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Abstract We study the polynomial fibration induced by the equation of the Klein
surfaces obtained as quotient of finite linear groups of automorphisms of the plane;
this surfaces are of type A, D, E, corresponding to their singularities. The generic fibre
of the polynomial fibration is a surface defined over the function field of the line. We
proved that it is not rational in cases D, E, although it is obviously rational in the case
A. The group of automorphisms of the Klein surfaces is also described, and is linear
and of finite dimension in cases D, E; this result being obviously false in case A.
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1 Introduction

Taking any finite subgroup G C SL(2, C) acting on C2, the quotient is a surface in
C3 given by one of the following polynomials:

an(x,y,2) =x" —yz,n > 2

dp(x,y,2) =x"""+xy* + 25 n >4

e6(x,y,2) = x* + 3>+ 22,
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e7(x,y,2) = >y +y3 + 2%,
eg(x,y,7) = X + y3 + Zz-

The surfaces obtained here are often called Klein surfaces, which have one singularity
at the origin, of type A, D, E, and all such singularities are obtained by this process.
There is a classical relation between the Dynkin diagram obtain from the resolution of
singularities and the one given by the representation theory of G (see for example Reid
2002 and its references).

If f € C[x, y, z] is any of the polynomials above, the map F: C> — C given by
(x,v,2) — f(x,y,7)is amorphism of algebraic varieties. The fibre f; of r = O is a
smooth hypersurface of C3, whereas the fibre fy of 0 is the quotient surface described
before. One can then see F as a deformation of the singularity.

In this article, we are interested in the question of the rationality of the generic fibre
of F, asked to us by J. Alev. Even if the general fibres of F are rational, the generic
fibre is not rational, except in the trivial case of a,,.

Theorem 1 Let f € Clx, y, z] be equal to one of the polynomials ay, d,,, eg, e7 or eg
above. The following are equivalent:

(1) The field extension C(x,y,z)/C(f) is rational, i.e. there exists exist g,h €
C(x, y, z) such that C(x, y, z) = C(f, g, h);
(2) The polynomial f is equal to a,(for some n > 2).

Remark 1.1 The implication (2) = (1) is easy, by taking ¢ = x and h = y for
instance. Although the case A, is trivial for the result of the theorem, we will apply
our strategy of proof to it, in order to see its difference with the other cases from the
geometric point of view.

To prove Theorem 1, we will provide a natural compactification of the generic
fibre of the the polynomial map F: C3 — C, obtaining a minimal surface defined
over C(t), whose root system is exactly of type A,, D,, Eg, E7 or Eg. The surface,
minimal over C(r), will be minimal over C(7) only in the case A, and will be rational
only in this case too. The technique only involves simple classical tools of birational
geometry, with some little tricks. We will moreover find the minimal extension of C(¢)
which makes the extension rational:

Theorem 2 Let f € Clx, y, z] be equal to one of the polynomials d,, eg, e7 or eg
above. There exists a number a € N depending only on f such that:

For any field extension K of C(f), the extension K (x,y, z)/K is rational if and
only if K contains a a-th root of f.

Moreover, a is equal to 12, 18, 30 if f = eq, €7, eg and is the highest power of 2
that divides 2(n — 1) if f = d,,.

Remark 1.2 1) The dimensions of the minimal field extensions above are the Coxeter
number of the Weyl groups Eg, E7, Eg. For D,,, the Coxeter number is 2(n — 1) and
here we only find the highest power of 2 that divides this number.

2) The fact that the extraction of roots ¢ give rational surfaces can be checked
directly by looking at the equations, and doing change of variables of the type x =
u'X,y = ulY, z =u°Z,t = u?. The d needed so that the equation get rid of u, ¢ is
exactly the one given by the Theorem 2.
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This result is the same as the result on the Gelfand—Kirillov conjecture for simply
laced simple Lie algebras established by Premet (2010): among the ADE types, it
is true if and only if we are in type A. This was the origin of J. Alev’s question and
might be the starting point of an alternative proof of Premet’s result via the structure of
transverse slices. Theorems 1 and 2 could also yield a way to prove that the Gelfand-
Kirillov conjecture does not hold for finite W-algebras of type D, E (although it is
true in type A, as proved in Futorny et al. 2010).

Note that the question is also related to the question of rational variables of C3. A
rational function f € C(x, y, z) is a rational variable if there exists g, h € C(x, y, 2)
suchthat C(f, g, h) = C(x, y, z). The notion of variable is related to the understanding
of the Cremona group Autc(C(x, v, z)) = Bir(C?). A necessary condition to be a
variable is that the general fibres of f: C3 --» C are rational. Theorem 1 shows that
this condition is not sufficient.

Another question related to the Klein surfaces corresponds to describing the auto-
morphisms group of these surfaces viewed as affine algebraic surfaces.

The group of automorphisms of the surface of type a,, has obviously infinite dimen-
sion, since it contains the group

P n__ n
[(x,y,z)r—> (x+yP(y),y,z+(x+y (yy)) ol )‘ Pe(C[y]].

It is in fact an amalgamated free product (Blanc and Dubouloz 2011, Theorem 5.4.5).
In all other cases, we will prove that only linear automorphisms are possible (see
Corollaries 4.2 and 4.5), and obtain the following result:

Theorem 3 Let f € Clx, y, z] be equal to one of the polynomials ay, d,,, eg, e7 or eg
above. The following are equivalent:

(1) Every automorphism of the Klein surface
Sp={(.y.2€C| f(x,y,2) =0}

extends to a linear automorphism of C3;
(2) The group of automorphisms of the Klein surface Sy has finite dimension;
(3) The polynomial f is equal to ee, e7, eg or dy(for some n > 4).

Each of the automorphisms of Sy is moreover diagonal if f = eg, e7, eg or d, for
n > 5. Moreover, Aut(Se,) = C* x {£1}, Aut(S,,) = Aut(Se) = C*, Aut(Sy,) =
C* x Z/2Z for n > 5 and Aut(Sg,) = C* x Sym;.

We find once again a significative difference between the case A and the cases D, E.

2 Rewriting of the problem of rationality

Recall that a rational map between algebraic varieties is a map which is locally defined
by quotient of polynomials. These “rational maps” are not really maps because they
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are defined only on the open dense subset where the local quotients are determined A
rational map is said to be a morphism if this domain is the whole variety, i.e. if the
map is defined at every point. The rational map is birational if it admits an inverse,
which is rational.

