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Weak del Pezzo surfaces with global vector fields

GEBHARD MARTIN
CLAUDIA STADLMAYR

We classify smooth weak del Pezzo surfaces with global vector fields over an arbitrary algebraically
closed field k of arbitrary characteristic p > 0. We give a complete description of the configuration of
(—1)- and (—2)—curves on these surfaces and calculate the identity component of their automorphism
schemes. It turns out that there are 53 distinct families of such surfaces if p # 2, 3, while there are 61
such families if p = 3 and 75 such families if p = 2. Each of these families has at most one moduli. As a
byproduct of our classification, it follows that weak del Pezzo surfaces with nonreduced automorphism
schemes exist over k if and only if p € {2, 3}.

14E07, 14]26, 14J50, 14L.15

1 Introduction

Recall that a weak del Pezzo surface over an algebraically closed field k is a smooth projective surface X
with anticanonical divisor class —Ky big and nef, or, equivalently, X is P! x P!, the second Hirzebruch
surface I, or the blowup of at most eight points in P2 in almost general position. More classically, weak
del Pezzo surfaces appear as the minimal resolution of surfaces of degree d in P4 which are neither
cones nor projections of surfaces of minimal degree d in P4+1; see Dolgachev [4, Definition 8.1.5].

By a result of Matsumura and Oort [9], the automorphism functor Auty of a proper variety X over
k is representable by a group scheme locally of finite type over k. Since Auty is well known for
surfaces of minimal degree (that is, for quadric surfaces, the Veronese surface and rational normal scrolls
[4, Corollary 8.1.2]), weak del Pezzo surfaces form the first class of smooth projective surfaces for which
the study of Auty is interesting. We are concerned here with the identity component Autgf of Auty,
which can be nonreduced in positive characteristic.

While this nonreducedness phenomenon does not occur for smooth projective curves, we will see that it
appears for one of the first nontrivial classes of smooth projective surfaces, namely for weak del Pezzo
surfaces (see also Neuman [10]), at least in characteristic 2 and 3. This means that for a weak del Pezzo
surface X in characteristic 2 and 3 we may have h°(X, Ty) > dim Autg)(; that is, X may have more global
vector fields than expected.

More classically, automorphisms of (weak) del Pezzo surfaces are being studied in the context of the
plane Cremona group, ie the group of birational automorphisms of P2. The main reason for this is that
automorphisms of (weak) del Pezzo surfaces yield birational automorphisms of P2 that do not necessarily
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extend to biregular automorphisms. For the action of Aut?( on a weak del Pezzo surface X, the situation
is very different, since this action always descends to an action on the whole minimal model of X by
Blanchard’s lemma (Lemma 2.10).

This special feature of the connected automorphism scheme Autgf will enable us to calculate it explicitly
for all weak del Pezzo surfaces that are blowups of P2 in terms of stabilizers as a subgroup scheme of
PGL;3. Using this, we will classify all weak del Pezzo surfaces X with nontrivial Autgf and determine
their configurations of (—2)— and (—1)—curves, as well as their number of moduli:

Main Theorem Let X be a weak del Pezzo surface over an algebraically closed field. If h°(X, Tx) # 0,
then X is one of the surfaces in Tables 1, 2, 3, 4, 5 or 6. All cases exist and have an irreducible moduli
space of the stated dimension.

In Tables 1, 3, 4, 5 and 6, the figure describing the configuration of (—2)— and (—1)—curves (lines) on
these surfaces is given in column 2. In these figures, a thick curve denotes a (—2)—curve, while a thin
curve denotes a (—1)—curve. The intersection multiplicity of two such curves is no more than 3 at every
point; intersection multiplicities 1 and 2 will be clear from the picture, whereas we write a small 3 next to
the point of intersection if the intersection multiplicity is 3. Recall that the dual graph of all (—2)—curves
on a weak del Pezzo surface is a union of Dynkin diagrams of types A,, D, and E,. This graph can be
read off from the corresponding figure, but for ease of reference we give its Dynkin type in column 3.
For the same reason, in column 4 we list the number of (—1)—curves on these surfaces. In column 5
we describe a general S—valued point of Aut?(, where S is a k—scheme. In particular, the dimension
of HO(X, Tx) = Aut?( (k[€]/(€?)) can be read off from this description and is listed in column 6 for
the convenience of the reader. Comparing this with the dimension of Autg, it can be checked whether
Autgf is smooth or not. This is done in column 7. If there is more than one weak del Pezzo surface with
the configuration of curves and with the automorphism scheme as in the previous columns, we give the
dimension of a modular family of such surfaces in column 8. If, instead, there is a unique surface of this
type, we write “{pt}” in column 8 in order to emphasize that the surface is unique. Finally, in column 9,
we give the characteristic(s) in which the respective surface(s) exist(s).

In particular, our classification also gives a complete list of weak del Pezzo surfaces with nonreduced
automorphism schemes. In the following corollary, we list the characteristics p and degrees d for which
every weak del Pezzo surface of degree d in characteristic p has reduced automorphism scheme.

Corollary 1.1 Let k be an algebraically closed field of characteristic p > 0. Then every weak del Pezzo
surface X of degree d over k has reduced automorphism scheme if and only if one of the following three
conditions holds:

(1) p#2.3,
2) p=3andd >4,
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(3) p=2andd >5.

Moreover, if Auty is nonreduced, then the number of (—2)—curves on X is at least 7—d.

3567

In particular, the above corollary recovers the result that the automorphism scheme of every del Pezzo

surface (where —Kx is ample) is smooth, which is in fact easier to prove and has already been observed

by Dolgachev and Duncan (see [5, Theorem 2.4.]).

case figure (—2)-curves #{lines} Autf,)( CPGL; ho(X,Tx) Autf,)( smooth? moduli char(k)
degree 9
9A 1%} 0 PGL3 v {pt} any
degree 8
1b
8A 2 %] 1 ( ¢ Jc‘) v {pt} any
1
degree 7
TA 1 7] 3 (1 e }) v {pt} any
I
b
7B 9 Ay 2 (1 e jcf) v {pt} any
14
degree 6
6A 1 1%} 6 (l e ) v {pt} any
14
6B 8 Aq 4 (1 e C) v {pt} any
14
1
6C 1 Ay 3 ( 1 f‘) v {pt} any
1
6 8 24, 2 (1 c f) v (pt  any
1
1b
6E 21 Ar 2 ( e 5;) v {pt} any
e
b
6F 21  As+ A, 1 (le}) v (ptt any
l
degree 5
5A 1 Aq 7 (1 1 ) v {pt} any
1
5B 8 24, 5 (1 e ) v {pt} any
1
5C 6 Ap 4 (1 1 C) v {pt} any
1
1
5D 8 As+ A, 3 ( e f) v (pt!  any
14
1
SE 21 As 2 ( e 7 ) v (ot any
e
1b
SF 26 As 1 ( e Z ) v {pt} any
o
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Table 1: Weak del Pezzo surfaces of degree > 5 that are blowups of P2.



3568 Gebhard Martin and Claudia Stadlmayr

case (—2)—curves #{lines} Auty h°(X,Tx) Auty smooth? moduli char(k)
Pl xP! 1%} 0 PGL, x PGL, 6 v {pt} any
I3} Ay 0 (Autp,1,2))rea=(G; xGLy)/ 2 7 v {pt} any

Table 2: Weak del Pezzo surfaces of degree 8 that are not blowups of P2.

Remark 1.2 Since every Jacobian rational (quasi)elliptic surface X’ is the blowup of a weak del Pezzo
surface X of degree 1 in the unique basepoint of its anticanonical linear system, Lemma 2.11 yields an
isomorphism Aut?(, > Aut?(. In particular, our Main Theorem gives a complete classification of Jacobian
rational (quasi)elliptic surfaces with global vector fields. The non-Jacobian case is more involved and
will be treated by the second-named author in an upcoming article.

case figure (—2)-curves #{lines} Aut% CPGL; KX, Tx) Autf,)( smooth? moduli char(k)
4A 4 24, 8 ( ' l_ ) 1 v ldim  any
4B 5 34, 6 (1 | [) | v (pt}  any
a5 Az + Ay 6 (1 1 i) 1 v {pt}  any
4D 6 As 5 ( ' l_ ) 1 v {pt} any
4E 17 As 4 (1 11) | v pty A2
4F 7 44, 4 ( e i ) 2 v (pt}  any
AG T Ax+24, 4 ( e l_ ) 2 v {pt}  any
4H 17 As+ A 3 (‘ 15) 2 v Pty any
41 20 Ag 3 ( Yo efz ) 2 v {pt} any
41 25 D4 2 ( Lo :2 ) 2 v o #£2
4K 20 As+24, 2 (1 ; {) 3 v oty any
AL 28 Ds i (1 e 5; ) 3 v Y £2
AM 17 As 4 (‘1?),;‘2:1 2 x ot =2
AN 25 Da 2 ( Y %) 2 v ot =2
40 25 Da 2 (1 e 5;) 3 v ot =2
4 28 Ds 1 ( ' 5; ) 3 v ot =2
4Q 28 Ds 1 ( ‘e ef; ) 4 v oy =2

Table 3: Weak del Pezzo surfaces of degree 4.
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Weak del Pezzo surfaces with global vector fields

3569

case figure (—2)—curves #{lines} Autgf CPGL; h°(X,Tx) Aut?( smooth? moduli char(k)
3A 4 24, 7 (1 1 ) 1 v dim  any
1
3B 6 Dy 6 (1 ! ) 1 v (pt!  any
1
3C 4 24,4+ Aq 5 (1 1 ) 1 v {pt} any
1
3D 4 A3z +2A4, 5 (1 1 ) 1 v {pt} any
1
3E 16 As+ A 4 (1 : ) 1 v (pt}  any
1
1
3F 19 As 3 ( 1{) 1 v pty  £3
1
3G 25 Ds 3 ( e 2) 1 v ot £2
e
3H 7 34, 3 (1 e ) 2 v (pty  any
1
1
31 19 As+ Ay 2 ( e J;) 2 v {pt} any
1 ec
35 29 Es 1 ( e 3) 2 v pty #£2.3
E
1
3K 19 As 3 ( e fz),e3 = 2 X {pt} =3
e
1
3L 29 Es 1 ( 1 %) 2 v pt} =3
1
M 29 Es 1 ( e J;) 3 v I
J
N 13 A 6 (11_),1'2:1 1 x ot =2
l
30 25 Ds 3 (1 | f) 1 oy =2
1
1
3P 25 Ds 3 ( e f2) 2 ptt =2
e
1b ¢
3Q 29 Es 1 ( 1bz+b) 2 v oty =2
1
1b ¢
3R 29 E¢ 1 ( e bzge) 3 v {pt} =2
g

Table 4: Weak del Pezzo surfaces of degree 3.

Remark 1.3 Independently, shortly after the upload of this article to arXiv and using a completely

different approach, Cheltsov and Prokhorov [2] classified RDP del Pezzo surfaces ¥ over an algebraically
closed field k of characteristic 0 such that Auty (k) is infinite. Now, Auty (k) is infinite if and only if
Autg’, (k) is infinite, which holds if and only if Aut?( (k) is infinite, where X is the weak del Pezzo surface
that is the minimal resolution of Y. Since Autgf is always smooth in characteristic 0 by Cartier’s theorem
(see eg Perrin [11, Corollaire 4.2.8]), Aut?( (k) is infinite if and only if X admits global vector fields. So,
the classification in [2] is equivalent to the characteristic-0 part of our Main Theorem.

