.2. Recall that a dihedral subgroup of PGL(2, C) is gener-
ated by a cyclic subgroup of index two which fixes two different points in P! to-
gether with an automorphism of P! permuting these two points. Then there are
homogeneous coordinates such that Aut(F) is generated by a group of diagonal
transformations together with a map of the form

R:[x:y:zl= [py:vx :z],

where u, v € C*. By Proposition 5.2, the subgroup G of diagonal transformations
in Aut(F) satisfies |G| < d? + d + 1. Thus, since [Aut(F) : G] = 2, we obtain

| Aut(F)| < 2(d*+d +1). O

We finish this section with a lemma which will be used later in the proof of
Proposition 4.5.
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Lemma 54. Let F, M and G be as defined at the beginning of this section. Sup-
pose that:

(1) F has degree d > 2;
(2) The line at infinity is invariant by F;
(3) M contains M = {xy, x%y, xy?}.
Then |G| = (d — 1)? if M = M and |G| < (d* + d + 1)/2 otherwise.
Proof. Suppose M = M. Then
S={£a =D, 206" =D, 2@ = yThH],

so that
IGl=#V(x4 -1,y - 1) =W -1>

Assume that M contains some monomial m ¢ M. Suppose first that m = x* for
some positive integer k. If k = 1, we obtain that y — 1 belongs to S and therefore

d>+d+1
|G|§#V(y—1,xd’1—1>=d—1<L.

Ifk € {d,d + 1}, then x¥ —x?y = x4(x¥ —y) for & € {0, 1}, hence x¢ —y belongs
to S and therefore

d*+d+1
G| 5#V(x5—y,xd—1—1) —d—1< %
Thus we may assume 1 < k < d. We have x¥ —xy = x(x*~1 —y), so that xk=1 — y
belongs to S and therefore
G| < #V (x’H oy, 1) — (k—1)(d—1). (5.3)

On the other hand, x¢y — xK = x¥(x¢=¥y — 1), so that x?*y — 1 belongs to S and
therefore

G| < #V (xd_ky—l,yd_l —1) —(d-kd—-1). (5.4)
If we sum the inequalities (5.3) and (5.4) we obtain

hk—D@d=)+@d-d—1) (@d—1)? d+d+]
2 =T ST 2

G| =

Ifm= yk for some k € N, the proof follows as above. Thus, we can assume that
m= xkyl withk,l > 1,k+1 < d+1. We can suppose k > [; the other case is quite
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similar. Then, since m # xy, we have k > 1. Then x*y! — xy = (x*~1y/=1 — 1),
so xk=1y!/=1 _ | belongs to S and therefore
|G| < #V (xk_lyl_l — 1,y = 1) =(k—1)d-1). (5.5)

Since m # x%y, we have k < d. Then x%y — xky! = xky(x4=%k — yi=1) 50

x4=% — y!=1 belongs to S and therefore
IG| < #V (xd_k N 1) —(d-kd—-1). (5.6)
Finally, as above the result follows by summing (5.5) and (5.6). O

Proof of Lemma 5.3. By Bézout’s Theorem the lemma holds for | S| < 2. Assume
that Lemma holds if |S| < k € N. Suppose now that |S| = k+ 1 and fix any f € S.
Write

S={f1,--, fi+1}
with f; = f. Wecanput f| = hgi, ..., fx = hgk, where h is the greatest common
divisor of the f;; so the set V (g1, ..., gk) is finite and by the inductive hypothesis

[V(g1,..., 8| < Ndeggi.

Observe that
V(S) CV(h, fix) U V(gL ..., &)

Clearly i and fi+1 have no common factor, otherwise V (S) would be infinite.
Then, by Bézout’s Theorem we have

[V(h, feeD)| < deg fiy1degh < Ndegh
and therefore

VOl < [V(h, firDI +1V (81, .., &I
< Ndegh + Ndegg) = Ndeg f. H

6. Transitive imprimitive groups

This section is devoted to proving Propositions 4.4 and 4.5. We need the following
lemma whose proof is easily obtained and so we omit it.

Lemma 6.1. Consider the polynomial 1-form with isolated singularities on C>
given by o o
w = Z ajjx'yldx + Z Bijx'y'dy,
i,j=0 i,j=0
where a;j, Bij € C. Let F be the holomorphic foliation defined by w on P? and
suppose that F is invariant by the transformation
R:[x:y:zl— [y :vx:Zz],

where ju, v € C*. Then, a;; # 0 if and only if Bj; # 0.
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Proof of Proposition 4.4. Let G < Aut(F) be the subgroup of transformations of
the form
[x:y:z]+— [ax : by : z].