We want to study the map F: C? — C from the geometric and algebraic point of
view. Algebraically, we will show that the extension C(x, y, z)/C(f) is rational only
in the case of A,, whereas C(x, y, z)/C and C(f)/C are rational extensions. Geomet-
rically, F induces a morphism from a rational 3-fold to a rational curve; we will show
that the fibre of any (closed) point is a rational surface (i.e. for any ¢ € C the complex
surface {(x, y,z) € C3| f(x, y, z) = t}is birational to ]P’%C), whereas the generic fibre
is rational only in the case of A, (i.e. the surface {(x, y,z) € C(#)3 | f(x,y,2) =1}
defined over C(¢) is birational to P%Z(t) only in the case A,).

Note that this situation is impossible in lower dimension. Indeed, for any rational
map 7: C? --» C having a general fibre which is rational, the generic fibre is rational,
by Tsen Theorem.

3 Compactifications and rationality of them

We will compactify the generic fibre of F in order to use tools of projective geometry
to show when it is rational or not.

Recall that any algebraic surface, over any perfect field k, is birational to a smooth
projective surface X. One can moreover choose X to be minimal. A projective smooth
surface X defined over k is said to be minimal if any birational morphism X — Y,
where Y is another smooth algebraic surface, is an isomorphism. Let us say that a
contractible curve on X is a curve C C X defined over k, which is irreducible over k
and which decomposes over the algebraic closure k of k into a set of disjoint (—1)-
curves (curves isomorphic to IP’]% and of self-intersection —1). Since any birational
morphism between smooth projective surfaces is a sequence of isomorphisms and
contractions of contractible curves, the surface X is minimal if and only if it does not
contain contractible curves.

Recall the following classification of minimal geometrically rational surfaces (here
Pic(S) denotes the Picard group of S, which corresponds to the group of divisors
modulo linear equivalence, and K is the canonical divisor):

Proposition 3.1 [Manin (1967), Iskovskikh (1979)] Let S be a proj_ective smooth
surface defined over a perfect field k. If the surface S is rational over k and minimal
over k, one of the following occurs:

(1) Pic(S) = Z and S is a del Pezzo surface (which means that —Kg is an ample
divisor);

(2) Pic(S) = 72 and S admits a conic bundle w: S — C, where C is a smooth
rational curve of genus 0(isomorphic to P! over k).

We divide our study in two, corresponding to the two cases of Proposition 3.1,
which will be investigated in Sects. 3.1 and 3.2 respectively.
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3.1 del Pezzo case

Recall that a del Pezzo surface is a smooth projective surface S with —Kg ample. It
has a degree, which is (KS)2 e{l,2,...,9}.

Over an algebraically closed field, S is isomorphic to P>, P! x P! or to the blow-up
of 1 < r < 8 points of P? in general position (no 3 collinear, no 6 on the same conic,
no 8 on the same cubic being singular at one of the 8 points); the degree is then 9 —r.
For more details, see for instance Demazure (1967) or Beauville (1996).

If S is the blow-up of pi,..., p, € P2, the Picard group of S is generated by

eo, €1, ..., er, where eg is the pull-back of a line of P2 and ¢; is the exceptional

curve contracted on p;. The intersection form is of type (1, —1, ..., —1) (i.e. (e0)? =

1, (e;)> = —1fori > 1 and ¢; -ej = 0if i # j). We associate to this a root system:
e —e|l —exy —e3,e] —€2,€1 —€3,...,6_] — €

All this roots have self-intersection —2, and the intersection form between them is
given by the following diagram, which is of type E¢, E7, Egif r = 6,7, 8:

el — e ey —e3 ez —eq eq4 —es er—1 — e

€p— €1 — €2 —¢€3

Recall what are the classical canonical embeddings of del Pezzo surfaces of degree
< 3 [see for instance Kollar (1996), Theorem I11.3.5].

If S is a del Pezzo surface S of degree 3 over any field, the anticanonical system
| — K| yields an isomorphism of S with a smooth cubic in IP3. Moreover, all smooth
cubics are obtained by this way.

If S is adel Pezzo surface of degree 2 over any field, the anticanonical system | — K g|
gives a double covering of P? ramified over a smooth quartic, and all smooth quartics
are obtained by this way. We can then embed § into a weighted projective space
P(1, 1, 1, 2), obtaining an equation of degree 4. Moreover, the linear system | — m K|
is given by the trace of the system of hypersurfaces of degree m of P(1, 1, 1, 2).

If S is a del Pezzo surface of degree 1 over any field, the anticanonical system
| — K| yields an elliptic fibration S — P! and | — 2Kg| gives a double covering of a
quadric cone in P?. We can then embed S into a weighted projective space P(1, 1, 2, 3),
obtaining an equation of degree 6. Moreover, the linear system | — m K| is given by
the trace of the system of hypersurfaces of degree m of P(1, 1, 2, 3).

Note that (—1)-curves on a cubic surface correspond to the 27 lines of the surface,
which are maybe not all defined over the base-field. On a del Pezzo surface of degree
2, the 56(—1)-curves corresponds to the 28 bitangents of the quartic, which gives
members of | — Kg| decomposing into two curves. Note that here we call a bitangent
a curve being tangent twice at the points or intersecting the curve at only one point.
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On a del Pezzo surface of degree 1, the 240(—1)-curves corresponds to the member
of | — 2K g| which decompose into two curves.

In cases Eg, E7, Eg, we compactify the generic fibre of F: C3 — C into a minimal
del Pezzo surface of degree 3, 2, 1. These are the following:

Case Eg—The compactification is
Ss={(W:X:Y:2)eP(,1,2,3)cy | tW° = XW +¥3 + 72},
which is a del Pezzo surface of degree 1. The morphism Sg — }P’(lc © given by
W:X:Y: Z)—»> (W:X)
is an elliptic fibration, and the morphism Sg — P(1, 1, 2)¢( given by
W:X:Y: Z)» (W:X:Y)

is a double covering.

Case E7—The compactification is
S7={(W:X:Y:2)eP(,1,1,2)cq | tW* = X3V + Y3 W + 72},
which is a del Pezzo surface of degree 2. The morphism §7 — ]P)@2C © given by
W:X:Y:Z)» (W:X:Y)

is a double covering ramified over the smooth quartic t W* = X3Y + Y3 W.