Geometry & Topology, Volume 28 (2024)
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case figure (—2)—curves #{lines} Autg(gPGL3 ho(X, Ty) Aut?( smooth? moduli char(k)
2A 3 245 6 (11,) v 1dim  any
1
2B 15 Ds+A; 5 (11,) v (pt}  any
1
1
2 27 Es 4 ( e 2) v oty £2
i e
2D 3 24544, 4 ( 1‘) v Pty any
1
2E 3 Dy+3A4, 4 (11,) v (pts  any
1
2F 16 As+A, 3 (11,) v (pt}  any
1
1
2G 24 De+A 2 ( e 2) v oty £2
1 e
2H 24 A 2 ( 1 {) v pty  #2
1
A 30 E; 1 (3) v pty #2.3
e
2018 As 4 (162),e3=1 x ot =3
1 e
2K 23 Ds 3 ( e 2),e3=1 x oy =3
e
1
2L 30 E; 1 ( i {) v pty =3
1
M 30 E; 1 (ej_; ) v Py =3
e
N 11 As 7 ( 1,),i2=1 x ldim =2
1
20 15 Ds 8 ( 1_),i2=1 x o =2
1
P12 As+ A, 6 ( 1,),1'2:1 x oty =2
1
20 11 As+A4, 5 ( 1_),i2=1 x oty =2
1
2R 23 D 3 <11f> v ldim =2
1
1
28 27 Es 4 (ej;),fzzo x oy =2
e
1
2T 24 D¢+ A, 2 ( 1{) v =2
1
U 24 De+A 2 (e};) v oy =2
e
1
2V 24 A7 2 (efz),e“:l X {pt} =2
e
KW 30 E 1 <1li> v oty =2
15 ¢
2X 30 E; 1 (1b2) v oy =2
1
1b ¢
2Y 30 E; 1 (eb23e) v oy =2
e
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case figure (—2)—curves #{lines} Autgf CPGL; ho(X, Tx) Aut?( smooth? moduli char(k)
1A 2 2D, 5 (HA) 1 v Idim  any
1
IB 15  E¢+A, 4 (11') 1 v {pt}  any
1
1
IC 27 E;+ A 3 (‘*2) 1 v oty #£2
e
1
D 31 Es 1 (e3) 1 v pth #£2.3
e
IE 22 D, 5 (11_),1'3:1 1 x Py =3
1
1
IF 26 E 5 (e ),e3=1 1 x oy =3
62
1
G 17 Ag 3 (e ),e3=1 1 x oy =3
62
1
IH 31 Es 1 (1{) 1 v pty =3
1
o 31 Es 1 ( eJ;) 2 v Py =3
jé
13 Es 13 (11,),1'2:1 1 x ldim =2
1
1K 13 E¢+A, 8 (11,),#:1 1 x ot =2
1
L 10 Ay 8 (11_),1'2:1 1 x ldim =2
1
1
M 26 E; 5 (1{),f2:0 1 x oty =2
IN 10 Dg+24, 6 (11,),1'2:1 | x oty =2
1
10 10 A;+ 4, 5 (11_),1'2:1 1 x ot =2
1
1
1P 27 E,+A4, 3 (ej;),ﬁ:o 2 x ot =2
e
1
1Q 24 Ds 2 ( 1{) 1 v ldim =2
1
IR 24 Dg 2 (efz),e“:l 2 x {pt} =2
e
1S 31 Es 1 (llj) 1 v oty =2
1b ¢
IT 31 Es 1 (ebzf),b“:o 3 x ot =2
e

Table 6: Weak del Pezzo surfaces of degree 1.
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2 Generalities

This section provides the necessary background on our two main topics: weak del Pezzo surfaces and
automorphism schemes. Throughout, we will be working over an algebraically closed field k.

2.1 Geometry of weak del Pezzo surfaces and their ‘‘height”

We recall that every weak del Pezzo surface X (except X = P! x P! and the second Hirzebruch surface
X =TF,) is a successive blowup of P2 satisfying certain properties (see Lemmas 2.5 and 2.7), and we
define the notion of “height”, which is a measure for the complexity of X. We describe the set of all
(—2)- and (—1)—curves on X in terms of a realization of X as a blowup of P2.

Definition 2.1 A weak del Pezzo surface is a smooth projective surface X with nef and big anticanonical
class —Ky. The number deg(X) = K )% is called the degree of X.

Recall that every birational morphism 7 : X’ — X of smooth projective surfaces can be factored as

o X' 8 x/ 20 ) 772w D) 20 o) _

where ¢ is an isomorphism and each 7@ x/G+D 5 x70) g the blowup of a number of distinct closed
points on X’%). The isomorphism ¢ can be neglected by identifying X’ with X’® via ¢. Then the above
factorization becomes unique (up to unique isomorphism for every n > i > 1) if in each step we blow up
the maximal number of distinct closed points of X’®). In this case, we call the above factorization of 7

minimal.

Definition 2.2 Let X and X’ be two smooth projective surfaces.

e For every birational morphism 7 : X’ — X, let 7 = 7 o...0... 7 #*~1 be its minimal factorization.

The height of m is defined as
ht(r) :=n.

e If X’ admits some birational morphism to X, we define the height of X' over X as
ht(X'/X):= min ¢{ht(r)},
(X'/X):=_min _{ht(m)}

where the minimum is taken over all birational morphisms 7: X’ — X.

o If X is a weak del Pezzo surface which is a successive blowup of P2, then we define
ht(X) := ht(X/P?),
and if X is not a blowup of P2, we set ht(X) = 0.

Remark 2.3 The reader should compare our notion of height with the height function on the bubble
space of X considered in [4, Section 7.3.2].

Geometry & Topology, Volume 28 (2024)
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Notation 2.4 Let 7: X — P2 be a birational morphism of height n, and let 7 = 7® o... 0 7®~1 pe
its minimal factorization. Then we fix the following notation:
e ForeachO<i <n,welet p1;,...,pn;i € X ® be the points blown up under x®.

e The exceptional divisor (7)~1(p i) S X (+1) over a closed point p i €X @) will be denoted
by Ej; for j =1,...,n;.

e For every 0 <i < k < n, the strict transform of a curve C C X® along a@Do..ogk=D jg
denoted by C k),

Using this notation, we can now state a necessary and sufficient criterion for a successive blowup of P2
to be a weak del Pezzo surface.

Lemma 2.5 [3; 4, Section 8.1.3] With Notation 2.4, let w: X — P? be a birational morphism of
height n. Then X is a weak del Pezzo surface if and only if the following three conditions hold:

* Oneach E;; there is at most one py ;1.

e For every line { C P? there are at most three pj,i with p;; € €9 where i ranges over 0, ..., n—1.

e For every irreducible conic Q C IP? there are at most six pj,i with p;; € Q(i ), where i ranges over
0,...,n—1.

Notation 2.6 By Lemma 2.5, there is at most one pg ;1 on each E; ;. Therefore, it makes sense to
rename the py ;41 so that pg ;1 lies on Ey ;. We will adopt this convention from now on.

If the above three conditions of Lemma 2.5 are satisfied, we say that the points p;; are in almost general
position. Using this terminology, there is the following well-known characterization of weak del Pezzo
surfaces:

Lemma 2.7 [4, Section 8.1.3] If X is a weak del Pezzo surface, then
i) X=P!'xP! or
(ii)) X =~ IF,, the second Hirzebruch surface, or

(iii) X is the successive blowup of P2 inn < 8 points in almost general position.

In particular, 1 < deg(X) <9, and ht(X) = 0 if and only if X € {P2, P! x P!, [F,}.

All classes of (—2)— and (—1)—curves in the odd unimodular lattice Pic(X) = I 9_geg(x) Of signature
(1,9—deg(X)) are well known and described in [4, Proposition 8.2.7; 6, Definition 23.7, Proposition 26.1].
This lattice-theoretic description can be translated into geometry (see [6, Theorem 26.2(ii)] for the case of
del Pezzo surfaces). A straightforward adaption of Manin’s approach to our situation of weak del Pezzo
surfaces yields the following description of (—2)— and (—1)—curves on X:

Geometry & Topology, Volume 28 (2024)
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Lemma 2.8 Let X be a weak del Pezzo surface and let w: X = X ™ — P2 be a birational morphism of

height n.

(1) A curveon X is a (—2)—curve if and only if it is of one of the following four types:

the strict transform E/(':) of an exceptional curve such that there is exactly one pj;+1 on E; ;,
the strict transform £ of a line £ C P2 such that there are exactly three p i With pj; € 09,
the strict transform C™ of an irreducible conic C C P? such that there are exactly six p i
with p;; € C9, or

the strict transform C' ™ of an irreducible singular cubic C C P2 such that there are exactly
eight p;; with p;; € C D, and such that one of the Pj,0 is the singular point of C.

(i) A curve on X is a (—1)—curve if and only if it is of one of the following seven types:

the strict transform Ej(':) of an exceptional curve such that there is no py ;1 on Ej ;,

the strict transform {™ of a line £ C P2 such that there are exactly two p;; with p;; € {®,
the strict transform C™ of an irreducible conic C C P2 such that there are exactly five p i
with p;; € CY,

the strict transform C'™ of an irreducible singular cubic C C P2 such that there are exactly
seven p;; with p;; € C @, and such that one of the Dj,0 is the singular point of C,

the strict transform C ™ of an irreducible singular quartic C C P2 such that there are exactly
eight p;; with p;; € CD, and such that exactly three of the p;; are double points of C ¥,
the strict transform C ™ of an irreducible singular quintic C C P? such that there are exactly
eight p;; with p;; € C Y| and such that exactly six of the pj,i are double points of c9, or
the strict transform C ™ of an irreducible singular sextic C P2 such that there are exactly
eight p;; with p;; € C®, and such that exactly seven of the pj; are double points of c®
and exactly one of the pj o is a triple point of C.

Remark 2.9 The criterion given in Lemma 2.5 simply tells us that a successive blowup of P2 in at most

eight points is a weak del Pezzo surface if and only if we have never blown up a point on a (—2)—curve.

2.2 Automorphism schemes of blowups of smooth surfaces

By a result of Matsumura and Oort [9], the automorphism functor Aut?( of a proper variety over k

is representable, and it is well known that the tangent space of Aut?( can be identified naturally with

HO(X, Tx). The main tool in our study of automorphism schemes of weak del Pezzo surfaces is the

following lemma of Blanchard (see [1, Theorem 7.2.1]):

Lemma 2.10 (Blanchard’s lemma) Let f:Y — X be a morphism of proper schemes over k with

+Oy = Ox. Then f induces a homomorphism of group schemes fx: Autd — Aut%. If f is birational,
Y X

then f, is a closed immersion.

Geometry & Topology, Volume 28 (2024)
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Thus, if f is birational, we can and will identify Aut?, with its image under f in the following. If f
is the blowup of a smooth surface X in a closed point p, it is possible to describe the image of f; see
[7, Proposition 2.7; 10, Lemma 1.1].

Lemma 2.11 Let f:Y — X be the blowup of a smooth projective surface X in n distinct points
P1s...,pn € X. Then Aut(} = (ﬂ;;l Stabgl,)o.

Proof We prove the claim by induction on n with the case n = 0 being trivial. For the inductive
step, let Y’ be the blowup of X in p1,..., py—1. Then f': Y — Y’ is the blowup in p,, and we have
Aut?/, = (ﬂ:’;ll Stabgl,)o by the induction hypothesis. Note that the identity gomponent of the stabilizer
of p, € Y’, with respect to the action of Aut(}),,, is precisely (ﬂ?:l Stabgl,) . By [7, Remark 2.8], the
Autg’,—action on Y preserves the exceptional divisor of f’, hence Aut()’,, being connected, is contained in
(ﬂ;;l Stabgl,)o. Cogversely, by [7, Proposition 2.7], the (ﬂ;;l Stabgi)o—action on Y’ lifts to Y, and
since (ﬂl'-’zl Stabgi) is connected, it actually lifts to a subgroup scheme of Aut?,. a

Let 7: X'®™ — X be a birational morphism of smooth projective surfaces X and X'™. Let E € X’
be a m—exceptional irreducible curve. Recall that the left-action of Autgf on Hilby is given on S-valued
points by

Autg)((S) x Hilby () @)Hile(S), (g: Xs > Xs5,1: Z > Xs) > (Z X, xg,g-1 Xs = Xg),

t?(,(n) C Autgf on Hilby. For a pencil
(that is, a 1-dimensional linear system) f:C — P! C Hilby of curves on X, we will identify a point
p € P1(S) with its fiber C, under f. Let V C P! be an open subset such that any two fibers C, and C4

with p,g € V (as well as their strict transforms in all the X’ (@) have the same multiplicity at the p; ;.

where Xg := X x S, and this induces a natural action p of Au

Then the rational map
-1 P! > V—Hilbg, pCPNE,
can be extended to a morphism ¢ from P!, since every irreducible component of Hilbg is proper.