It is not difficult to see that [Aut(F) : G] = 3. Then by Proposition 5.2 we obtain
| Aut(F)| = 3|G| < 3(d”* +d + ).

Suppose that the inequality above is an equality. Then, by Proposition 5.2 we have
that F is defined by the 1-form

w = (@ + px?y)dx + By — pxdTHdy
for some «, 8, p € C*. Since F is invariant by the transformation
[x:y:zl—> [y:z:x],

by substituting (x, y) < (y/x, 1/x) in v we obtain a meromorphic 1-form @ such
that x?*2& = fw for some 6 € C*. By a direct computation we obtain

226 =x12 ([a + oG /0" (/)] x—dyx_zydx = [Ba/0? = p(y/0] i—;c)
= (=B — ax?y)dx + (py? + axT)dy,

hence —8 = O, —a = 0p, p = 6B and @ = —6Op and therefore 83 = 1, = —6p
and B = 6%p. From this we conclude that F is defined by the 1-form

wg = (x?y — 0)dx + 6*y? — x¥ Ny,

where 63 = 1. Take a, b € C* such that b +9+1 = 1= and @ = 0b%+!, and
consider the map f(x, y) = (ax, by). A direct computation shows that

f*(a)g) = (ad+1bxdy — Qa)dx + (92bd+1yd _ ad+1bxd+1)dy
= ezbd-i-] [(Xdy _ l)dx 4 (yd _ xd-‘rl)dy] ’
so the foliation F is equivalent to the Jouanolou Foliation of degree d. |

Proof of Proposition 4.5. Let o = Adx + Bdy be a polynomial 1-form with iso-
lated singularities defining F on C? = {[x : y : 1]: x, y € C}. Let G < Aut(F) be
the subgroup of transformations of the form

[x:y:z]+— [ax : by : z].

It is not difficult to see that [Aut(F) : G] = 6. Suppose that the line at infinity z = 0
is invariant by J. Since the three lines x = 0, y = 0 and z = 0 are permuted by

T:[x:y:zl—[y:z:x]andR: [x : y:z]— [y :vx : 7]



FOLIATIONS WITH FINITE GROUP OF SYMMETRIES 887

which leave F invariant, then the three lines x = 0, y = 0 and z = 0 are invariant
by F. The invariance of the line y = 0 means that A(x, 0) = 0. Thus, since w has
isolated singularities the polynomial B(x, 0) is not zero, so we have

B(x,y) = cxk 4+ -+ axt + 0(y), 6.1)

where 0 <k <[ <d,c;y #0,¢c; #0. If wedenote L = {y =0},0:=[0:0:1]
and oo = [1 : 0 : 0], from equation (6.1) we have that

Z(F,L,0)=k, Z(F,L,00)=d+1—1,

where Z denote the index defined in in [4, p.15] which coincides the Gomez-Mont-
Seade-Verjovsky index [10]. Indeed Z(F, L, 0) is the vanishing order of B(x, 0)
and Z(F, L, oo) is the vanishing order of

1
LA+ p (20> — ep®H IR gL

Observe that R o T leave L invariant and maps 0 to co. Thus, since F is invariant
by R o T we have that
Z(F,L,0) =Z(F, L, o00),

hence
k+1l=d+1, (6.2)
and therefore g1
k< % (6.3)

From (6.1) we see that the monomial x*dy appear in @ with a nonzero coefficient
and, by Lemma 6.1, the same happens with y¥dx. Then the monomials x¥y and xy*
are contained in M and therefore the difference xfy — xy* generates the element
xk=1 — yk=lin §if k > 1, or the element y — x in S if k = 0. Anyway, if we
assume k # 1, the monomial xk=11 — y'k_” belongs to S; we leave the case k = 1
for later. It follows from Lemma 5.1 that for all transformation g(x, y) = (ax, by)
in G we have that

alk=1h = plk=11, (6.4)
Moreover, if g € G then
1 b 1
TogoT ":(x,y)—~>|—x,—y
a a
also belongs to G, so by equation (6.4) we have
b/ ! = (1/a) M

and therefore
a* =1 = ph=1l = 1 6.5)
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for all g € G. It follows from these equations that |G| < |k — 1| - |k — 1| and
together with inequality (6.3) we obtain

d—1\>
|Aut(.7:)|§6|k—l|2§6<T> <3d*+d+1).