Case Eq—The first simple compactification is
Se={(W:X:Y:2Z)eP(l,1,1,2)cq | tW* = X* + VW + 7%},

which is a del Pezzo surface of degree 2. But the surface is not minimal, it contains two

(—1)-curve defined over C(r), whichare W = 0, Z = +iX?. Note that the equation of

Sg can be written as (Z —iX2)(Z+iX?) = W(W?3 —Y?3). The morphism S — IP’?C([)

which sends (W : X : Y : Z) onto

(W2 :WX: WY :Z+iX?) if W#0orZ # —iX?
(W(Z —iX?) : X(Z —iX?) : Y(Z —iX?) :tW3—Y3) iftW3#£Y3 or Z#iX?

contracts the curve W = 0, Z = iX? onto (0:0:0:1). The image is the smooth
cubic

Se={(W:X:Y:Z)€e P?C(t) | Z(WZ —2iX%) = tW3 —Y3)

and the map Sé — Sg is the blow-upof (0:0:0: 1).
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In order to decide when Sg, S7, Sg are rational over C(¢) or a finite extension, we
will use the following classical result, which is the culmination of several results of
Iskovskikh and Manin:

Proposition 3.2 Let k be a perfect field and let S be a del Pezzo surface of degree d,
defined over k. If S is minimal (over k) and d < 4, then S is not rational (over k).

Proof If S was rational, there would be a birational map S --» ]P’,%, which decom-
poses into ¢, o - -- o @1, where the ¢; are elementary links [see Iskovskikh (1996),
Theorem 2.5, page 602]. The classification of the possible links made in [Iskovskikh
(1996) Theorem 2.6, page 604] implies that any link starting from a surface X with
(Kx)? <4 gives a surface X’ with (K x)% < 4. This shows that no sequence of links
starting from § can go to P2, and achieves the proof. O

We now prove that Sg, S7, Sg are minimal over C(¢), which implies that these
surfaces are not rational by Proposition 3.2. We also study the minimal extension
which makes the surface becoming rational.

Proposition 3.3 Let K be a finite extension of the field C(t). The surface S¢ is rational
over K if and only if K contains an element p with p'* = 1.

In particular, Sg is not rational over C(t) and the minimal extension of C(t) that
makes Se rational is C( "/t), which has degree 12 over C(t).

Proof The surface Sg is a smooth cubic surface in IP3: it contains thus exactly 27 lines
defined over C(¢), which are the 27(—1)-curves on Sg. Recall that Sg has equation

ZWZ —2iX%) —tW3 + Y3 =o0.
One checks that the three lines L, L», L3 of equation
Z=0,Y=aW,

where o € C(¢) is a third root of ¢, are contained in Sg.
The other 24 lines of Sg are the lines L, given by

271l (V3 + W + 18X 1> + (=9 +5v3)Z =0
9iu’ (V3 - 1Y +18Xu® +2(3 - 2v/3)Z =0

where p € C(7) satisfies u!2 = %(—5 + %ﬁ)t.

If K contains an element p with p'> = ¢, all 27 lines of Sy are defined over K,
which implies that Sg is rational over K (take 6 disjoint lines and contract them to
obtain P?).

Assume now that K does not contain any 12-th root of ¢ and let us prove that Sg is
not rational over K. Any 1 € C(1) satisfying 1'2 = 5 (—5 = 224/3)t is conjugate
over K to £ where where £ is a primitive second or third root of unity. The lines
L, and Lg, are thus conjugate by an element of the Galois group Gal(C(1)/K). One
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checks that L, and Lg, intersect, which implies that no one of the 24 curves L,
belongs to a contractible curve (defined over K).

If one third root of ¢ is contained in K, the three lines L, Ly, L3 are defined
over K but intersect each other at the point (0:1:0:0). After contracting one of the
three curves, the del Pezzo surface of degree 4 that we obtain does not contain any
contractible curve defined over K and thus is minimal over K. It is therefore not
rational by Proposition 3.2.

If no third root of ¢ is contained in K, the surface Sg is minimal over K and also
not rational by Proposition 3.2. O

Proposition 3.4 Let K be a finite extension of the field C(t). The surface S7 is rational
over K if and only if K contains an element p with p'® = 1.

In particular, S7 is not rational over C(t) and the minimal extension of C(t) that
makes Sy rational is C( "¥/t), and has degree 18 over C(t).

Proof Recall that S7 has equation ¢ W4 = X3Y+Y3W+2Z2%in P(1,1, 1, 2). Since S7is
adel Pezzo surface of degree 2, it has 56(—1)-curves defined over C(z), corresponding
to the 28 bitangents of the quartic of P? given by

W= X3y —Y3w =0.

Recall that classically a bitangent is a curve tangent at two points, but we will allow
the case where these two points coincide, and call this “undulatory tangent” again a
bitangent. With this definition, every smooth quartic has exactly 28 bitangents.

We now compute the 28 bitangents and the 56 corresponding (—1)-curves.

One checks that all lines of the form aW 4+ bX = 0 are not bitangent to the quartic,
which implies that all bitangents are given by

Y =aW +bX,

where a, b € C(t) are such that tW* — X3(aW + bX) — (aW +bX)’W isa square
in C(1)[W, X1, that we write (cX> + dX W + eW?)2. Any solution of

(W2 +dWX +eX?)? =tW* = X3 aW + bX) — (aW + bX)’W )

gives a (—1)-curve of S7, of equation Y = aW +bX, Z = cW24+dWX +eX?, and
all (—1)-curves are obtained like this. Writing Eq. (1) as

(* +a® —OHW* + 3a®b + 2cd)W3X + (3ab* + 2ce + d*)W? X?
+ (a+b+2deyWX> + b+ )X =0
every coefficient has to be zero. The last two coefficients yield b = —¢? and a =
—2ed + % If e = 0, one findsa = b = d = 0 and ¢* = r, which yields two

(—1)-curves L1, L, of equation

Y =0,Z = +/tW2.
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We can now assume that e % 0 to find the remaining solutions. The third coefficient

) 2, 0 2 1 5,2,10 . . .
yields ¢ = —3abtd" — _d 6detde - Replacing these in the first two coefficients,

we get respectively

1
4—2(d4 — 44d3¢> +90d%e'" — 60de" + 13¢*° — 4¢%t) and
(4

1
—(—=d® = 6d*¢> +9de'" — 3¢1).
e

Multiplying the first coefficient by e(28d44-204¢%) and adding the second coefficient
multiplied by 7d> — 299de> + 243¢'0 we get

e(115¢'8 — 281)d — 6e0(11e'® 4 341) = 0.