Definition 2.12 Let 77: X’® — X be a birational morphism of smooth projective surfaces X and X',
Let £ C X'™ be a m—exceptional irreducible curve. A pencil of curves f:C — P! is called adapted to
E and 7 (or E—adapted), if the morphism ¢ of (2-1) factors through an isomorphism Pl S E C Hilbg.

For an adapted pencil C — P!, we can transfer the Aut?(,(,,)—action on E via ¢ to an action on the pencil.
Over V, we can describe this action explicitly on S—valued points as follows. For C, € V(S) C P1(S)
with embedding ¢: Cp — X5, an element g € Auty.x) (S) sends Cp to the unique curve Cq(p) € P1(S)
such that (Cp X, x ¢
is the unique extension of the above action from V to P!. In particular, orbits and stabilizers of the

S Xs)WNEg = ¢(Cg(p))- The action of Aut?(/(m transferred from E to the pencil

Aut;)(,(”)—action on E can be calculated on P!, which we exploit throughout.

Remark 2.13 In most of the cases occurring in our classification we can choose the adapted pencil

C — P! to be stable under the natural action of Aut?(,(n) on Hilby. In this case, Cg(p) = Cp X -1 Xs.

,Xs,8
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Example 2.14 Aut),,,

,—stable adapted pencils do not always exist, even for blowups of P2:

Consider the morphism 7: X’® — P2 of height 2 given by blowing up the points P10 =[1:0:0],
p2,0=1[0:1:0], p3o=[1:1:0]and p1,;:= E;l) N Eq,0, where £, = V(y). Then X'@ s surface 5C in
Table 1. In the classification in Section 4 (see Case 5C), we use an E 1—adapted pencil which is not

Aut;’(,(z)—stable to show that
I ¢
Auty, ) (R) = 1 | e PGL3(R)
i
acts on Eq 1 as [A: ] = [A:i%u]. For this morphism 7, there is no E;,j—adapted pencil which is also
Aut?(,(z)—stable.

Indeed, seeking a contradiction, assume that there exists such a pencil whose fiber over [A: 1] € P! is
Cyu=V(ASf1+ puf2) with f1 and f> homogeneous of the same degree. By the previous paragraph, the
subgroup scheme G, C Aut?(,(z) of automorphisms with i =1 acts trivially on £ ;. By Remark 2.13, this
implies that every Cj ,, is stable under this G,—action. In particular, every C, , is a union of orbits of
the G,—action on P2. The closures of the G —orbits are the lines through [1:0:0] except V(z), and every
point on V(z). Therefore, each C} ,, is a union of lines through [1:0:0], hence ¢(C; ) = n(Zﬁz) NE11)
for some n > 0, and thus the pencil is not E7,j—adapted, contradicting our assumption.

Remark/Notation 2.15 If X = P2, and f; and f> are homogeneous equations of the same degree, we
say that A f1 + pf2 is adapted (to w and E) if the pencil spanned by C; = V(f1) and C, = V( f2) is
adapted to 7 and E and if, in addition, we identified C; and C, with [1:0] and [0: 1] in P!, respectively.
We will use this choice of coordinates to determine the orbits and stabilizers of the Aut?(,(n)—action on E
explicitly by reducing it to a calculation on the pencil [A : u].

3 Strategy of proof

For the proof of our Main Theorem we argue inductively by going through all possible weak del Pezzo
surfaces with nontrivial connected automorphism scheme in the order given by their height. We start
with del Pezzo surfaces of height 0, which are P2, P! x P! and F,. Then, by Lemma 2.7, to study del
Pezzo surfaces of height 1 we have to study blowups of P2 in a number of distinct “honest” points. After
that, for height 2, we have to consider del Pezzo surfaces that arise as blowups of points on exceptional
divisors of blowups of points in P? (sometimes we will also refer to such points as infinitely near points
of the first order, as was introduced in [4, Section 7.3.2, page 307]). Continuing this pattern, increasing
the height by 1 means that we have to study those surfaces that arise as blowups of points on the “latest
exceptional divisor”.

In this subsection, we further specify our strategy of proof and explain why the classification of weak del
Pezzo surfaces with nontrivial vector fields obtained via our inductive procedure is indeed complete.
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3.1 Inductive strategy

Assume we have a complete set £; = { Xy }xek,, for some index set K;, of representatives of weak
del Pezzo surfaces of height i that are blowups of P2 with H%(Xp, Tx,) # 0, where for every Xj we
have fixed a birational morphism ¥ : X3 — P? of height i. Further assume that we have calculated
(wk)*(Autg(k) C PGL3 (see Lemma 2.11) for every k. If i = 0, such a list is given by £y = {P?} with

Aut?

p2 = PGL3. Using the list £;, we produce a list £; +1 as follows:

Procedure 3.1 Step1 Choose X € £; with y: X — P2 and let
ED.¢ Mx(i—l) M, ﬂg)_) x© _ p2
be the minimal factorization of .

Step2 Ifi =0, let E := X = P2. Otherwise, let
E := (Exc(w(‘_l)) - U Exc(w(f))) - D,
j=0

where D is the union of all (—2)—curves on X . Note that, if i > 0, then E is the set of points on the “latest”
exceptional divisors that do not lie on (—2)—curves. Using the description of Aut% as a subgroup scheme
of PGLj3, we calculate the orbits and stabilizers of the action of Aut?( on E using E; ; 1—adapted pencils.

Step 3 Choose a set of points {p1,, ..., pn;.i} € E such that (ﬂ;”zl Stabgj'l_)o is nontrivial and such
that the blowup ¥': X’ — X in these points is still a weak del Pezzo surface (see the criterion given
in Lemma 2.8). In particular, since there is at most one of the p;; on every exceptional curve, we may
assume that p;; € E; ;1. Note that we obtain isomorphic surfaces if we replace a point p;; by a point
in the same orbit under the action of [ Kk Stabp, . C Auty.

Step 4 If X’ is isomorphic to a surface already contained in £; for some j <i + I, discard this case.
Otherwise, add X’ to £; +1, choose the blowup realization ¥ o ¥': X’ — P2, and calculate

n; 0
(¥ o)shut) = () ( () Stk ) < PoLa.
j=1

We do this by describing the group Autg(,(R) for an arbitrary local k—algebra R (see Section 3.2).
Step 5 Repeat Steps 3 and 4 for all possible point combinations {p1;...., pn;,i}-
Step 6 Repeat Steps 1-5 for all X € £;.

Lemma 3.2 For every i, Procedure 3.1 yields a complete set L;+1 = { Xy }kek,., of representatives of

i+1
isomorphism classes of weak del Pezzo surfaces of height i 4+ 1 with nontrivial global vector fields that

are blowups of P2.

Proof We prove the claim by induction on the height i. The case i = 0 with £y = {P?} is clear by
Lemma 2.11. Therefore, assume that the claim holds for i — 1 > 0 and that we have a list £;.
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Let X’ be a weak del Pezzo surface of height i + 1 with h%(X’, Tx/) # 0. Choose a birational morphism
m: X' — P? with minimal factorization

7 ©

e X = x/i+) 2O y@) 270 'O _ p2

such that, for every birational morphism 7’: X’ — P2, the number of exceptional curves for 7’ @) is at
least as great as the number of exceptional curves for 7@ ie such that the number of points blown up by
the last step 7@ is minimal. By Lemma 2.10, there is an inclusion

(n(i))* (Autg)(,) - Aut?(,(i) .

In particular, h%(X'®, Ty, @) # 0, since Autg)(, # {id} and (7 @), is a closed immersion. Hence, by the
induction hypothesis, there is X € £; such that there exists an isomorphism ¢: X' — X and X comes
with a birational morphism v : X — P2,

To prove the claim, it suffices to show that ¢ o 7@ is the blowup of X in a set of points p1;,..., Pn;,i
on E, defined as in Procedure 3.1. Indeed, once we prove this, it will follow from Lemma 2.11 and the
assumption h%(X’, Tx) # 0 that Aut¥, (ﬂ;”zl Stabgj l.)O is nontrivial.

Now, note that the condition that the p;; lie on E is equivalent to ¢ o x® being the first step in the
minimal factorization of
v i=vopor®: X' - x'D 5 x 5 P2

Thus, we take the minimal factorization of ¥ and let /) : X’ — X" be the first morphism in the minimal
factorization of . Since X has height i, the morphism ¢ o 7@ : X’ — X factors through ¥'®, which
means there is a morphism f: X" — X such that f oy’ @) = ¢o 7D In particular, the number of points
blown up under ¥ is at most the number of points blown up under 7). As we chose the number of
points blown up under 7@ to be minimal, this shows that f is an isomorphism. In fact, since f is an
isomorphism over P2, this isomorphism is unique, and we can identify X” with X. a

One technical question that arises in Procedure 3.1 is how one checks, in Step 4, whether X” is isomorphic
to a surface in one of our lists £; with j <i + 1. Clearly a necessary condition for this is that X" has the
same configuration of negative curves as one of the surfaces Xy € £; for some j <i + 1. By Lemma 3.2,
we have the following converse:

Corollary 3.3 Let X’ be a weak del Pezzo surface with nontrivial global vector fields that arises in
Step 3 of Procedure 3.1. Assume that X' has the same configuration of negative curves as a surface in L;
for some j < i+ 1. Then X' is isomorphic to a surface already contained in L; .

Proof If X’ has the same configuration as a surface in £;, then there is a sequence of contractions of
(—1)—curves on X’ that realizes X' as a weak del Pezzo surface of height j <i + 1, and then Lemma 3.2
shows that X' is isomorphic to a surface in £;. |
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Remark 3.4 If, instead, X’ has the same configuration of negative curves as a surface in £; 1, then we
cannot immediately use Lemma 3.2, since the list £; 41 is not yet complete at that point. Whenever this
happens in Section 4, we will describe an explicit way of blowing down X’ to a surface with the same
configuration as (hence, by Lemma 3.2, isomorphic to) some Xj € £; in such a way that the image of the
exceptional locus lies in the set £ C Xj. If Steps 1-5 of Procedure 3.1 have already been carried out for
X} € L;, this implies that X’ is isomorphic to a surface already contained in £; 1.

Since we distinguish the families of weak del Pezzo surfaces with global vector fields according to their
configuration of negative curves and automorphism schemes, once we know that X’ is isomorphic to a
surface in £;, we can determine the family to which it belongs by describing its configuration of negative
curves and by computing its automorphism scheme.

3.2 On the calculation of stabilizers

Before starting our classification, let us explain how to calculate the scheme-theoretic stabilizers of the
points p;; € E; ;1 occurring in Step 4 of Procedure 3.1. First, recall the definition of the scheme-theoretic
stabilizer:

Definition 3.5 Let p: G x X — X be an action of a group scheme G on a scheme X over k. Let
p:Speck — X be a k—valued point. The stabilizer Stab, C G of p with respect to p is defined as

Stab,: (Sch/ k) — (Sets), S+ {geG(S)|g(ps)=ps}

where pg: S — Speck — X.