Suppose now that k = 1. Then by equation (6.2) we have [ = d. From equation
(6.1) the monomials xdy and x?dy appear in w with nonzero coefficients and, by
Lemma 6.1, the same happens for the monomials ydx and y?dx. Then the mono-
mials xy, x?y and xy? are contained in M. If M contains some other monomial,
by Lemma 5.4 we have
2
G| < d°+d+ 1’
2
so that
| Aut(F)| < 3(d*>+d +1).

Then assume that

M = {xy, x%y, xy?}. (6.6)

Therefore, again by Lemma 5.4 we obtain
| Aut(F)| = 6(d — 1)°.

We shall determine the possibilities for w. From equation (6.6) we see that, besides
xdy, x?dy, ydx and y?dx, the form w could contain the monomials x¢~'ydx and
xy?=1dy, so that, up to multiplication by a nonzero complex number, we can write

w = ydx + pyddx + qxdflydx + axdy + bxddy + nydfldy,

where p,q,a,b,c € C and p,a,b € C*. Since F is invariant by the transfor-
mation 7', by substituting (x, y) < (y/x, 1/x) in w we obtain a form @ such that
x912% = Gw for some 6 € C*. By a direct computation we obtain

x2G = (=p—c)ydx + (—q — b)yddx + (—a — l)xd_lydx
+ pxdy + x%dy + gxy?~ay,
so we have
—p—c=0, —q—b=0p, —a—1=0q, p="0a, 1 =0b, g=06c. (6.7)

By substituting ¢ = —6~'(a 4+ 1), p = #a and b = #~! in the second equation
above we have
67" a+1)—-067" =6%,

so that 3 = 1. Then we find that the equations (6.7) are equivalent to

g=—6%a+1), p=06a, b=0% c=—0(a+1), a eC",
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so that w is given by
Wq,0 = ydx —I—Qayddx —0%(a+ l)xdflydx +axdy +02xddy —0(a+ l)xydfldy.

Since F is invariant by R, if we do the substitution (x, y) < (uy, vx) in wg g we
must obtain a form & such that @ = Aw, ¢ for some A € C*. A simple computation
gives
& = vuxdy + v¥ubax?dy — pvo?(a + 1)y 'xdy
+ vuaydx + vudQZyddx — vduﬁ(a + l)yxd_ldx,

so that

v = Aa, vd/wa = 202, —Mdvez(a +1)=—-A0(@a+ 1),

dp2 d 2 (6.8)
vua = A, vu®6c = ra, —v'uba+1) = —10“(a +1).

From v = Aa and vua = A we obtain a = =£1. Suppose first that a = —1. Then
the system (6.8) becomes

Thus, in this case the form w effectively exists and is given by
w_1,0 = ydx — Oyddx —xdy + Ozxddy.

By substituting (x, y) < (ax, By), ?~! = 6, 4= = 62 in the form above we
obtain the form

ap [ydx —yldx — xdy + xddy]

and therefore F is isomorphic to the foliation F;. Suppose now that a = 1. Then
the system (6.8) becomes

VL = A, pd=1 =0, u

and we obtain
w19 = ydx + Gyddx — 26’2xd71ydx + xdy + szddy — 29xyd71dy.

Again, by substituting (x, y) < (ax, By), a?"! =0, =1 = 62 we obtain the
form
apf [ydx + y4dx — 2x¥Vydx + xdy + x?dy — 2xyd_1dy] ,

so that F is isomorphic to G,. This finishes the proof of the part (1) of Proposi-
tion 4.5.
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Now, assume that the line at infinity Lo, = {z = 0} is generically transverse
to F. Then the line y = 0 is also generically transverse to J, so that A(x, 0) is not
zero. Therefore

A(x,0) = gx* + 0"t

with ¢y # 0,k > 0, so that w contains the monomial xkdx and, by Lemma 6.1,
also the monomial y*dy. It follows from Proposition 5.2 that for all transformation
g(x,y) = (ax, by) in G we have

gkt = pkt1 (6.9)

Thus, since TgT ' (x, y) — (Sx, %y) also belongs to G we have

(b/a)k+1 — (l/a)k-‘rl

and therefore
a =t = 1. (6.10)

From these equations we obtain |G| < (k 4 1)(k 4 1) and consequently
| Aut(F)| < 6(k + 1) 6.11)

Observe that k is the tangency order of F to L = {y =0} at0 = [0 : 0 : 1]. Since
R o T leave L invariant and maps 0 to co = [1 : 0 : 0], we have

Tang(F, L,0) = Tang(F, L, co) = k. (6.12)