Observe that 115¢3 — 28t is not zero, otherwise we would have 11e!® + 34 = 0,
which is incompatible. We have thus

_6e°(11e'® 4 341)

d= 2
115¢18 — 28¢ @

Replacing this in the second coefficient we get

54 _ 294966361 + 401808¢!8¢% — 6413

111 ,
¢ (115¢18 — 281)3

and find thus 54 different solutions, which give with the two above the 56(—1)-curves.
In fact, etﬁ is a root of the polynomial

0(X) = X> — 29496 X% + 401808X — 64,

which has three distinct roots in C, all being real.

If K contains an element p with p'® = ¢, all 56(—1)-curves of S7 are defined over
K, which implies that §7 is rational over K (take 7 disjoint lines and contract them to
obtain P?).

Assume now that K does not contain any 18-th root of ¢ and let us prove that S7 is
not rational over K. Any u € C(r) satisfying that # is a root of Q(X) is conjugate
over K to & where £ is a primitive second or third root of unity. The (—1)-curves
L, and Lg, associated (obtained by setting ¢ = u and e = £u) are thus conjugate
by an element of the Galois group Gal(C(z)/K). As in the case of S, let us see that
the (—1)-curves L, and L¢, intersect. For § = —1, this is because L_, is obtained
from L, by replacing ¢, d, e with —c, —d, —e and letting a, b the same. Any point
of intersection of the quartic tW* — X3Y — Y3W = 0 with the bitangent of equation
Y = aW + bX gives a point that belongs to both L, and L_,. If £ is a third root
of unity, Lg, is obtained from p by replacing a, b, ¢, d, e with a, g, c, 2_—1, &e and

corresponds to replacing X with % The intersection of L, with X = 0 gives one
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point that belongs to Lg,. We have shown that none of the 54(—1)-curves where
e # 0 belongs to a contractible curve (defined over K).

The two remaining (—1)-curves L, Ly of equation Y =0, Z = +1 W2 intersect
each otherin (0 : 1: 0 : 0). If \/# does not belong to K, S7 is minimal, and otherwise
we can contract one of the two (—1)-curves to obtain a minimal del Pezzo surface of
degree 3. In each case S7 is not rational over K. O

Proposition 3.5 Let K be a finite extension of the field C(t). The surface Sg is rational
over K if and only if K contains an element p with p>° = t.

In particular, Sg is not rational over C(t) and the minimal extension of C(t) that
makes Sg rational is C( Y1), and has degree 30 over C(t).

Proof Recall that Sg has equation tWe = XSW + Y3+ Z%in P(1, 1, 2, 3). Since Sy
is a del Pezzo surface of degree 2, it has 240(—1)-curves defined over C(z). Similarly
as in the case of 7, these correspond to the hyperplane sections of P(1, 1, 2) that cut
into two pieces. More precisely, these are the curves of equation

Y =aW? +bWX +cX2, Z =dW? + eW?X + fWX? + gX°,

where tWO — XSW — (aW2 +bWX —cX?)3 = dW3 +eW2X + fWX? +gX3)2
The coefficient of X° yields 3 = g% so we can add a new variable u € C(r)
with ¢ = p?, g = u’. The coefficient of X°W yields 1 + 3bc®> = 2gf, so

1 4 3u*h = 243 f, which implies that u # 0 and f = ”fj{‘b. We replace

2
. . 10 8,2 ¢ 47
these in the coefficient of X*W? and find ¢ = 124 a+3’§fg ub=1 " then find
14 5 12,3 10 872 4 . .
d = 12pabmp b1 at I b A91Cb L it the coefficient of X3 W3,

16[1,15
The coefficients of X>W* and X W become two polynomials of degree 2 in a (and
higher degree in b, 1), so one can make a linear combination to cancel the terms of
degree 2 and find a linear equation in a, which yields

106* 116 + 8563 112 + 9062 148 4 25u%b + 2
a =
301028 + 4utb + 1)

(one checks that 5>u8 + 4u*h 4+ 1 = 0 is incompatible with the two equations we
obtained).

Replacing the value of a in the coefficients of X>W* and X W one sees that these
are zero if and only if one of the following two polynomials vanishes:

P = 5b* 1% — 6900 126% — 2600807 — 30uth — 1
Py =560 + 100263 — 20u80% — 10p%p — 1

For each of the polynomials, one performs successive polynomial divisions between

P; and the coefficient of W (which has degree 9 in b) to obtain a polynomial of degree
1 in b and obtain then b in terms of . One gets respectively
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—5(163070849808001.°01 — 608640486458384056586401.%012 + 176186985170038340411.%° — 2251428325403)

= 214(19845532980000019013 — 740708401360188117142800490¢2 + 209218269637889227801 1130 — 40377544164371)
or

_ —10(224784123775200.%1% + 2858233826211840151% + 76075601776769341131 — 9692094622039483)
= 14(151038831945600001.9013 + 194657569344061200.9012 + 526365630369285480,.301 — 667567630291039199)

and the remaining equation for p that we obtain is respectively

108000407 (5400 7°1% —201547893492004.501% 45229002351 1.°0 +1254) +1 = 0,
10800007 (540012013 — 10810800.07% — 44551045¢1.°° — 611864) + 1 = 0.

So 13 is root of one of the polynomials

01(X) = 108000X (5400X°> — 20154789349200X2 + 522900235X + 1254) + 1,
0>(X) = 108000X (5400X> — 108108002 — 44551045X — 611864) + 1,

which have both 4 distinct roots in C, all being real. This yields the 240(—1)-curves
of the surface Sg.

If K contains an element p with p30 = ¢, all 240(—1)-curves of Sg are defined over
K, which implies that Sg is rational over K (take 8 disjoint lines and contract them to
obtain P?).

Assume now that K does not contain any 30-th root of ¢ and let us prove that Sg
is not rational over K. Any u € C() satisfying that 13°¢ is a root of one of the two
polynomials Q1, Q> is conjugate over K to £ u where £ is a primitive second, third
or fifth root of unity. The (—1)-curves L, and Lg, associated are thus conjugate by
an element of the Galois group Gal (m/ K). As in the cases of Sg, S7, let us see that
the (—1)-curves L, and Lg, intersect.