The stabilizer Stab, C G is a closed subgroup scheme of G. As mentioned in Step 4 of Procedure 3.1,
we will describe only the R—valued points of the stabilizers occurring in our classification, where R is a
local k—algebra. This is sufficient, since in each case—all the conditions on the matrices in PGL3(R)
of Tables 1 and 3-6 being given by polynomial equations which respect the group structure on PGL3 —
there will be an obvious closed subgroup scheme G of PGL3 that admits the same R—valued points as
the given stabilizer. The group scheme G will then be equal to the stabilizer because of the following
well-known lemma:

Lemma 3.6 Let Z;,Z, C X be two closed subschemes of a scheme X over a field k. If Z1(R) =
Z>(R) C X(R) for all local k—algebras R, then Z1 = Z, as closed subschemes of X .

The advantage of only considering R—valued points of PGL,, lies in the fact that R—valued points P" are
simply given by (n+1)—tuples of elements in R, up to units in R, such that at least one of the elements
in the (n+1)—tuple is a unit. This allows us to describe the action of Autg((R) on E;;i—1(R) = P}(R)
explicitly using adapted pencils, so that the calculation of the scheme-theoretic stabilizer of a k—valued
point p;; € E; ;1 becomes straightforward (by Lemma 3.6). Thus, R will denote a local k—algebra
from now on.
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4 Proof of Main Theorem: classification

In this section, we will carry out Procedure 3.1 to obtain the classification of weak del Pezzo surfaces
with global regular vector fields and prove our Main Theorem.

Firstly, note that there are two weak del Pezzo surfaces which do not fit into the framework of Procedure 3.1,
namely those which are not blowups of P2. By Lemma 2.7, these are P! x P! and [F5. As is well known,
Autpiyp1 = PGLy X PGL,. As for Auty,, we make use of the fact that this group scheme is smooth and
connected by [8, Theorem 1 and Lemma 10]. An explicit description of this group scheme is given in [8].
Alternatively, one can blow down the unique (—2)—curve on [, to obtain the weighted projective plane
P(1,1,2) and use the fact that (Autp(q,1,2))red fixes the unique singular point on IP(1, 1, 2). Hence, this
action lifts to F> and we get Autg, = (Autp(q,1,2))red- These results are summarized in Table 2.

For the remaining cases we can apply Procedure 3.1, and we will subdivide the proof into subsections
according to the height of our weak del Pezzo surfaces. Throughout, we write £ := V( f') for the line
given by f = 0 in P2, Recall that in the following figures a thick curve denotes a (—2)—curve, while a
thin curve denotes a (—1)—curve. The intersection multiplicity of two such curves is at most 3 at every
point; intersection multiplicities 1 and 2 will be clear from the picture, whereas we write a small 3 next
to the point of intersection if the intersection multiplicity is 3.

4.1 Height 0

We have Lo = {X94}, where X9 := P? with Autp> = PGL3.

4.2 Height 1

Case 9A In this case, X = P2 and Y =1id. We have E = P2, and the action of Aut;)( =PGL3 on E is
transitive. Now, note that if p1 9, ..., pno,0 € P? are points such that at least four of them are in general
position, then

no
Auty, = ( N Stabgjgo) = {*}.
j=1

On the other hand, according to Lemma 2.5, to guarantee that X’ is a weak del Pezzo surface, no more than
three of the p; o may be on a line. Up to isomorphism, this leaves five possibilities for p1.9, ..., png,o0:

(1) n =4, and p1,0, p2,0 and p4, are on a line £ with p3 o ¢ £. Using the action of PGL3, we may
assume that p10 =[1:0:0], p2,o =[0:1:0], p3,0=1[0:0:1], pao=[1:1:0]and £ =¢;.

1
o Autd/(R) = 1 | e PGL3(R)
i
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S5A 6 6A TA

C

Figure 1

e We have a (—2)—curve Zgl) and (—1)—curves El,o’ Ez,o’ E3’0, E4’0, ES), Zgl) and chl_)y, with
configuration as in 5A of Figure 1.

This is case SA.
(2) n = 3 and all points are on a line £. We may assume that p1o = [1:0:0], p2o =[0:1:0],
p3o=[1:1:0]and £ = £;.

1 c
o Aut),(R) = 1 f | e PGL3(R)
i

e We have a (—2)—curve Zgl) and (—1)—curves E, ,,, E, ; and E; ,, with configuration as in 6C of
Figure 1.

This is case 6C.
(3) n =3 and not all points are on a line. We may assume that p; 0 =[1:0:0], p2,o =[0:1:0] and
P3,0 = [0103 1].
1
o Aut),(R) = e | e PGL3(R)
i
e We have no (—2)—curves and (—1)—curves El,O’ Ez,o’ E3’0, E;l), Z;l) and Kgl), with configuration
as in 6A of Figure 1.

This is case 6A.
(4) n =2. We may assume that p; o =[1:0:0] and p2,0 =[0:1:0].

1 c
o Autd/(R) = e f|ePGL3(R) ;.
i

¢ We have no (—2)—curves and (—1)—curves E, ,, E, , and Egl), with configuration as in 7A of
Figure 1.

This is case 7A.
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T

8A

Figure 2

(5) n =1. We may assume that p; o =[1:0:0].

1b ¢
o Autd/(R) = e f|ePGL3(R) ;.
hoi

e We have no (—2)—curves and (—1)—curve E 1,0 With configuration as in 8A of Figure 2.
This is case 8A.

Summarizing, we obtain £; = {X54, X¢c, X64, X74, Xga}.

4.3 Height 2

Case SA We have E = (szl E;o)— ¢ Recall that the R-valued points of Auty are given by

Auty(R) = 1 1 | e PGL3(R)
i

We calculate the action of Autg)( on the E 70 using adapted pencils:

* Ay+pzis E; j-adapted and Autg(R) acts as [A: u] — [A:iu].

e Ax+pzis E, j—adapted and Autgf(R) acts as [A:u] = [A:ip].

e Ax+pyis E; j—adapted and Autg( (R) acts as [A: u] — [A: u].

e AMx—y)+puzis E4’0—adapted and Autg( (R) acts as [A: u] — [A:iu].
In particular, there is one unique point with nontrivial stabilizer on each of EN E, ,, EN E, , and
ENE,,. Since p1,0, p2,0 and p4 o can be interchanged by automorphisms of P2 preserving p3 o, we

have ten possibilities for p1.1,..., pn,1:
1 = E, N0, pai = Ey oW, p31 = E5 onel),, witha ¢{0,—1} and pa,y = E, o NS
D pra=E, Nty pra=E, (NEx7, p31=E; o0, Wit a {0, —1}and ps 1 =E, (N2,
1
e Auty/(R) = 1 | e PGL3(R)

i
e We have (—2)—curves FE f()), Eg()), Eg?()), Ef()), £§2), 65,2), 69) and Eﬁf_)y and (—1)—curves E 115

E2,1’ E3,1, E4’1 and Kizlay, with configuration as in 1A of Figure 2.
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2A 2D 2E

Figure 3

This is case 1A and we see that we get a 1-dimensional family of such surfaces X; 4 o depending on the
parameter o.

(2 P11 = El,() mz;l)’ P21 = E2’0 mﬁgcl) and P31 = E3’0 ﬂﬁiliay
1
o Aut),(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Efzg Eg()), Egzg £§3), Eg}z) and 222) and (—1)-curves E, |, E, |, E3 4, Efg,

6;2_) y and Efﬁ ay> With configuration as in 2A of Figure 3.

with o ¢ {0, —1}.

This is case 2A and we see that we get a 1-dimensional family of such surfaces X5 4 o depending on the
parameter o.

3 —E, ot poy = Ey o Nt and psy = E5 gn e

( ) P11 1,0 y > P21 2,0 x and p3q 3,0 X—y-

1
o Autd/(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Efg, Eg()), Eg’zg, K;Z), Eﬁz), 622) and E;Z_)y and (—1)—curves El,l, E
E; ; and Ef()), with configuration as in 2D of Figure 3.

This is case 2D.

2,1°

“4) P11 = El,() mgﬁl), P21 = E2,0 mggcl) and P41 = E4’0 ﬁegcl—)y-

1
o Autd/(R) = 1 | ePGL3(R)
i
e We have (—2)—curves Efg, Eg()), Ef()), eﬁf), E)(,Z), 69) and z&z_)y and (—1)—curves El,l, E2,1’
E, and E gzg with configuration as in 2E of Figure 3.
This is case 2E.

5) pr1=E oNGY and p31 = E; N, wither ¢ {0,—1}.
1

o Aut},(R) = 1 | e PGL3(R)
i
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KL

3A 3C 3D 4A
Figure 4
e We have (—2)—curves Ef()), Eg()), KJ(,Z) and 622) and (—1)—curves E1,1’ E3’1, Eé?()), Efg, 653),
ﬁgcz_)y and Eiz}r ay» With configuration as in 3A of Figure 4.

This is case 3A and we see that we get a 1-dimensional family of such surfaces X3 4 o depending on the
parameter o.

©) pri=E, on&Y and py1 = E;on .

1
o Aut),(R) = 1 | e PGL3(R)
i
e We have (—2)—curves E f()), E§’23, 6562), KJ(,Z) and 622) and (—1)—curves E 1.1° E3,1, Eg()), E f())

and E;z_)y, with configuration as in 3C of Figure 4.

This is case 3C.
(7 pi1=E, oN&Y and py g = E, o N L.
1
o Autd/(R) = 1 | e PGL3(R)
i
¢ We have (—2)—curves Ef’zg, ES()), £§2), €§,2) and z?’ and (—1)—curves E; ;, E, 1. Eg’zg, Ef())
and chz_)y, with configuration as in 3D of Figure 4.

This is case 3D.

®) p31= E3,0 ﬂfil_?_ay

1
o Autd/(R) = 1 | e PGL3(R)
i
e We have (—2)—curves E§23 and £& and (—1)curves Ey . E fg, Eg()), Ef()), Q) Z;z), egz_)y

2
€x+ay’

with « ¢ {0, —1}.

and with configuration as in 4A of Figure 4.

This is case 4A and we see that we get a 1-dimensional family of such surfaces X4 4 o depending on the
parameter o.
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YA |
N\ N\
4B 4C
Figure 5
)] P31 = E3,0 059)-
1
o Autd,/(R) = 1 | ePGL3(R)

i
e We have (—2)—curves Eg,zg, 6;2) and Egz) and (—1)—curves E3’1, E 5’23’ Eg()), E f()), 69’ and £§3_)y,
with configuration as in 4B of Figure 5.

This is case 4B.
10) p11 = EI,O N 2;,1).

1
e Auty/(R) = 1 | e PGL3(R)
i
e We have (—2)—curves E fg, €§,2) and 622) and (—1)—curves E ;, Eg()), Eg,zg, E f()), e&z) and z&z_)y,
with configuration as in 4C of Figure 5.

This is case 4C.

Case 6C We have E = (U;’=1 E, ) — ¢ and

1 c
Auty(R) = 1 f | e PGL3(R)
i

e Ay+pzis E| j-adapted and Aut?( (R)actsas [A:u]—[Aip+ fA]
e AXx+pzis E, j—adapted and Aut%(R) actsas [A:u] = [Aip+cAl.
e Alx—y)+pzis E; j-adapted and Autg((R) actsas [A:u]—=[A:iw+ (c— fHA]

Since p1,0, p2.0 and p3 o can be interchanged by automorphisms of P2 and the action of Aut?( is transitive
on every £ N E; o, we have three possibilities for py1,..., pn,1:

) p1a= El’0 ﬂﬁ;l), P21 = E2,0 MS) and p3 1 = E3,0 ﬂﬁ;l_)y.
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N AN LA

3B 4D 5C

Figure 6

1
o Aut),(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Efg, Ef()), E§23 and 522) and (—1)—curves E1,1> E2,1’ E3’1, £§3), ZJ(,Z)

and £§?_)y, with configuration as in 3B of Figure 6.

This is case 3B.
2 =E, ,ntWand pyy =E, ;ntY
(2) p1a 1,04y 7 and pay 2.0 Ex".
1
o Autd/(R) = 1 | ePGL3(R)
i
e We have (—2)—curves Efg, Eéz()) and 69) and (—1)—curves E1,1’ E2,1’ Eg’zg, zﬁf) and KJ(,Z), with
configuration as in 4D of Figure 6.