Thus, since the total tangency of F to the line L is exactly d, we conclude that
k < d/2. Then, from Equation 6.11 we have

d 2
| Aut(F)| < 6<§ + 1) :

SO we obtain
| Aut(F)| < 3(d*>+d + 1) (6.13)

for all d > 2. Thus, to continue with the remaining case we assume d = 2. Then
we have k € {0, 1}. If k = 0, Equation (6.11) gives | Aut(F)| = 6 < 3(d*+d+1).
Then we may assume k = 1 and therefore w contains the monomials xdx and ydy
with nonzero coefficients. Since F is generically transverse to the line at infinity
L, the homogeneous part of maximum degree of w has the form

Q(ydx — xdy),

where Q € Clx, y] is homogeneous of degree 2. From (6.12) and the symmetries
of F we deduce that F has nonzero tangency orders with Lo, at the points [0 :
1 :0]and [1 : 0 : 0]. This means that x and y are factors of Q, so we have that
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Q = cxy for some ¢ € C*. Clearly we can assume that c = 1. Then w contains
the monomials xy’dx and —x?ydy. We deduce that the set of monomials M — as
defined in Section 5 — contains

M = {x%,y2, x%y%).

Let us prove that M # M implies | Aut(F)| < 3(d*>+d + 1). Observe that M\ M
can only contain monomials of degrees 2 or 3, so we have

M\M C {xy,x3, y3,x2y,xy2}-

For example, suppose that xy € M. Then xy — y? and x?y?> — y? generate the
elements x — y and x> — 1 in the set S — as defined in Section 5. Then

|G|§#V<x—y,x2—1)=2,

so that
[Aut(F)| < 12 < 3(d*>+d +1).

The analysis for each of the other possible monomials in M\ M is quite similar.
Then we can assume

M = {x2,y% 2%y
and therefore w has the form
W= (ax + xyz) dx + (by — xzy) dy,
where a, b € C*. Since F is invariant by the transformation 7', by substituting

(x,y) < (y/x,1/x) in @ we obtain a form @ such that x*® = Aw for some
0 € C*. By a direct computation we have

xio = (—bx — axy2> dx + (y + axzy) dy,
so that —b = fa, —a = 0, 1 = Ob and we obtain obtain #° = 1,a = —0, b = 2.
Then
w= (—9x +xy2) dx + (92)/ — x2y) dy.
By substituting (x, y) < (ax, By), @? = 6%, B2 = 6 in the form above we obtain
2 2
(—x +xy )dx—i— (y—x y)dy

and therefore F is isomorphic to the foliation S. O



892 ALAN MUNIZ AND RUDY ROSAS

7. Polyhedral groups

This section is devoted to prove Proposition 4.3. We begin with some definitions.
Let F be a complex polynomial in two variables, let w be a polynomial 1-form in
two variables and let G be a subgroup of GL(2, C). We say that F is semi-invariant
by g € GL(2, C) if there exist a constant . € C* such that F(g) := Fog = AF.
Similarly, the 1-form w is semi-invariant by g € GL(2, C) if there exist a constant
A € C* such that g*(w) = Aw. We say that F (resp. w) is G-semi-invariant if
F (resp. w) is semi-invariant by every g € G. We say that the 1-form v # 0 is
homogeneous of degree n, if we have w = Adx + Bdy, where A (resp. B) is a
homogeneous polynomial of degree n or A = 0 (resp. B = 0).

As we have seen in Subsection 4.2, in suitable homogeneous coordinates (X :
Y : Z) the group Aut(JF) preserves {Z = 0} hence it corresponds finite non-Abelian
subgroup G of GL(2, C) acting on the affine chart {Z # 0} with natural coordinates
(x,y). Moreover we have that its image G < PGL(2, C) is a polyhedral group.
The foliation F is defined by a G-semi-invariant polynomial 1-form w, which can
be expressed as a sum

o= Z wj,

where J C {0,...,d + 1} and each w; is homogeneous of degree j. Observe
that the origin 0 € C? need to be a singularity of F, otherwise the tangent line to
F at the origin would define a fixed point of G, which is impossible because G
is a polyhedral group. Then we have J C {I,...,d + 1}. Moreover, notice that
|J| = 2, otherwise w would be homogeneous and Aut(F) would be infinite. Given
any g € G, there exists a constant A € C* such that

Z gh(wj) =1 Z wj.
jed jed
Then, since g is linear, we necessarily have
g (@)) = oj
for all j € J, from which we conclude that each w j is G-semi-invariant.