Note that Lg,, is obtained from L, by replacing
. a b,
a5b9c’d7e7f1ga/~1‘ Wlth gm’ 5_4’6.5 55157595%_

Remembering that L, is given by
Y =aW?> +bWX +cX>, Z=dW? + eW?X + fWX? + gX°,

Lg,, is obtained by replacing W and X with SKS and £ X, which corresponds to the
automorphism

. . . . W . . . W . . Y . Z
Any point of L, that is fixed by 6 is also contained in L. It suffices to show that
this point exists to see that L, and L, intersect. If £> = 1, we cut L,, with X = 0

and get one point. If&3 =L0:(W:X:Y:Z)=EW:EX:Y:Z)=(W:X:
Y& : Z),sowecut L, with Y = 0 and get two points (or one with multiplicity 2). If
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E=—-1,0:(W:X:Y:Z)=(-W:=-X:Y:Z)=W:X:Y:—-Z),s0owecut
L,, with Z = 0 and get three points (or less, with multiplicity).

In each case, the fact that L, and L,¢ intersect implies that no one of the 240
curves L, belongs to a contractible curve (defined over K). The surface Sg is therefore
minimal over K and not rational by Proposition 3.2. O

3.2 Conic bundle case

Note that the x-projection A3 — A! restricted to the cases A, and D,, gives a fibration
where a general fibre is an affine conic. We will extend this and obtain a natural
compactification as a conic bundle, so that any fibre is a projective conic, which can
be smooth or the union of two transversal lines (in this case the fibre is a singular fibre,
and only finitely many of them occur). We can then embed bundle over the affine line
A(lc o~ into a projective surface being a conic bundle over the projective line ]P(IC(t)'

We can therefore suppose that the conic bundle r : S — IP’(IC o is minimal. Similary
as for surface, a conic bundle (S, ) is minimal if any birational morphism¢: § — §’,
where (S’, ') is another conic bundle satisfying 7 = 7’ o ¢, is an isomorphism.

It follows from this definition that a conic bundle 7 : § — IP(%: ® is minimal if and
only if there is no contractible curve on § which is contained in a finite number of
fibres. Indeed, any birational morphism between two conic bundles which is not a
isomorphism contracts a finite number of contractible curves, all contained in a finite
number of fibres.

Every smooth fibre is not contractible, but any component f; of a singular fibre
f = f1 U f is contractible over C(t); its orbit by the Galois group Gal(C(r)/C(z))
is then contractible if and only it does not contain the component f5.

In order to decide when the surface obtained is rational over C(¢) or a finite exten-
sion, we will use the following classical result, which is the analogue of Proposition 3.2
for conic bundles.

Proposition 3.6 Let k be a perfect field and let S be a smooth projective surface that
admits a conic bundle structure w: S — IP’,L Suppose that (S, ) is minimal (over k)
and that the number of singular fibres of w is d > 0.

(1) Ifd < 1 and if there exists a point p € S defined over k then S is rational (over
k).
(2) Ifd = 4, then S is not rational (over k).

Proof First assume that d < 1 and that there exists a point p € S defined over k. In
fact, d = 0 is the only possibility because of the minimality of (S, ). The surface
is a line bundle defined, so is equivalent over k to an Hirzebruch surface IF,,. The
point p belongs to a fibre defined over k, which contains points that do not lie on
the exceptional section. Blowing-up one of this point and contracting the transform
of the fibre gives rise to a Hirzebruch surface IF,,_; if n # 0 and F,, | otherwise. By
induction we can go to [F; the unique exceptional section is then defined over k and
we can contract it to go to P2, 50 S is rational.

Suppose now that d > 4, which implies that (K 5)2 = 8 —d < 4, and let us show
that S is not rational. The proof is the same as in Proposition 3.2. If § was rational,
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there would be a birational map S --+ PZ, which decomposes into ¢,, o - - - o ¢,
where the ¢; are elementary links [see Iskovskikh (1996), Theorem 2.5, page 602].
The classification of the possible links made in [Iskovskikh (1996), Theorem 2.6, page
604] implies that any link starting from a surface X with (Kx)? < 4 gives a surface
X’ with (Kx/)?> < 4. This shows that no sequence of links starting from S can go to
IP2, and achieves the proof. O

Case A,—The generic fibre of F is the affine surface
{(x,5,2) € Afy 1" —yz =1},
defined over C(¢), which naturally embeds into the quasi-projective surface
U={(x,(w:y:2)€ A}C(z) X ]P%(t) | x"w? — yz = tw?}

via the map (x, y,z) — (x, (1 : y : 2)). The projection U — Aé:(t) yields a conic
bundle. Any general fibre is a smooth conic, and there are exactly n singular fibres over
C(1), consisting of two intersecting lines, above the points x” = 7. We can compactify
U to a projective surface X defined over C(¢) which has a conic bundle structure
T: X — IP’(%: ® extending the conic bundle structure on U; the singular fibres are then
two (—1)-curves intersecting into one point.

The curve y = 0, x"* = ¢t is defined over C(¢) and is thus contractible [it is the union
of n(—1)-curves which belong to the same orbit of the Galois group of C(1)/C()].
This leads to a projective conic bundle with at most one singular fibre, the fibre at
infinity that we do not see on U. This one is rational by Proposition 3.6.

Case D,—The generic fibre of F is the affine surface
{(x, .2 € Aggy | X"+ xy? + 27 = t} :
defined over C(¢), which naturally embeds into the quasi-projective surface
U, = {(x, (w:y:2)e€ Aé:(t) X Pé(t) | x"Tw? +xy? 4+ 2% = tw2}

via the map (x, y, z) — (x, (1 : y : 2)). As before, the projection U — A(lcm yields
a conic bundle. Any general fibre is a smooth conic, and there are exactly n singular
fibres over C(), consisting of two intersecting lines, above the points x = 0 and
=1,

The difference with the case A, is that now that the singular fibres do not necessarily
contain contractible curves, since there are component that are conjugate by the Galois
group to curves that they touch. More precisely we have the following:

Proposition 3.7 Let K be a finite extension of the field C(t), and let n > 4. We write
2n — 2 = ab where a, b are integers, a is a power of two and b is odd. The surface
U, is rational over K if and only if K contains an element p with p* = t.

In particular, Uy, is not rational over C(t) and the minimal extension of C(t) that
makes U, rational is C($/t), and has degree a over C(t).
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Proof We can again compactify U, — Al () 10 a conic bundle X, — ]P’(lc(t), adding
only one curve which can be smooth or the union of two intersecting lines. We can
moreover assume that this curve is irreducible over C(¢), otherwise we contract one
of the two components.

Let us study the different singular fibres (over C(¢)). The fibre over x = 0 is the
conic z2 = tw?, which decomposes into the two lines z = 4+/7w. The fibres over
x"~1 =t are n — 1 singular fibres given by x"~! = ¢, y?>x +z> = 0. These decompose
into 2n — 2(—1)-curves corresponding to x = 2, z = iyu, where u € C(r) is a root
of the polynomial Q(X) = X>"~1 — ¢ The last possible singular fibre is the fibre at
infinity, that we do not see on U,,. We will not need to study it.