This is case 4D.
3 pia=E,nGY.

1 ¢
o Autd/(R) = 1 | ePGL3(R)}.
i
e We have (—2)—curves E %23 and 69) and (—1)-curves E ;, Eg()), Egz()) and €§2), with configuration
as in 5C of Figure 6.

This is case 5C.

Case 6A We have E = Uj‘:o E;o and

Auty (R) = e | €PGL3(R)
i
e Ay+pzis Ey j-adapted and Aut?( (R) acts as [A: u] > [eA:iu].
e Ax+pzis E, j—adapted and Aut?( (R) acts as [A: u] — [A:ip].
e Ax+py is E; j—adapted and Autgf (R) acts as [A: u] = [A:eu].
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Since p1,0, p2,0 and p3,0 can be permuted arbitrarily by automorphisms of P2, we have nine possibilities
for p1,1,..., Pn,1:

(1) pra=E onGY pay=Ey o€ and psg = E; N8,

1
e Auty/(R) = e | e PGL3(R)
e
e We have (—2)—curves Ef()), Ef()), Eg,zg, E&z) and 622) and (—1)—curves El,l, Ez,l’ E3,1, ZJ(,Z)

and Kf_)z, with configuration as in Figure 4, case 3C.

Blowing down the two right-most (—1)—curves in Figure 4 (3C), we see that X’ arises as a blowup of
X54 in two points on E and X’ = X3¢ by Remark 3.4.

(2) P11 = EI,O ngl—)za P21 = Ez,o mggl) and P31 = E3’0 ngl)-

1
o Autd/(R) = e | €ePGL3(R) ;.
e
e We have (—2)—curves Efg, Eéz()) E?(”zg, 6;2) and £ and (=D-curves E, 4, E, 4, Ej 4, ¢

and €§,1_)Z, with configuration as in Figure 4, case 3D.

Blowing down the two (—1)—curves in Figure 4 (3D) that are not adjacent to any other (—1)—curve, we
see that X’ arises as a blowup of X54 in two points on E and X’ =~ X3p by Remark 3.4.
(3) P11 = EI,O mggl), P21 = Ez,() ﬂggcl) and P31 = E3,0 mg)(}l)‘

1
o Aut},(R) = e | e PGL3(R)
i
e We have (—2)—curves E (2), E (2), E (2), Eg), (Z(z) and 622) and (—1)—curves E, ,, E, ; and E, ,,
1,00 £2,0° ©3,0 y 1,10 £2,1 3,1
with configuration as in 3H of Figure 7.

This is case 3H.
@ pr1=E N6, and pry = E, yn Y.

1
o Aut),(R) = e | €ePGL3(R)
e
e We have (—2)—curves E{zg Eéz()) and £ and (—1)—curves Ei 1. Eyqs Egzg @, Z§,2) and E;z_)z,
with configuration as in Figure 5, case 4C.

Blowing down the (—1)—curve in Figure 5 (4C) that is not adjacent to any other (—1)—curve, we see that
X’ arises as a blowup of X5 4 in one point on E and hence X’ =~ X4¢ by Remark 3.4.
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3H 4G 4F

Figure 7

S) pi1= El,o ﬂ€§,1_)z and p2,1 = E, o N (59).
1
o Autd/(R) = e | €ePGL3(R)
e
e We have (—2)—curves Ef,zg, Eéz()) and E;z) and (—1)—curves E 1, By, Eé’z()), KJ(,Z), £§2) and EJ(,Z_)Z,
with configuration as in Figure 5, case 4B.
Blowing down one of the (—1)—curves in Figure 5 (4B) that is not adjacent to any other (—1)—curve, we
see that X’ arises as a blowup of X54 in one point on E and X’ =~ X,p by Remark 3.4.
©) pir1=E, one" and ppy = E, o N L.
1
o Aut),(R) = e | ePGL3(R)
i
e We have (—2)—curves E{’Zg, Eé?%, 6562) and 622) and (—1)—curves El,l, E2,1’ E§23 and ﬁ)(,Z), with
configuration as in 4G of Figure 7.
This is case 4G.
7 = E ont" and pry = E, ot
(7) pia 1,0 1€y " and pz 2,0 N Ex 7
1
o Aut),(R) = e | e PGL3(R)
i
e We have (—2)—curves E{,zg, Eg()), 6562) and E)(,z) and (—1)—curves El,l’ E2,1’ Eg?()) and 622), with
configuration as in 4F of Figure 7.
This is case 4F.
®) pri=E N2,

1
o Aut},(R) = e | e PGL3(R)
e
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@ p@

2,00 ~3,0° £§52), Z;Z), KEZ) and 6(2) with

e We have a (—2)—curve Efz()) and (—1)—curves E |, y_zs

configuration as in Figure 1, case 5A.
By Corollary 3.3, we have X' =~ X5 4.
©) pri=E NtV

1
o Aut),(R) = e | e PGL3(R)
i

e We have (—2)—curves E %23 and 622) and (—1)—curves E; |, E @ g2

(2
2.00 E30 U3

and K;z) , with config-
uration as in 5B of Figure 8.

This is case 5B.

Case 7A We have E = El,o U E2,0 and

1 c
Auty (R) = e f | € PGL3(R)
i

e Ay +nuzis E; j-adapted and Autg((R) acts as [A:u] = [ed:in + fA].

e Ax+puzis E, j—adapted and Autg( (R) acts as [A: u] — [A:ip + cAl.
Since p1,0 and pz,o can be interchanged by an automorphism of P2, we have four possibilities for
P1,1,---5 Pn,1t
(1) pra=E NG and pyy = E, yn 5.

1
o Aut},(R) = e | e PGL3(R)
i
e We have (—2)—curves E gz()) and Eéz()) and (—1)—curves E, ,, E, ,, €§f), ﬁﬁz) and ng), with config-

uration as in Figure 8, case 5B.

Blowing down the (—1)—curve in Figure 8 (5B) that is not adjacent to any other (—1)—curve, we see that
X' arises as a blowup of X¢4 in one point on E and X’ =~ X5p by Remark 3.4.

@) pi1=E Nt and pyy = E, o N .

1
o Autd/(R) = e f|ePGL3(R) ;.
i

e We have (—2)—curves E f()), Eéz()) and Zgz) and (—1)-curves Ey ;, E, ; and 6562), with configuration
as in 5D of Figure 8.

This is case 5D.
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Figure 8

3) pr1=E NV,

|
o Autd/(R) = e | €ePGL3(R)
i
e We have a (—2)—curve E fzg and (—1)—curves E, |, Eéz()) EJ(,Z) and 29), with configuration as in

6B of Figure 8.
This is case 6B.
4) P11 = El,O ﬂfgl),

1 c
o Aut),(R) = e f | e PGL3(R)
i
e We have (—2)—curves E gzg and 622) and (—1)—curves E; ; and Egg, with configuration as in 6D
of Figure 8.

This is case 6D.

Case 8A We have F = E170 and

1b ¢
Auty(R) = e f | e PGL3(R)
hoi

e Ay+pzis E; j-adapted and Aut?((R) actsas [A:u]l—>[eA +hu:in+ fA]
Therefore, there is a unique possibility for pi,1,..., pn,1 up to isomorphism:
(D P11 :El,oﬂggl)-

1b ¢
o Aut},(R) = e f | e PGL3(R)
i
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7B

Figure 9

e We have a (—2)—curve E 523 and (—1)-curves £, ; and 622), with configuration as in 7B of Figure 9.
This is case 7B.

Summarizing, we obtain

£2 = {XlA,O{s XZA,(Xs XZDa XZE’ X3A,Ol’ X3Cs X3D’ X4A,(Xs X4B’ X4Ca X3B’ X4D’ XSC’ X3H1
X4G.XaF,X5B.X5D, X6B, X6D, X7B}.
4.4 Height 3
Case 2A We have E = U]3~=1 E - (UJ3~=1 EJ(ZO) ue®? UE§,2)) and
1
Auty(R) = 1 | e PGL3(R)
i
o Axy+ uz?is E| ,—adapted and E, |-adapted and Autg((R) acts as [A: ] — [A:i%pu).
o Ay? 4 p(x4ay)zis E; |—adapted and Autgf(R) acts as [A: ]~ [A:ip].

Note that X has degree 2. Therefore we are only allowed to blow up one more point, p;». Moreover, the
involution x <> ay of P2 lifts to an involution of X interchanging E 1,1 and E, |, thus we may assume
without loss of generality that j = 1 or j = 3. Finally, if j = 3, then the stabilizer of p3 € EN E3 1 is
trivial unless p3 » lies on the strict transform of {x 44,. Moreover, Aut?( acts transitively on £ N Eq 1.
Hence, we have two possibilities:

(1) psz2=Es; NEE),, witha ¢ {0,—1}.

1
e Auty/(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Efg, Eé‘?’()), ES&, Eg?, ¢, €§,3), ¢ and €3)_ and (—1)-curves E3p,

x+oay
E %31), Eé?, Ef()) and 6563_)),, with configuration as in Figure 2, case 1A.

By Corollary 3.3, we have X’ 2= X 4 o for some o’.
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@) pr2=E;;N C? with €y = V(xy +22).

{id} if p#2,
1
1 | ePGL3(R)|i?2=1; ifp=2.
i

. Autg(/ (R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.

* We have (—2)—curves E%, Ef’()) ES&, Eﬁ, ¢, 69) and £3) and (=1)-curves E ,, Egi, Ez(,?
Ef()), 6563_)),, Eff}ray, C1(3) and C2(3) with @ ¢ {0, —1} and Co = V(x3y + xy3 + x222 + a?y?2?),
with configuration as in 1L of Figure 10.

This is case 1L and we see that we get a 1-dimensional family of such surfaces X1y, o depending on the
parameter o.

Case 2D We have E = J7_, E; |~ ()= EJ(ZO) uePue?u 6562_)),) and
1

Auty(R) = 1 | e PGL3(R)
i
o Axy+ uz?is E| ,—adapted and E, |-adapted and Autg((R) acts as [A: ] — [A:i%u).
o Ay2 4+ u(x—y)zis E, |—adapted and Autgf(R) acts as [A: ] = [A:ip].
Note that X has degree 2, thus we are only allowed to blow up one more point, p; . Next, note that the
stabilizer of every point on £ N E; , is trivial, and hence we may assume j =1 or j = 2. Similar to Case

2A, the involution x <> y of P2 lifts to an involution of X interchanging E 1.1 and E, ,, thus we may
assume without loss of generality that j = 1. Hence, there is a unique choice for p; > up to isomorphism:

(1) pr2=E;;NCP with C =V(xy +z?).

{id} if p#2,
1
1 | ePGL3(R)|i?2=1; ifp=2.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.

e We have (—2)—curves Eﬁg E§3()) E?g Eﬂ ¢, €§,3), ¢ and £x3_)y and (—1)—curves E, ,,
Efi, E §3% , Efg and C (3), with configuration as in 10 of Figure 10.

This is case 10.
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Figure 10

Case 2E We have E = (E, ; UE, | UE, ) —(EX) UESY UES U U P ue,) and

1
Auty(R) = 1 | e PGL3(R)
i
o Axy 4 uz?is E, ,—adapted and E, ;-adapted and Aut%(R) acts as [A 1 ] — [A:i%u].
o Ax—y)x+puz?is E, ,—adapted and Aut?((R) acts as [A: ] — [A:i2pul.

Note that X has degree 2, thus we are only allowed to blow up one more point, p;>. Next, the
automorphisms of P2 interchanging p1,9, p2,0 and p4 o and preserving p3 o lift to X and interchange
E RE Ez’1 and £ RE thus we may assume j = 1. Finally, Aut% acts transitively on £ N E1,1, and hence
we have a unique choice for p; > up to isomorphism:

D pr2=E;,;N C? with €y = V(xy + 22).