Lemma 7.1. Let  # 0 be a homogeneous 1-form of degree n in two variables.
Then we can express
w=dP + Q(xdy — ydx),

where P and Q are homogeneous of degrees n+ 1 and n — 1 respectively. Moreover

if w is G-semi-invariant for some G < GL(2, C) then so are P and Q.

Proof. Letw = Adx+Bdy and define P = ;7 (Ax+By) and Q = 17 (58 - §1).

A straightforward computation — we only need to use the relationsn A = x % +y %

and nB = x% + y% —shows that ® = d P 4+ Q(xdy — ydx). It remains to prove
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that P and Q are G-semi-invariant if so is w. Let g(x, y) = (ax+by, cx+dy) € G.
Since g*(w) = Aw for some A € C*, we have

A(g)d(ax + by) + B(g)d(cx + dy) = LAdx + ABdy,
so that
A(g)a + B(g)c = 1A,
A(g)b+ B(g)d = AB.
Then |
Plg) =~ [Al@)ax + by) + B(g)(cx +dy)] = AP
and therefore P is semi-invariant by g. From the last equation we obtain
§°(dP)=d(P(g) =2dP,

s0 d P is semi-invariant by g. Then Q(xdy — ydx) = w — d P is semi-invariant by
g and from this we easily obtain that Q is semi-invariant by g. U

Now we continue with the proof of Proposition 4.3. The group G is the quo-
tient of G by its subgroup H of homotheties. We will relate the order of H with the
degree of the foliation. If |[H| = n, we have that H is generated by an element of
the form 2 = €1, where £ is a primitive nth-root of unity. Since w is semi-invariant
by h there exist c € C* such that )~ h*(w;) = ¢ )_ wj, thatis

T LCT P
jeJ jed
Then g/l = cforall j € J. Thus, if ji < j, are elements in 7, we have
g/27J1 =1 and therefore n < j, — ji. We conclude that
|H| < 1j2 = jil, Vji, j2 € J distinct. (7.1)

In particular we obtain
|H| <d

that together with our assumption 3(d 21 d+1) <|G|leads to
3(d*+d+1) < |G|l =|G||H| < |G|d. (712)

According to Lemma 7.1 we can express w; = dP; + Qj(xdy — ydx) for each
J € J. Notice the following facts:

() Ifd +1 € J,then Py is zero: if wgy1 # 0O, the foliation is generically
transverse to the line at infinity and we have w;11 = Q(xdy — ydx) for some
homogeneous polynomial Q. If this were the case, we would have

dPg+1 + Qa+1(xdy — ydx) = Q(xdy — ydx)

and it is easy to see that this would imply that Py = 0;
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(2) The polynomial P; is not zero for some j € J. Otherwise F would be the
radial foliation xdy — ydx = 0 and Aut(F) would be infinite.

First recall that for any finite subgroup G < PGL(2, C) the stabilizer G, of any
point p € P! is cyclic. Then the smallest orbits of such group correspond to its
elements with largest order. We refer to Klein’s book [12] for generalities on the
polyhedral groups.

Case 1: suppose that G = T the tetrahedral group. Since |T| = 12, Inequality (7.2)
implies that d = 2. Take j' € J such Py # 0. By the fact (7) above we have
Jj' < d = 2,sothat deg Py < 3. Then P/ = 0 defines a set of order < 3 in P!
which is invariant by the action of T'; but th1s is a contradiction because the smallest
orbit of 7 in P! has order 4.

Case 2: suppose that G = O the octahedral group. The smallest orbit of O has
order 6 and it is well known that, up to linear change of coordinates, we can assume
that this orbit corresponds to the 6 lines defined by the polynomial

P = xy(x4 — y4).

Since |O| = 24, Inequality (7.2) implies thatd < 6. Take wj =dPjy+ Qj(xdy—
ydx) with P;; # 0. By the fact (7) above we have j’ < d < 6, s0 that deg P i <.
Thus, since P;; = 0 defines a finite set in P! which is invariant by O and the
smallest orbits of O have orders 6 and 8, we conclude that deg Py = 6, j' =5
and any other P; is zero. Moreover, since Ps has degree 6 and Ps = 0 has to be
an equation of the 6 lines composing the orbit of order 6 of O, we have Ps = 8P
for some B € C*. Observe that Qs = 0, otherwise Q5 = 0 would define a set of
order < 6 which would be invariant by O. Then ws = Bd P,hence d > 5 and from
Inequality (7.2) we obtain that |H| > 4. Then, from Inequality (7.1) we deduce
that the only other w; # 0 that can exist — and actually exists because w is not
homogeneous — is w;. Since P; is zero, we have w; = a(xdy — ydx) for some
a € C* and therefore
w=axdy — ydx) + BdP.