Suppose first that there exists p € K with p¢ = t. Since a > 2 is even, each
of the two components of the fibre x = 0 is defined over K. Denoting by § € C a
primitive a-th root of unity, the polynomial Q(X) decomposes in K[X] into Q(X) =
I, x b_ pgl). The 2(n —1) components of the singular fibres over non-zero fibres
decompose then into an union of a curves Cy, ..., C, of b components, where C; is
a curve define over K given by x? = (p&")?, 2% = i’y (p&?) foreachi = 1, ..., a.
Note that C; is the union of b disjoint (—1)-curves, and that C; intersect C; if and
only ifi — j = :I:%. We can then contract the curves Cyq, Cs, ..., C% and the curve

x=0,w= ,o% w, to obtain a minimal conic bundle with zero or one singular fibres,
which is rational by Proposition 3.6.

Suppose now that K does not contain any a-th root of ¢, and let us prove that U,
is not rational over K. Since a is a power of 2, b is odd and Q(x) = x4 — ¢, any
weC@) satisfying Q () = 0 is conjugate over K to —&. This means that the (—1)-
curve x = p?,z = iy touches its conjugate x = u?,z = —iyu. Contracting the
curves over x = 0 or at infinity if needed, we obtain a minimal conic bundle over K
with at least n — 1 > 3 singular fibres, and which is therefore not rational if n > 5 by
Proposition 3.6. It remains to study the case n = 4, which yields 2n —2 = 6 = ab, so
a = 2 and b = 3. The fact that K does not contain any a-root of # implies that the fibre
over x = 0 does not contain any contractible curve, so we get a minimal conic bundle
over K with at least 4 singular fibres, which is thus not rational by Proposition 3.6.

O

4 Automorphisms of Klein surfaces

In this section, we determine the automorphisms of the Klein surfaces given by the
equation f = d,, es, e7 or eg in C>. Algebraically, it corresponds to the group of
C-automorphisms of the ring C[x, y, z]/(f). The symmetries of the equations yield
obvious automorphisms, but there is a priori no reason that some complicated non-
linear automorphisms exist. We will show that this holds only in the case of a,,, where
the group of automorphisms is an amalgamated product, a result already known.

We will embed the affine surface

Sf={(x’y,Z)€(C3|f(x’y71)=0}

into a normal projective surface X, such that any point of X\S is a smooth point
of X. Any automorphism of S corresponds to a birational map ¢: X --» X which
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is biregular on the points of Sy. If ¢ is not an automorphism of X, we denote by
n: Z — X the blow-up of all base-points of ¢ (that may lie on X or being infinitely
near). The map 7 : Z — X given by m = ¢n is a birational morphism, so we obtain
the following commutative diagram

Z 3)

where 7, 7 are blow-ups of points of X (or infinitely near) that do not belong to S.
The nature of the boundary B = X\S; will impose conditions on the diagram
above. We first deal with the case eg, €7, eg, and then study d,.

4.1 Case eg, €7, eg

As in Sect. 3.1, if f = eg, €7, eg, the affine complex surface Sy C C3 embeds into
a projective surface X contained in a weighted projective space. The surface X is a
singular del Pezzo surface, smooth outside Sy. We obtain the surface by replacing ¢
with 0 in the surfaces Sg, S7, Sg of Sect. 3.1, and get the following complex surfaces
(for eq, we take S¢ instead of Sg to keep more symmetry):

Sg:{(W:X:Y:Z)e]P’(l,l,l,Z)(C|X4+Y3W+ZQ:O},
87:{(W:X:Y:Z)eIP’(l,l,l,Z)(c|X3Y+Y3W+Z2:O},
Sg:{(W:X:Y:Z)eIP’(l,l,2,3)@|X5W+Y3+ZZ=0}.

Proposition 4.1 If f = e; fori € {6,7, 8}, any automorphism of Sy extends to an
automorphism of S;.

Proof The projective surface X = S; is a singular del Pezzo surface of degree respec-
tively 2, 2, 1. It can thus be obtained by blowing-up 7, 7, 8 points respectively in P2,
obtaining a weak del Pezzo and by taking the plurianti-canonical morphism, which
contracts the (—2)-curves onto the singular point (1:0:0:0). The Klein surface is the
complement in S; of the curve B of equation W = 0, this latter curve being equivalent
to the anti-canonical divisor; in particular B? is respectively 2, 2, 1.

On S, the curve B is the pull-back by the double covering Sg — P2 of a quadritan-
gent to the quartic of ramification, so B is the union of two (—1)-curves intersecting
into one point, but with multiplicity two. We can check that B> = (E| + E;)? =
(EN?+ (Ex)*+2E\Eh=—1—144=2.

On &7, the curve B is irreducible; it is a rational curve with one cuspidal point
which is (0:0:1:0). Since the curve is anti-canonical, it has arithmetic genus 1 (comes
from a cubic of IP2), so the point is a simple cusp of multiplicity 2.
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On &g, the curve B is once again a rational curve, with one cuspidal point of
multiplicity 2.

Let us suppose the existence of an automorphism of S that extends to a birational
map ¢: X --» X which is not an isomorphism. We obtain the diagram (3) as above.
The first curve contracted by 7 is the strict transform of a component of B by n~!,
andis a (—1)-curve on Z.

In the case where i = 7, 8, the curve B has one component, which is singular and
of self-intersection 2 or 1. Its strict transform on Z being smooth, the morphism 7
blows-up the singular point of B C &;. But the self-intersection of the strict transform
is then < —2, which yields a contradiction.

If i = 6, the curve B has two components that we write as before £ and E,>. We
can assume that the strict transform E1 C Z of E1 C X is the first curve contracted
by m. Since E| is a (—1)-curve on Sg, the morphism 7 does not blow-up any point of
E. In particular, the strict transform E C Z of E, C X intersects again E into a
point with multiplicity 2. After contracting E1, the curve E; becomes singular, so we
get a singular curve in the boundary of X = Sg, which is impossible since B is the
union of E;, E», both smooth. O

Corollary 4.2 Any automorphism of the Klein surfaces

Ses = {0y, € € 1t 433+ 22 = 0)

Ser = {3,200 € € 1Py +y* + 22 =0

Ses = {7, 2 €C [ 7+ 22 = 0}
extends to a diagonal automorphism of C3 of the form (x, y, z) — (ax, By, yz). In
particular, Aut(S,,) = C* x {1}, Aut(S,,) = Aut(S,) = C*.