{id} if p#2,
1
1 | ePGL3(R)|i?2=1; ifp=2.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.

e We have (—2)—curves Ef% Ef()), E‘(&)), Eﬁ) ES), £§3), 623) and z?ly and (—1)—curves E, ,,
Egi, E‘(Si, Esg, C1(3) and C2(33 with C, = V(xy + y2 + 22), with configuration as in 1N of

Figure 10.
This is case 1N.
Case 3A We have E = (E, | UE; ) — (Efg U E§23 U 5;2)) and

1
Auty(R) = 1 | e PGL3(R)
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o Axy 4+ uz?is E | —adapted and Aut?( (R) acts as [A:u] — [A:i2u].

o« Ay?+ pu(x+ay)zis E; —adapted and Autgf (R)actsas [A:pu] = [A:iu].
Note that there is one unique point with nontrivial stabilizer on E'N E; ;, while Aut?( acts transitively on
E N E;,;. Hence, we have three choices up to isomorphism:

(D) pro=E; ,NCZ and psp = E; N7, with C1 = V(xy +22) and & ¢ {0. -1},

{id} if p # 2,
1
1 €ePGL3(R) |i2=1} ifp=2.
i

L4 Aut?(/ (R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

the configuration of negative curves.

* We have (—2)—curves Ef33, E§33 E{SI) Eg? ZJ(,S), ¢ and

ES()), Ef()), ¢, 5;3_)y, C2(3) and C§3) with

Ne.

x-tay and (=D—curves E ,, E5 5,

Cr =V(x*y +xz24+ayz?) and C3=V(x%y+xz2+ayz?+y3),
with configuration as in Figure 10, case 1L.

Blowing down the right-most (—1)—curve in Figure 10 (1L), we see that X’ is the blowup of some X5 4 ¢
in one point on E and X’ = X, o for some o’ by Remark 3.4.

@) psz2=Es e, witha ¢ {0, 1}

1
e Auty/(R) = 1 | e PGL3(R)
i
e We have (—2)—curves E?g E§33 Egg? Z§,3), & and Kgflay and (—1)—curves E; ,, Eﬁ Ef())
Ef(),, 6563) and ng_)y, with configuration as in Figure 3, case 2A.

By Corollary 3.3, we have X’ = X5 4 o for some o’
3) pi2=E ;N C®@ with C = V(xy + z2).
{id} if p#£2,
1
1 ePGL3(R) |i2=1} ifp=2.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.
e We have (—2)—curves Eﬁ; Eg?()), Efsf, €§3) and ES) and (—1)—curves E ,, E®, E® ES)

3,10 ©2,00 ©4,0°
1353), ng_)y and Kff_i)_ay with « ¢ {0, —1}, with configuration as in 2N of Figure 11.

This is case 2N and we see that we get a 1-dimensional family of such surfaces X,y o depending on the
parameter o.
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Case 3C We have E = (E; | UE; )~ (ECgUE UL U L) and

1
Auty(R) = 1 | e PGL3(R)
i

o Axy+pz?is E, ;-adapted and Aut?((R) acts as [A:u]— [A:i%u].

o Axz+ puy?is E ,—adapted and Aut?((R) acts as [A: ] —[iA:u].

3595

Note that the stabilizer of every point in £ N E5 | is trivial while Aut?( acts transitively on £ N Eq 3.

Hence, we have a unique choice for p1 2 up to isomorphism:
(1) pra=E;;NCP with C =V(xy +z?).

{id} if p # 2,
1
1 e PGL3(R) |i2=1} if p=2.
i

L4 Aut?(/ (R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

the configuration of negative curves.

e We have (—2)—curves EE&, E_ng, Eﬁ, ES), K)(,3) and 623) and (—1)—curves E1,2’ E§31), Eg()), Ef())

and £y, with configuration as in 2Q of Figure 11.

This is case 2Q.

Case3D Wehave E = (E, ; UE, ) — (EZUEZ Ut® ue?) and

1
Auty(R) = 1 | ePGL3(R)
i

o Axy 4 uz?is E, ;-adapted and E, ;-adapted and Aut%(R) acts as [A: ] — [A:i%u).
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Note that the involution x <> y of P? lifts to an involution of X interchanging E 1.1 and E, ;. Moreover,
Aut?( acts transitively and with finite stabilizers on both £ N E7; and E N E> ;. Hence, we have three

possibilities for py 2,..., pn,2 up to isomorphism:
) pra=E; 1N C@ and p22=E, N C@ with € = V(xy +z2).

{id} if p#2,
1
1 | ePGL3(R)|i2=1; ifp=2.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.

e We have (—2)—curves E?g Eé‘?’()), E?i, E?}, ¢, €§3), ¢ and C® and (—1)—curves E|
E2’2, Eg(f()), Ef()) and 6563_)),, with configuration as in Figure 10, case 10.

Blowing down the left-most (—1)—curve in Figure 10 (10), we see that X is a blowup of X, p in one
point on E and X’ = X0 by Remark 3.4.

@ pr2=E,;NCP and pap = E, ;NCS? with C1 = V(xy +22), Co =V(xy +az?) and a ¢ {0, 1}.

{id} if p#2,
1
1 | ePGL3(R)|i?2=1; ifp=2.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

the configuration of negative curves.

* We have (—2)—curves Eﬁg, E§3()) Eﬁ Efi ¢, ZS) and £&) and (=D—curves E| ,, E, 5, Eg?’g

Ef(),, ng_)y, C1(3), Cés) and C3(3) with C3 = V(x3y2 + x2y3 + xz* + a?yz*), with configuration
as in Figure 10, case 1L.

Blowing down the right-most (—1)—curve in Figure 10 (1L), we see that X’ is the blowup of some X5 4 ¢
in one point on E and X’ = X, o for some o’ by Remark 3.4.

(3) pi2=E ;N C®@ with C = V(xy + z2).

{id} if p#£2
1
1 €ePGL3(R) |i?=1; ifp=2
i

L4 Aut?(/ (R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

the configuration of negative curves.
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* We have (—2)—curves Efg, ES()), Eﬁ, ¢, ES) and £5) and (—1)-curves E,, Efi, Eé?g, Ef()),

eﬁfﬂy and C®, with configuration as in 2P of Figure 12.

This is case 2P.

Case4A We have F = E3,1 — E§23 and

Auty (R) = 1 | ePGL3(R)
i
o Ay2 4 u(x +ay)zis E; —adapted and Aut?((R) acts as [A: ] = [A:ip].

Note that there is one unique point on £N E 5 ; with nontrivial stabilizer, leading to a unique choice for p3 »:

(1) psp=E;, N3, witha ¢{0,~1}.

1
o Aut),(R) = 1 | e PGL3(R)
i

e We have (—2)—curves ES&, E§31) , £g3) and Ef}ray and (—1)—curves E; ,, Eﬁ% E§3()) E‘(Sg, ES),

ES) and Z;S_) y, with configuration as in Figure 4, case 3A.

By Corollary 3.3, we have X’ = X34 o for some o’.

Case 4B We have E = E3’1 — (Eg?g U g§12)) and

1
Auty(R) = 1 | e PGL3(R)
i

o Ax2+ puyzis E; —adapted and Aut?( (R) actsas [A:u] = [A:iu].
There is no point on £ N E; | with nontrivial stabilizer, so we get no new cases by further blowing up X.
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Case4C Wehave E=FE, | — (Ef()) U 6;2)) and

1
Auty(R) = 1 | ePGL3(R)
i
o Axy 4 uz?is E, ;-adapted and Autgf (R) acts as [A: ] — [A:i2u].
In particular, Autg( acts transitively on £ N Eq ;. We get a unique choice for pj > up to isomorphism:

(1) pr2=E;;NCP with C =V(xy +z?).

{id} if p#2,
1
1 | ePGL3(R) |i’=1; ifp=2.
i

o Aut?(/ (R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.

e We have (—2)—curves Efg, EP%, E;S) and ZS') and (—1)—curves El,z’ Eé?()), Egg, E‘(&)),
e

x—y» wWith configuration as in 3N of Figure 13.

15;3) and

This is case 3N.

Case 3B We have E = UJ3-:1 E - Uj3-:1 EJ(ZO) and

1
Auty (R) = 1 | e PGL3(R)
i
o Axy+uz?is E, ,—adapted and E, ;—adapted and Autgf (R) acts as [A: ] — [A:i2u].
o A(x—y)x + uz?is E; —adapted and Aut?((R) acts as [A 1 pu] — [A:i%pul.

Note that automorphisms of P fixing [0: 0: 1] and interchanging the p; o lift to automorphisms of X
interchanging the E .1- Moreover, since X has degree 3, we are only allowed to blow up two more points.
Finally, on every E N E; 1, the action of Aut?( has two orbits and one of them is a fixed point. Hence, we
get six possibilities for pj 2, ..., p3,2 up to isomorphism:

(1) pi2=E; 1N Cl(z) and prpo =E, | N Cl(z) with C; = V(xy + z2).

{id} if p#£2
1
1 €PGL3(R) |i?=1; ifp=2
i

o Aut},(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.
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e We have (—2)—curves E), ES) E§33 EX), EX) 62 and € and (~1)-curves E, ,. E, 5.,

N G

31 X2y C(3) and C ) with Co = V(xy + y +22) and C3 = V(xy + x? + z2),

with configuration as in 1K of Figure 13.

This is case 1K.

@ pr2=E,;NCZ and p2p = E, ,NC with C; = V(xy +22), C2 = V(xy+az?) anda ¢ {0, 1}

fid} if p£2
1

o Auty,(R) =
uty/(R) 1 |eproLsr)|i2=1' ifp=2

i

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

the configuration of negative curves.

e We have (—2)—curves E(3) E(3) E(3) Eﬁ, E(31 and E(S) and (—1)-curves E| ,, E, 2,

73

3,1°

(@, 6P, 62, c®, c(3) c(3) C(3) c®, ¢ and ¢ with c3 = V(xy + y + 22),
Cs=V(xy+x? +azz), Cs =V(x2y2+xy3+ay?z2+z%), Ce = V(x2y2 +x3y +x222 +a?z%)

and C7 = V(x3y? + x2y3 + xz* + a?yz*), with configuration as in 1J of Figure 13.

This is case 1J and we see that we get a 1-dimensional family of such surfaces X o depending on the

parameter «.

Remark 4.1 Figure 13 (1J) is by far the most complicated configuration that occurs in our classification.

To make Figure 13 (1J) easier to digest for the reader, we will now break our habit of describing the curve

configuration only via an intuitive picture, and also describe the dual graph of the configuration. Each white

vertex in the dual graph corresponds to a (—1)—curve and each black vertex corresponds to a (—2)—curve.

The number of edges between two vertices corresponding to curves C; and C; is equal to the intersection

number of C; and C,. With these conventions, the dual graph of Figure 13 (1J) is given in Figure 14.

In general, a dual graph carries less information than the nondual picture. In our case, we see from

Figure 13 (1J) that every simply laced triangle of vertices in Figure 14 corresponds to three curves
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Figure 14: Dual graph of Figure 13 (1J).

meeting in a single point, every double edge corresponds to two curves meeting in a single point with
multiplicity 2, and every triple edge corresponds to two curves meeting in two distinct points with
multiplicities 2 and 1. While the symmetry group of Figure 14 is the dihedral group D1, of order 12, the
interested reader can use the additional information from Figure 13 (1J) to check that the only involution
in D1, that can actually come from an automorphism of X is the unique central involution. And indeed,
the pencil of cubic curves through the eight points p; ; contains the curve V(z3) and the smooth curve
V(z3 +z%2x +az?y +x%y 4+ xy?), and hence it is an elliptic pencil and the inverse in the group structure
on the generic fiber of the associated rational elliptic surface (classically called the “Bertini involution”
associated to the points p; ;) induces the central Z /2Z—symmetry of the graph in Figure 14.

@) pr2=E; ;nCZ and pas = E, ; N LY with C; = V(xy +22).