Applying the substitution (x, y) < (Ax, Ay) with A* = o/ we obtain the 1-form
ar? (xdy — ydx +dP),

so that F = Ps.

Case 3: suppose that G = I the icosahedral group. The smallest orbit of O has
order 12 and it is well known that, up to linear change of coordinates, we can
assume that this orbit corresponds to the 12 lines defined by the polynomial

P = )cy(x10 + llxsy5 — ylo).

Since |I| = 60, Inequality (7.2) implies thatd < 18. Take w; = dPj + Q j(xdy —
ydx) with P;s #0. By the fact (7) above we have j' <d <18, so that deg P;; < 19.
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Thus, since P =0 defines a finite set in P! which is invariant by I and the smallest
orbits of I have orders 12 and 20, we conclude that deg Py = 12, j' = 11 and any
other P; is zero. Moreover, since Pjj has degree 12 and P;; = 0 is an equation
of the 12 lines composing the orbit of order 12 of I, we have P;; = B P for some
B € C*. Recall that Q; = 0 defines a set of orderdegQ; = j— 1 <d < 18 in
P!, which is invariant by 1. Thus, since the smallest orbits of / have orders 12 and
20, we necessarily have deg Q; € {0, 12}. If deg(Q ;) = 12, we have that w13 # 0
and, since w1 is also nonzero, Inequality (7.1) gives |H| < 2, which together with
Inequality (7.2) gives d < 5, a contradiction. Thus we can only have deg(Q ;) =0,
so that the unique other w; that can exist — and actually exists because w is not
homogeneous — is w;. Since Pj is zero, there exists @ € C* such that

w=a(xdy — ydx) + BdP.
Applying the substitution (x, y) < (Ax, Ay) with !9 = «/8 we obtain the 1-form
ar? (xdy —ydx +dP),
so that 7 = Py;. O

8. Poincaré series and a Molien-type formula

To study the foliations invariant by a primitive subgroup of PGL(3, C) we change
our approach to a more direct one through representations of these groups. We refer
to [15] for the basic results of Invariant Theory.

Let M = P,-o My be a graded vector space such that dim¢(My) < oo for
each d. The Poincaré series of M is defined by

P(M;t) = Z dime (My)te.
d>0

When M is a finitely generated module over a complex polynomial ring, the Hilbert-
Serre theorem says that P(M, t) is a rational function of the variable ¢. Given a
finite group G, a graded G-module M and a character x : G —> C*, the Reynolds
operator R, : M — M is defined by

1

R —

Y o x@)'om me M.
peG

It is an idempotent graded operator whose image is the submodule M* of G-semi-
invariants with character x. In particular, the dimension of each homogeneous
component of MX is given by the trace of the appropriate restriction of R, . For
instance, let M = C[Xo, ..., X,]. For a faithful representation G —> GL(n +
1, C) Molien’s formula exhibits the rational function:

1 x(g)
X ) —
P(M*;t) = Gl gEEG det(l —1g)" (8.1)
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Given a finite subgroup G < GL(3, C) and a character x : G — C*, we want
to describe the homogeneous vector fields v on C3 with div(v) = O that are G-
semi-invariant — see Section 2. Since the arguments are valid in any dimension, we
state and prove our main result for a finite dimensional vector space W. Suppose
that G < GL(W) is a finite group. Thus, we are interested in the G-module V
of polynomial vector fields whose divergence is zero. The action is given by the
pushforward and the grading is given by the degree. Recall that when W = C> a
degree d foliation on P2 is defined by an element of V; that is unique up to scalar
multiplication. The following theorem is a Molien-type formula.

Theorem 8.1. Let W be a finite dimensional vector space, let G < GL(W) be a
finite group and let x : G —> C* be a character. Then

1 x(@) (™" —1)
> :

P(VXt) = —
( ) |G| det(I — t¢)

peG
Proof. First notice that the space of homogeneous polynomials of degree d on W is
naturally identified with $¢ (W), the symmetric power of the dual space. The space
of degree-d homogeneous vector fields is naturally identified with SY(WY) ® W.
Letv e S4WY)Q W be a homogeneous vector field. For any ¢ € GL(W) we have
div(g4v) = div(v) o ¢!, Then V, is a GL(W)-submodule of S¢(WY) @ W. On
the other hand, for a homogeneous polynomial P we have ¢,(PR) = (P o ¢~ )R,
where R is the radial vector field. This gives us the exact sequence of GL(W)-
modules

0— S'WY) — ST W)@ W — V; — 0. (8.2)

Note that this sequence is induced by the Euler sequence of P(W) hence, if dim W =

n+1,V; ~HO(P", TP"(d — 1)). The GL(W)-action in (8.2) is as follows. Given

peSiWY), weWandgp € GL(W)wehave ¢ - w = p(w),¢-p=pogp ' =

S HT(p)and¢- (pQw) = ¢- p ¢ - w, where S¥(¢) is the matrix symmetric
power and the T superscript stands for the transpose.