Proof Fori = 6,7, 8, any automorphism of the affine surface
Se; = {(x,y,2) € C* lei(x, y,2) = 0}

extends to an automorphism of the projective surface S; (Proposition4.1). The group of
automorphisms of the affine surface is thus equal to the group of automorphisms of S;
that preserve the curve of equation W = 0. The embedding in the weighted projective
space being (anti)-canonical, the automorphisms of §; come from automorphisms of
the weighted projective space.

In the case of i = 6, 7, the surface S; is in P(1, 1, 1, 2), and any automorphism of
P(1, 1, 1, 2) that preserves W = 0 is of the form

W: X:Y:Z)> W:aW+bX+cY:dW+eX+ fY:gZ+ P(W,X,Y))
where a, b, ¢, d, e, f, g € Cand P is a polynomial of degree 2 in W, X, Y. The form

of the equation being Z? + Q(W, X, Y), we directly see that P = 0. The singular
point (1:0:0:0) being fixed, we find ¢ = f = 0. We can then either check directly, or
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use the singularity to remove coefficients, that the automorphism is diagonal, i.e. of
the form

W:X:Y:Z)— (W:bX: fY:gZ).

The same argument apply to case i = 8.

The group Aut(S,), Aut(S,,), Aut(S,,) corresponds thus to automorphisms of the
form (x, y, z) — (ax, By, yz) which preserve the equation. These are subgroups of
(C*)3 given respectively by

AUt(See) = {(a, B, y) € (C |t = g7 = 2},
AUt(Se,) = {(a, B, y) € (CH} o’ = B2 =2},
Aut(Seg) = (@, B, y) € (CH o = g3 = y2).

These are thus isomorphic respectively to C* x {1}, C*, C* via the maps

4 0 .15
).

(t,e) > (3,1 €19, t > (4, 15,10, 1 > %110, ¢

4.2 Case d,

In the case of d,,, the projective normal surface X will be an hypersurface of a P2-bundle
over P!

Using the notation of Freudenburg (1995), the P?-bundle Fu.p1sP(Op1 @ Opi (a) ®
Opi (b)), and can be viewed as the glueing of U, .0 = P2 x C and Usboo = P2 x C
along P> x C*, where the identification map is given by the involution

—a —b 1
((w:y:2),x)-—» ((w:x yix z),;).

It is a generalisation of the construction of Hirzebruch surfaces. The P2-bundle is
given by the map F, , — P! corresponding to ((w : y : z), x) — (x : 1) in the first
map and ((w : y : z), x) — (1 : x) in the second one.

If n = 2k, we take the P>-bundle Fi; = P(Op1 @ Opi(k — 1) ® Opi(k — 1)),
and denote by D,, the projective surface that restrict to the following surfaces on each
chart:

{(w:y:2),x) € Ui h—10 | X" 1w? +xy? + 2%}
{((w:y:2),x) € U1 k—1.00 | w2 +y? +x2%)

If n = 2k + 1, we take the P2-bundle F;_1; = P(Op1 @ Opi (k — 1) @ Op1 (k)),
and denote by D,, the projective surface that restrict to the following surfaces on each
chart:

{(w:y:2),%) € Urmrpo | x" Tw? 4+ xy? + 2%
{(w:y:2),%) € Ut—1 koo | w? +xy> + 2%}
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In each case, we embed the surface S;, in the first affine chart of D, via the
embedding

(v, )= ((L:1y:2),x)

of C3 into P2 x C, and see that (0, 0, 0) is sent onto the unique singular point of D,,.
The P2-bundle Fy; — P'or Fy_jx — P! restricts to a morphism p: D, — P!,
which has general fibres isomorphic to a smooth conic (or to P!), and which has two
special fibres, namely the fibre of (1 : 0) which is the union of two transversal lines,
and the fibre of (0 : 1), which is a double line passing through the singular point of D,,.
The complement of D, \ Sy, consists of the curve C,, of equation w = 0 in each chart,
and of the curve F of equation x = 0 in the second chart, corresponding to the fibre of
(1:0). The curve F decomposes into two curves F., F_ of equation x = 0, w = +iz
if niseven and x = 0, w = +iy if n is odd.

The precise description of the boundary D,\S;, = C, U FL U F_, given in
Lemma 4.3 below, will yield the structure of the automorphisms of Sy, .

Lemma 4.3 The complement of Sy, in D, is the union of the three curves Cy,, F4, F_,
all being isomorphic to P'. Any two of them intersect transversally, into exactly one
point, which is C, N Fy N F_. Moreover, (Cn)2 =3—n.

(3= n]

The situation on the surface D,.

Curves in bold are the boundary D,\Sa, and curves in grey are fibres.

Proof The only assertion which does not directly follow from the description above
is the self-intersection of the curve C,,.

As before, we choose k so that n € {2k, 2k + 1}. Let D,, C D, be the curve given
by y = 0 on each chart. If n = 2k, the two curves D,, and C,, intersect at one point,
being ((0 : 0 : 1),0) € Uk—1.k,00, With distinct tangent directions, so C,, - D, = 1;
if n = 2k 4 1 the two curves are disjoint so D,, - C;, = 0. In both cases, we can say
that C, - D, = 2k + 1 — n. We use the rational map g € C(D,)* given by w/y on
the second chart and thus by w/(yx' %) = wx¥~1/y on the first chart. The principal
divisor associated is C,, — D,, + (k — 1) Fp, where Fj is the fibre of (0 : 1), linearly
equivalent to F, the fibre of (1 : 0). Since C,, - F = 2, we can compute

(Cu)> =Cn(Dy — (k—1D)F)=Qk+1—n) = (k—1)(D, - F) =3 —n.
O

Proposition 4.4 Foranyn > 4, any automorphism of Sy, extends to an automorphism
of D,,.
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Proof Let us suppose the existence of an automorphism of S, that extends to a
birational map ¢: D, --» D,, which is not an isomorphism.

We obtain the diagram (3), with some birational morphisms 7 : Z — X = D,, and
n:Z— X =D, suchthat mn~! = ¢.