{id} it p#2,

1

o Auty,(R) =
uty/(R) 1 |epcLy(R) |i2=1} ifp=2.
i
Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.

e We have (—2)—curves E{33, ES&, Esg, Eﬁ, Eé?, ¢ and ¢&) and (~1)—curves E 5 E,,,
E§31), (2,62, c?, Cz(é) and C{¥ with C; = V(xy +y2+22) and C{P = V(x2y2 4 xy3+2%),
with configuration as in Figure 13, case 1K.

Blowing down the left-most and the right-most (—1)—curve in Figure 13 (1K), we see that X’ is a blowup
of X3p in two points on £ which do not lie on the intersection of E with the other (—1)—curves on X3p
and X’ =~ X g by Remark 3.4.

@) pra=E N6 and prp=E, nt?.

1
o Aut},(R) = 1 | e PGL3(R)
i
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1B 20 2B
Figure 15

e We have (—2)—curves Efg, Eg’(),, ES&, E?;, Eé?, 6563), €§,3) and ZS) and (—1)—curves E1,2’ E

2,2°
E 531) and 3;3_)),, with configuration as in 1B of Figure 15.

This is case 1B.

5) pr2=E,;NCZ with C; = V(xy +22).

{id} if p#2,
1
1 | ePGL3(R)|i?=1; ifp=2.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.
e We have (—2)—curves Eﬁg, ES()), Efg, Eﬁ and £$” and (—1)—curves E,, Ef}, Eﬁ, ¢,

653), ZS_)J,, C1(3) and C2(3) with Cy = V(xy + y? 4 z2), with configuration as in 20 of Figure 15.

This is case 20.
©) pr2=E; N

1
o Autd/(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Efg, ES()), ES()), Eﬁ), 65,3) and 69) and (—1)—curves E1,2’ E® E®

2,10 3,1
ng) and 6563_)),, with configuration as in 2B of Figure 15.

This is case 2B.
Case 4D We have E = UJ2~=1 E; - UJ2'=1 E](20) and

1
Auty(R) = 1 | e PGL3(R)
i
o Axy 4 uz?is E, ;-adapted and E, ;-adapted and Aut%(R) acts as [A: ] — [A:i%u).
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Note that automorphisms of P2 fixing [0: 0: 1] and interchanging p1,9 and ps ¢ lift to automorphisms
of X interchanging E 1.1 and E2,1' Moreover, Aut?( has two orbits on each £ N E; 1, one of which is a
fixed point. Hence, we get six possibilities for p;,2, p2,2 up to isomorphism:

(1) pia=E; ;NCPand pyp=E,  NCP with C =V(xy +z?).

{id} it p#2,
1
1 | ePGL3(R)|i?2=1; ifp=2.
i
Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

o Autd/(R) =

the configuration of negative curves.

e We have (—2)—curves Eﬁz, Eé?()), Eﬁ), Eé‘?, 623) and C® and (—=1)—curves E1,2’ E2,2, Esg,

Eg) and 653), with configuration as in Figure 11, case 2Q.

Blowing down the right-most (—1)—curve in Figure 11 (2Q), we see that X is a blowup of X3¢ in one
point on E and X’ = X, by Remark 3.4.

@ pr2=E,;NCP and pap = E, ;NCS? with C1 = V(xy +22), C2 =V(xy +az?) and a ¢ {0, 1}.

{id} if p#2,
1
1 | ePGL3(R) |i’=1; ifp=2.
i
Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

o Autd/(R) =

the configuration of negative curves.

e We have (—2)—curves Efg, Eé?()), Eﬁ, Eé? and 623) and (—1)—curves E1,2’ E2,2, Eg?g, ES),

65,3), C 1(3) and C2(3), with configuration as in Figure 11, case 2N.

Blowing down the right-most (—1)—curve in Figure 11 (2N), we see that X’ is a blowup of some X34 ¢
in one point on E and X' = X, o for some o’ by Remark 3.4.

(3) pr2=E; ;NCPand pyp =E, N ¢@ with C = V(xy + 22).

{id} if p#2,
1
1 €ePGL3(R) |i2=1} if p=2.
i
Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

o Autd/(R) =

the configuration of negative curves.
7 3 B LG B 3 (3) 1\ (3)
e We have (—2)—curves El,O’ E2’0, El’l, E2,1’ £y and £; and (—1)—curves E1,2’ Ez,z’ E3,0,
Zf) and C®, with configuration as in Figure 11, case 2Q.
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2F 3E

Figure 16

Blowing down the right-most (—1)—curve in Figure 11 (2Q), we see that X’ is a blowup of X3¢ in one
point on E and X’ = X, by Remark 3.4.

@ pra=E N6 and prp=E, nt?.

1
o Aut),(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Efg, ES()), E?;, EéSi, 6563), €§,3) and 223) and (—1)—curves E1,2’ E2’2
and E 5,33’ with configuration as in 2F of Figure 16.

This is case 2F.
5) pia=E; 1N C®@ with C =V(xy +2?).
{id} if p#2
e Auty/(R) = !

1 | ePGL3(R)|i’=1; ifp=2
i
Hence, X' has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.
e We have (—2)—curves Efg, ES()), Eﬂ and E?) and (—1)—curves E1,2’ Eéz?, Eg?g, zﬁf), E§,3)
and C ®, with configuration as in Figure 13, case 3N.
Blowing down the right-most (—1)—curve in Figure 13 (3N), we see that X is a blowup of X4¢ in one
point on E and X’ =~ X35 by Remark 3.4.
©) pra=E; NP
1
o Autd/(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Es’g, Eé?()), E?;, ZJ(,3) and ES) and (—1)—curves E1,2’ E?%, E§3()) and 59),
with configuration as in 3E of Figure 16.

This is case 3E.
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Case 5C Wehave E = E; | — Efz()) and
Auty (R) = 1 | ePGL3(R)
i
o Axy+ uz?is E, ,—adapted and Autgf (R) acts as [A:u] — [A:i2u].

Note that this is the first case in which there exists no Autg(—stable E1,1—adapted pencil (see Example 2.14).
We remind the reader that we explained how to calculate the Aut%—action on exceptional curves using not
necessarily Aut?(—stable adapted pencils after Definition 2.12. From now on, we will no longer explicitly
point out when a non—Autg)(—stable adapted pencil is used and assume that the reader is familiar with the
techniques explained in Section 2.2.

Since Aut?( has two orbits on £ N Eq 1, we get two possibilities for pj > up to isomorphism:

) pr2=E; ;N C®@ with C =V(xy + 2?).

—_—
o
—

1 € PGL3(R) if p #£ 2,
Auty,(R) =
o utX/ (R) =

1 €ePGL3(R) |i2=1} ifp=2.

~.

We describe the configurations of negative curves on X’ for p # 2 and p = 2 simultaneously:

e We have (—2)—curves Efg, E?; and (&) and (=1)—curves E ,, Eg’()), E?g and 6;3), with
configuration as in 4E and 4M of Figure 17.

This is case 4E if p # 2, and case 4M if p = 2.
@) pia=E NG

1 ¢
e Auty/(R) = 1 | ePGL3(R)
i
e We have (—2)—curves Efg, Eﬁ, KJ(?) and 623) and (—1)—curves E, ,, E§3()) and ES()), with
configuration as in 4H of Figure 17.

This is case 4H.

Case 3H We have £ =7, E;, — (Ul=; EG U2 U6 Ue?) and

1
Auty(R) = e | e PGL3(R)
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!H! !:r:‘

4E and 4M 1G

Figure 17

o Axz+ puy?is E, ;-adapted and Autg’( (R) acts as [A: ] — [id:e?u].
e Axy+pz?is E, ;—adapted and Auty (R) acts as [A: ] > [eA i p].
o Ayz+ ux?is E; ;—adapted and Autf,)((R) acts as [A: u] > [eid: u].
Note that all automorphisms of P2 inducing cyclic permutations of p1,0, p2,0, and p3 g lift to automor-

phisms of X, and since X has degree 3, we can only blow up two additional points. Moreover, Autgf acts
transitively on every £ N Ej 1. Hence, we get two possibilities for py»,..., p3,2 up to isomorphism:

(1) pra=E; N Cl(z) and p2p = E, | N C2(2) with C; = V(xz + y?) and C, = V(xy + z2).

{id} if p #3,
1
e €PGL3(R) |e3 =1} if p=3.

62

o Autd/(R) =

Hence, X’ has global vector fields only if p = 3. Therefore, we assume p = 3 when describing
the configuration of negative curves.

e We have (—2)—curves ES()), ES()), Eg?g, Eﬁ, ES?, ES’), €§3) and 623) and (—1)—curves E1,2’ E2,2

and E5 7, with configuration as in 1G of Figure 17.

s

This is case 1G.
(2) pr2=E; ;N C®@ with C =V(xz + y?).

1

o Autd/(R) = e € PGL3(R) }.

€2

e We have (—2)—curves Efg, ES()), Esg, Eﬂ ¢, Zf) and €5 and (—1)—curves E,,, Eé‘? and
E §,31’ with configuration as in Figure 16, case 2F.

Blowing down the left-most and the right-most (—1)—curve in Figure 16 (2F), we see that X’ is a blowup
of X4p in two points on £ and X’ =~ X, by Remark 3.4.
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2]
Figure 18

Case 4G We have E =7, E; | — (Ui=; EVy UL ULY) and

1
Auty(R) = e | €ePGL3(R)
i
o Axz+py?is E, ,—adapted and Aut?((R) acts as [A:u] > [id:e?u].
o Axy+ uz?is E, ;—adapted and Autg)((R) acts as [A: u] — [eAd:i%u].

Since Aut?( acts transitively on every £ N E; 1, we get the following three possibilities for p1,2, p2,> up

to isomorphism:
(1) pr2=E, ;NCZ and pas = E, ; N CY with C1 = V(xz + y?) and C3 = V(xy +z2).

{id} if p #3,
1
e €PGL3(R) |e3 =1} if p=3.

62

o Autd/(R) =

Hence, X’ has global vector fields only if p = 3. Therefore, we assume p = 3 when describing

the configuration of negative curves.

e We have (—2)—curves E 533 E§3()) E ﬂ , Efi ES) and Eg) and (—1)—curves E; ,, E, ,, Eg% and
ES), with configuration as in 2J of Figure 18.

This is case 2J.
) pa2=E,  NCP with C =V(xy +z?).
1
o Autd/(R) = i2 | e PGL3(R) .
i
e We have (—2)—curves E 533 ES()), Eé?, £§3) and 69) and (—1)—curves E, ,, E 533 , E§33 and €§,3),
with configuration as in Figure 16, case 3E.
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Blowing down the left-most (—1)—curve in Figure 16 (3E), we see that X’ is a blowup of X4p in one
point on E and X’ =~ X3 by Remark 3.4.

(3) pr2=E;; NCP with C =V(xz + y?).

1
o Autd/(R) = e € PGL3(R) }.
2
e
e We have (—2)—curves £ Pg Ef()) E 53% 2 and €82 and (=1)—curves E ,, Ef’i Egag and €§,3),

with configuration as in Figure 16, case 3E.

Blowing down the left-most (—1)—curve in Figure 16 (3E), we see that X' is a blowup of X4p in one
point on E and X’ =~ X3 by Remark 3.4.

Case dF We have E = (E, | U Ez1) — (E{ U ESy UL U L) and

1
Auty(R) = e | €ePGL3(R)
[
o Axy+ uz?is E| ,—adapted and E, |-adapted and Autgf(R) acts as [A: pu] > [ed :i?u].
Note that the involution x <> y of P2 lifts to an involution of X interchanging £;; and E5 1. Moreover,

Aut?( acts transitively on both £ N Ey; and E N E5 1, but the stabilizer of every point on £ N Eq 1 acts
trivially on £ N E» ;. Hence, we have three possibilities up to isomorphism:

1) p12= E1,1 NC® and D22 = Ez,1 NC® with C = V(xy +22).