Let us denote
C[W] = @ S4WY).
d>0

Then taking the direct sum on each term of the sequence (8.2) gives the sequence
of graded GL(W)-modules

0— C[W] — CIWIQW — V — 0,

where the first map has degree one and the second has degree zero. Applying the
Reynolds operator associated to G and y we have that the sequence

0 — C[W} — (C[W]Q W)X — VX — 0.
is exact. From the degrees of the maps, the Poincaré series of VX is computed by

P(VAt) = P(CIW]® W)*; 1) —t P(C[W]¥; 1),
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We will now calculate the right-hand side of this equation. From the definition of
Ry we have

dim(CIWly ® W) = — Y @ '@ ®¢)

Gl %2
1
=— Y x(@) ' w@uEie).
Gl %2
On the other hand,
D x (@) @) (ST Nt = x () () Yt (9™ e
d>0 d>0
_ x(@)'r(p)
~det(I —tep~1)

and it follows that

1

PCIWI®@ W) 1) = — " x(@) ' tr(p) tr(8% (¢~ i

Gl 0eG d>0
1 (8.3)
_ 1 - x@ule™)
|G| prere det(I — t¢)
The computation of P(C[W]X; ¢t) follows analogously:
1 x(p)
P(C[WI*;t) = — —_— 8.4)
|G| (/;G det(I — top)
Combining (8.3) and (8.4) we conclude that
P(VX 1) = P(CIW]® W)X; 1) —t P(C[W]%; 1)
1 tr(p~') — ¢
x (@) (tr(p™) )‘ O

Gl =g det(I —19)

9. Primitive groups

This section is devoted to prove Propositions 4.6 and 4.7. Let Aut(F) < PGL(3, C)
be a transitive primitive group. We can take a finite group G < GL(3, C) whose
image in PGL(3, C) is equal to Aut(F). Let v be a homogeneous vector field in C3
with div(v) = 0 that induces F. Then v is G-semi-invariant. Note that this works
for any choice of G since v is homogeneous.

In the following subsections we analyze each of the possibilities — described in
the Subsections 4.4 and 4.5 — for Aut(F). For each of these cases we use Theorem
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8.1 to determine the possible vector fields v such that | Aut(F)| > 3(d*> +d + 1).
After our study, the proofs of the Propositions 4.6 and 4.7 will be clearly finished.
All representations and character tables come from [1], except for the Hessian group
that comes from [3]. We also remark that we have used Maple™ to speed up
calculations of the Poincaré series, the same could be achieved in any computer
algebra system or even by hand.

9.1. The Hessian group

To do the computations we will follow [3]. Suppose that Aut(F) is the Hessian
group. Then we can take G equal to the triple cover of order 648 in GL(3, C)
generated by the pseudo-reflections

100 A A2 )2 100
Ri=|010 ), Ro=— 22222, Rs5=|0x20],
00 A2 V=322 001

where A is a primitive cubic root of unity. The multiplicative characters are deter-
mined by their image of any element on the conjugacy class of Ry, see [3], hence
there are three possibilities: the trivial character xo(R;) = 1 and x; (R;) = Al for
i =1, 2. Then we compute the functions:

Ve F19 4 416 4 13 4 410 47 4
(1 =1 —112)(1 —118)
=T 0 2B 34
P(VXI;I) _ t31 +t28+t25+t22+t19+t16 (91)
(I =) (1 =111 —118)
=104 1022 P 3B
3T 28 05 20 919 16 L 13
(1= —112)(1 —118)
=B 41042019 4

PV 1) =

The inequality 216 = |Aut(F)| > 3(d*> + d + 1) implies that d < 7. By the
formulas (9.1), the possible degrees are d = 4, 7 and there is exactly one foliation
with each degree. Then, these foliations are necessarily the Hessian foliations Hy

and H7.