The first curve contracted by m is the strict transform by n~" of a component of
the boundary B and is a (—1)-curve on Z. The boundary B is equal to C U F, F_,
which have self-intersection 3 —n, —1, —1 respectively (Lemma 4.3). In particular, the
first curve contracted by  is the strict transform of F; or F_, say F. Since F has
self-intersection —1 on X and its strict transform on Z also, the point of intersection
of F, F_; and C is not blown-up by 7. After contracting the strict transform of F,,
the strict transforms of C,, and F_ become tangent and it is not possible to obtain the
boundary F,, F_, C, after other contractions. O

1

Corollary 4.5 Forn > 4, the group
G ={(x,y.2) > (W x, £A" 2y, 1" 12) |1 € C*} = C* x Z/27Z
acts on the Klein surface
Sq, ={(x,y.2) € C3 | x" 1+ xy? + 22}

Ifn =5, Aut(Sy,) = G.
Ifn =4, Aut(Sy,) = Gx < T >, where T is the automorphism of order 3 given by

. 1 i 3, 1
T (x,y,2) > ( 2x+ 2y, 21)c 2y,z).

Proof For n > 4, any automorphism of the affine surface S;, extends to an automor-
phism of the projective surface D,, (Proposition 4.4), which will therefore preserves
the boundary D,\Sy, = F+ UF_UD,.Denote by G C Aut(D,) the normal subgroup
of automorphisms that preserves the conic bundle structure D, — P!, i.e. that sends
any fibre on another fibre, and by Gy C G the subgroup of automorphisms which acts
trivially on the basis, i.e. which leaves any fibre invariant.

We first prove that Gg = (Z/ZZ)Z, and is generated by oy : (x, y,2) = (x, —Y, 2)
and o;: (x, y, —z). Let g be an element of G. For any xg € C, g € G restricts to
an automorphism of the fibre of (xo : 1) (points where x = x¢). This curve being
a smooth conic for xg # 0, the automorphism extends to a linear automorphism of
the plane that contains it, which preserves the two points of C,, and thus the line of
equation w = 0 which contains these. In particular we can write g as

(x,y,2) = (x,ay +bz+e,cy +dz+ f),

where a, b, c,d, e, f € C[x] and ad — bc # 0, and for any x # 0, the automorphism
is affine and preserves the equation of the conic, so

XU x(ay +bz+ e+ (cy +dz+ )P = 20"+ xy? +22) “
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for some A € C[x]*. Computing the coefficients of wy and wz we find 2xae+2cf = 0
and 2xbe + 2df = 0. Subtracting b times the first one from a times the second one,
we find 2(bc — ad) f = 0, which implies that f = 0. It implies that 2xae = 0 and
2xbe = 0, which yields e = 0. Comparing the constant terms of Eq. (4) we find

x"~1 = Ax"~! hence A = 1. The coefficients of y* and z? yield respectively:
xa’+c*—x=0 5)
b +d>—1=0 (6)

Equation (5) implies that a, ¢ are constant polynomials (otherwise the highest degree
of xa® + ¢ would not vanish). It yields thus a> = 1 and ¢ = 0. Equation (6) gives
similarly b = 0 and d? = 1. This implies that Gy = {id, oy, 0y, 0,0y }.

Any element of G preserves the conic bundle and preserves the two special fibres,
which are the fibres of (0 : 1) and (1 : 0). The action on the basis is thus given by
x > ax for some o € C*. Multiplying the automorphism by

(x,y,2) = A2x, A2y, 2" g
where A2 = o~ !, we get an element of Gy, so
G ={(x,y,2) > Wx, 2" 2y, £2"712) | 1 € C*} = C* x Z/2Z.

Since F = F; U F_ is a fibre, and any automorphism preserves the boundary
Fy U F_U D,, the group G is the group of automorphisms that preserve F, or
equivalently that preserve D,,.

The self-intersections of the curves F, F_, D,, being respectively —1, —1,3 —n,
we see that G = Aut(D,) for n > 4. For n = 4, one directly checks that
T (x,y,2) > (—%x + %y, %ix - %y, ) is an automorphism of order 3 of S, . Since
it does not preserves the conic bundle, it extends to an automorphism which permutes
cyclically the curves F, F_, Dy of the boundary. This implies that Aut(Sy,) = G %
<T>. O

Acknowledgments Ithank Jacques Alev for asking me the above questions and for interesting discussions
on the subject. Thanks also to Alexander Premet for some corrections on an earlier version of the paper.

References

Beauville, A.: Complex algebraic surfaces. In: London Mathematical Society Student Texts, vol. 34, (1996)

Blanc, J., Dubouloz, A.: Automorphisms of Al-fibered affine surfaces. Trans. Am. Math. Soc. 363, 5887—
5924 (2011)

Demazure, M.: Surfaces de Del Pezzo I, 11, I11, IV, V. Séminaire sur les singularités des surfaces, Palaiseau,
France. In: Lecture Notes in Mathematics, vol. 777, pp. 22-70 (1976-1977)

Iskovskikh, V.A.: Minimal models of rational surfaces over aribtrary fields. Izv. Akad. Nauk SSSR Ser.
Mat. 43(1), 19-43, 237 (1979)

Iskovskikh, V.A.: Factorization of birational mappings of rational surfaces from the point of view of Mori
theory. Uspekhi Mat. Nauk 51(4) (310), 3-72 (1996)

Futorny, V., Molev, A., Ovsienko, S.: The Gelfand—Kirillov conjecture and Gelfand—Tsetlin modules for
finite W-algebras. Adv. Math. 223(3), 773-796 (2010)

@ Springer



Beitr Algebra Geom (2015) 56:351-371 371

Freudenburg, G.: Three-dimensional analogues of the Nagata surfaces. Comm. Algebra 23(1), 139-164
(1995)

Kollar, J.: Rational curves on algebraic varieties. Ergebnisse der Mathematik und ihrer Grenzgebiete. 3.
Folge. Band 32, Springer, Berlin (1996)

Manin, Yu.: Rational surfaces over perfect fields. II. Math. USSR Sbornik 1, 141-168 (1967)

Premet, A.: Modular Lie algebras and the Gelfand—Kirillov conjecture. Invent. Math. 181(2), 395-420
(2010)

Reid, M.: La correspondance de McKay. Séminaire Bourbaki. Astérisque 1999/2000(276), 5372 (2002)

@ Springer



	Non-rationality of some fibrations associated to Klein surfaces
	Abstract
	1 Introduction
	2 Rewriting of the problem of rationality
	3 Compactifications and rationality of them
	3.1 del Pezzo case
	3.2 Conic bundle case

	4 Automorphisms of Klein surfaces
	4.1 Case e6, e7, e8
	4.2 Case dn

	Acknowledgments
	References