9.2. The normal subgroup E of the Hessian group

Suppose that Aut(F) is the subgroup E of the Hessian group as presented in Sub-
section 4.4. From the inequality 36 = | Aut(F)| > 3(d*+d+1),we see thatd = 2
is the only possibility. It is not difficult to prove that the orbits in P? by the action
of E have at least 6 elements. Thus, since Sing(F) is a union of orbits of E and
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| Sing(F)| < d*> +d + 1 = 7 we conclude that Sing(F) is an orbit O of E. Then
F has at least 6 singularities, all of them having the same Milnor number u € N.
Since the sum of these Milnor numbers is equal to 7, we necessarily have yu = 1
and |O| = 7, which is a contradiction because 7 does not divide 36. Thus there is
no foliation F satisfying our hypotheses.

9.3. The normal subgroup F of the Hessian group

Suppose that Aut(F) is the subgroup F of the Hessian group as presented in Sub-
section 4.4. From the inequality 72 = | Aut(F)| > 3(d*+d+1),we obtaind < 4.
Clearly the set Q1 C P? composed by the twelve singularities of the singular cu-
bics of the Hesse pencil is invariant by F — see [2] for the explicit list of this points.
By a straightforward computation we can verify that Oy, is actually an orbit of F.
Observe that the point [0 : 0 : 1] € Oy, is fixed by the subgroup Fy < F generated
by S and

T?V2: [X:Y:Z]—~[Y:X:Z]

It is easy to see that Fy does not fix any line through [0 : O : 1]. Then [0 : O : 1]
is necessarily a singularity of J, otherwise the tangent line to F at [0 : 0 : 1]
would be fixed by Fy. Then the twelve points of O, are singularities of . These
singularities are simple because F has at most d4d+1 < 21 singularities counting
multiplicities. We can not have F = Oy because the equation dA+d+1=12
has no solutions. Then F contains at least one orbit other than (O, which has
at most nine points. We need the following fact about the group F, which is not
difficult to prove: the set of nine base points of the Hesse Pencil is an orbit of F
— we denoted it by Qg — and any other orbit has more than nine points. Thus, we
deduce that Sing(F) = Og U Oy, and that F has only simple singularities. Recall
that a foliation with simple singularities is determined by its singular set — see [5].
Then, since Hy4 has simple singularities and Sing(H4) = Og U O17, we conclude
that 7 = Hy.

9.4. The Icosahedral group As

This group has a lift to SL(3, C) that is isomorphic to itself. We can use the follow-
ing presentation:

G = <A, B|A2 = B® = (AB)> = 1>

with generators

-1 0 O 010
A= 0-—-1 O0),B=|0011],
r r 1 100
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where r is the golden ratio # Since G is a simple group, the only possible

multiplicative character is the trivial one, hence

—t10 4 1049 O 4
(1 =191 =191 - %)

P(VY; 1) = =541+ +8 4204 92)

However, the inequality 60 > 3(d2 +d + 1) implies d < 3, so that no foliation is
under our hypotheses.

9.5. The Klein group PSL(2, 7)

This group is the celebrated automorphism group of the Klein quartic of equation
X3Y +Y3Z + Z3X = 0 which attains the Hurwitz bound; it has genus 3 and 168 =
84(g — 1) automorphisms. The Klein group is simple and it has a representation in
SL(3, C) given by

G =PSL(2,7) = <A, B|A% = B3 = (AB)’ = [A, B]* = 1>

with generators

1 -1—r r 010
A=|0 -1 0)],B=|001],
0o 0 -1 100
where r = _1%“/__7 Since this group is simple, we only have the trivial character

and therefore

22 4 418 4416 4 10y 0 4 8
(I =t =191 — 1%

P(VC;1) = =404 2B 93)

The inequality 168 > 3(d? 4 d + 1) implies that d < 6, so that no foliation satisfies
our hypotheses.

9.6. The Valentiner group Ag
This group has a perfect triple cover in SL(3, C) of order 1080 given by

G = <A, B|A2 = B* = (AB)"S = (AB?)° = [(AB)®, A] = 1>

with generators

-1 0 0 0 1 0
A= o o 1|,B=[-1 0 o],
010 a B 1
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where « = —&7 — &3, 8 = —£2 — &3 for some primitive 15th root of unity £.
Although the Valentiner group is not simple, it is perfect — this means [G, G] = G.
Then we have only the trivial character and therefore

P(VS 1) =

446 4 40 4 (34 4 05 19 4 416
(1 =301 —112)(1 —19)

= 104194242154 (94)

Also in this case there is no foliation under our hypotheses, since the inequality
360 > 3(d> + d + 1) implies d < 10.
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