1
o Aut),(R) = i2 | e PGL3(R)
i
e We have (—2)—curves Efg, ES()), Eﬁ, E§33 ng), £§,3) and C® and (—=1)—curves E1,2’ E2,29
E and 623), with configuration as in Figure 3, case 2D.
3,0

By Corollary 3.3, we have X' =~ X,p.
@ pr2=E,;NCP and pap = E, ;NCS? with C1 = V(xy +22), Co =V(xy +az?) and a ¢ {0, 1}.

1
o Aut)/(R) = i2 | e PGL3(R)
i
e We have (—2)—curves Eﬁ% ES()), Eﬁ, ES{ E?) and Ef) and (—1)—curves E, ,, E, ,, Eg?g,
623), C 1(3) and CZ(S), with configuration as in Figure 3, case 2A.

By Corollary 3.3, we have X’ 2 X5 4 o for some o’
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(3) pr2=E;;NCP with C =V(xy +z?).

1
o Aut),(R) = i2 | e PGL3(R)
i

e We have (—2)—curves Eﬁ;, ES()), Eﬂ, 6563) and €§3) and (—1)—curves E1,2’ ES;, Esg, E?)

and C ®, with configuration as in Figure 4, case 3D.

By Corollary 3.3, we have X' =~ X3p.

Case 5B We have E = E| | — (Efg U¢?) and

1
Auty(R) = e | e PGL3(R)
i

o Axz+py?is E | —adapted and Aut?( (R) acts as [A: ] > [iA:e?u].
Since Aut?( acts transitively on £ N E7 1, we have a unique choice for p1 > up to isomorphism:
(1) pr2=E;;NCP with C =V(xz + y?).

1
o Aut)/(R) = e € PGL3(R) ;.
2
e

e We have (—2)—curves E Pg E 532 and ££¥ and (=1)—curves E ,, E§3()) E§33 ¢ and ZJ@, with
configuration as in Figure 6, case 4D.

By Corollary 3.3, we have X' =~ X4p.

Case 5D We have E = J7_, E; | — (U=, E\g U€Y) and

1
Auty (R) = e f | ePGL3(R)
i

o Axz+ puy?is E, ,—adapted and Aut?( (R) acts as [A: ] — [iA:e?u].

o Axy+ uz?is E, ;—adapted and Aut?((R) acts as [A: u] > [eA:i%u].

Note that Autg)( acts transitively on £ N Eq,1, and with two orbits, one of which is a fixed point, on
E N E5 1. Hence, we have five choices for p1 2 and p3 > up to isomorphism:
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XN PN

3F and 3K 31

Figure 19

(1) pr2=E,;NCZ and pan = E, , NC with C1 = V(xz + y?) and C3 = V(xy +22).

1
1 f | € PGL3(R) if p #3,
1
o Aut),(R) =

e f|€PGL3(R) |e>=1; if p=3.

82

We describe the configurations of negative curves on X’ for p # 3 and p = 3 simultaneously:

e We have (—2)—curves Ef’()), ES()), Eﬁ, Eé? and 623) and (—1)—curves E1,2’ E2’2 and 6563), with
configuration as in 3F and 3K of Figure 19.

This is case 3F if p # 3, and case 3K if p = 3.
@ pr2=E;NC®and prs = E, , NP with C = V(xz +y?).
1

o Autd/(R) = e f | ePGL3(R)
o2
* We have (—2)—curves E ﬁg, ES()), Eﬁ , Efi A2 and €8 and (=1)—curves E , and E, ,, with

configuration as in 31 of Figure 19.
This is case 3I.
(3) pa2=E, NC® with C =V(xy +z?).

1
o Aut},(R) = i2 f | e PGL3(R)
i
e We have (—2)—curves Eﬁg, E§3()), E(31 and 6(3) and (—1)—curves E, ,, E§31 and Kgf), with
configuration as in Figure 17, case 4H.
Blowing down the (—1)—curve in the middle of Figure 17 (4H), we see that X’ is a blowup of X5¢ in
one point on E and X’ =~ X4z by Remark 3.4.

Geometry & Topology, Volume 28 (2024)



3610 Gebhard Martin and Claudia Stadlmayr

4K 41

Figure 20

@) pro=E, NP

1
o Aut),(R) = e f | e PGL3(R)
i

e We have (—2)—curves Efg, Eé?()), Eési, E;S) and 623) and (—1)-curves E, , and E?l), with
configuration as in 4K of Figure 20.

This is case 4K.
5) pa=E; 1N C®@ with C =V(xz + y?).

1
o Autd/(R) = e f | ePGL3(R)
2
e

e We have (—2)—curves Efg, Ef()) E?f and (&) and (=D-curves E ,, Efi and £, with
configuration as in 41 of Figure 20.

This is case 4I.

Case 6B We have E = E; | — E\’) and

1 ¢
Auty(R) = e | e PGL3(R)
i
o Axy 4 uz?is E ;—adapted and Aut?( (R) acts as [A: u] — [eA:i%pu].
Since Autgf has two orbits on £ N Eq,1, we have two choices for p1 2 up to isomorphism:

(1) pr2=E;;NCP with C =V(xy +z?).

1 c
o Aut},(R) = i2 | e PGL3(R)
i
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e We have (—2)—curves E §33 and £ ﬁ and (—1)-curves E| ,, E (3) 69) and 823) , with configuration

2,0°
as in Figure 6, case 5C.

By Corollary 3.3, we have X' =~ X5¢.
@) pra=E NG

1 c
o Autd/(R) = e | €ePGL3(R)
i

e We have (—2)—curves £ ?3 E f31) and Ef) and (—1)—curves E ,, E§3()) and (5, with configuration

as in Figure 8, case 5D.

By Corollary 3.3, we have X' =~ Xsp.

Case 6D We have E = E; | — (E\) U£$) and
1 ¢
Auty(R) = e f | €ePGL3(R)
i
o Axz 4+ puy?is E —adapted and Autg( (R) acts as [A:u] — [id:e?u].
Since Aut?( acts transitively on £ N Eq 1, there is only one choice for p1 > up to isomorphism:
(1) pi2=E; 1N C@ with C = V(xz + y?).
1 ¢
o Autd/(R) = e f | ePGL3(R)}.
02
e We have (—2)—curves E 533 E ?1) and E?) and (—1)-curves E; , and ES()), with configuration as
in 5E of Figure 21.

This is case 5E.

Case 7B We have E = E; | — E\’) and
1bc
Auty(R) = e f | e PGL3(R)
i
o Axz 4+ puy?is E ;—adapted and Aut?( (R) acts as [A:u] — [id:e?u].
Since Autgf has two orbits on E N E7 1, there are two choices for pp > up to isomorphism:
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SE 6E 6F

Figure 21

1) pr2=E; ;N C®@ with C = V(xz + y?).

1b ¢

o Aut),(R) = e f | € PGL3(R)
2
e

e We have (—2)—curves E §33 and £ ﬁ and (—1)-curves E; , and E?), with configuration as in 6E
of Figure 21.

This is case 6E.
@) pra=E Nt

1b c
o Autd/(R) = e f | €ePGL3(R)
i

e We have (—2)—curves F Sg, E %31) and 623) and (—1)-curve E; ,, with configuration as in 6F of
Figure 21.

This is case 6F.
Summarizing, we obtain

£3 = {XlL)a,XlO,X]N,X2N3a,X2Q,X2P,X3N,X1K, XlJ,(XaXIB’X207X23’X2F7X3E7

X4E, Xam . XaH. X16, X270, X3F, X3k, X371, Xak. Xa1. X5E. X6E. X6F .
4.5 Height 4

Case 2N This case exists only if p =2. Wehave E = E; , — E ?1) and

1
Auty(R) = 1 | ePGL3(R)|i’=1
i
o A(x?y+xz?)+puz3is E| ,~adapted and Auty (R) acts as [A: ] — [A:iu].
Note that there is only one point on £ N E 12 with nontrivial stabilizer, hence we have a unique choice

for P1,3:
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(1) pi3=E, ,NC with C1 = V(xy +z2).
1
o Aut),(R) = 1 | ePGL3(R) |i?=1
i

e We have (—2)—curves Eﬁ)), Ez(:g, Eﬁ?, Efg, KJ(,4) and €§4) and (—1)—curves E1’3, Eé"‘l), Eg}()),
gy 67 62, 60, 7. 657, 650 ¢, €5 and €6 with o =V(xy +)2422). G =
V(x2y +xz2+ayz?), Ca=V(x2y+x22+y3+ayz?), Cs =V(x?2y2 +x222 + x3y +a?y?z?),
Cs =V(xy3 4+ x222 4+ x3y + a?y?z?) and o ¢ {0, —1}, with configuration as in Figure 13, case
1J.

By Corollary 3.3, we have X’ == X ;o for some o’.

Case 2Q This case exists only if p =2. We have £ = E , — Eﬁ and

1
Auty (R) = 1 | e PGL3(R)
i

i2=1

o A(x%y+xz2)+puzdis E, ,~adapted and Autg( (R) acts as [A: u] — [A:iu].

Note that there is only one point on £ N E, , with nontrivial stabilizer, hence we have a unique choice
for p1.3:

(1) pr3=E,,NC with C; = V(xy +22).

1
o Autd/(R) = 1 | e PGL3(R)
[
e We have (—2)—curves EYB, ngg, Eﬁ?, Eﬁg, €§4), 6;4) and Zy) and (—1)—curves E| 5 E;‘}l),
Eg}()), Ef()), £§c4_)y, C1(4), C2(4) and C3(4) with C, = V(xy + y%2+2z2) and C3 = V(xz2 +x2y + y?3),
with configuration as in Figure 13, case 1K.

i2=1

By Corollary 3.3, we have X' =~ X k.

Case 2P This case exists only if p =2. Wehave E = E; , — E {31) and

1
Auty (R) = 1 | ePGL3(R) |i?=1
i
o A(x%y +xz2)+puzdis E| ,—adapted and Autgf(R) acts as [A: ] [id:ul.

Note that there is only one point on E N E, , with nontrivial stabilizer, hence we have the following
unique choice for p1 3:
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(1) pi3=E, ,NC with C1 = V(xy +z2).
1
o Autd/(R) = 1 | ePGL3(R)|i?=1
[
e We have (—2)—curves EYB, Eé‘}()), EY’?, EE‘;, €§C4), EJ(,4), 624) and C1(4) and (—1)—curves E1’3,
Eé‘? Egj%, Ef()), £§C4_)y and C2(4) with C, = V(xy + y? + z?), with configuration as in Figure 10,

case 1N.

By Corollary 3.3, we have X' >~ X .

Case 3N This case exists only if p =2. Wehave E = E , — E ﬂ and

1
Auty (R) = 1 | e PGL3(R)
i

i2=1

o A(x%y +xz2)+puzdis E ,—adapted and Aut?((R) acts as [A:u]— [A:iu].

Note that there is only one point on E N E, , with nontrivial stabilizer, hence we have the following
unique choice for pp 3:

(1) p13=E,,NC with C; = V(xy +22).

1
o Aut),(R) = 1 | e PGL3(R)
i
e We have (—2)—curves Eﬁ)), Eﬁ Ef‘g Ey) and £$" and (=D—curves E, 5, Eg}()), Eg‘fg, Ef()),
€§4), €§C4_)y, C1(4) and C2(4) with C, = V(xy + y? +z2), with configuration as in Figure 15, case 20.

i2=1

By Corollary 3.3, we have X’ =~ X50.

Case 20 This case exists only if p = 2. We have £ = E, , — Eﬂ and

1
Auty(R) = 1 | e PGL3(R)
i

i2=1

o A(x%y +xz2)+puzdis E, ,—adapted and Autg)((R) acts as [A: u]— [A:iu].
Note that there is only one point on E N E; , with nontrivial stabilizer, hence we have a unique choice
for P1,3:
(1) p13=E,,NC with C; = V(xy +22).

1
o Aut},(R) = 1 | e PGL3(R)
i

i2=1
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|
1E

Figure 22
» We have (—2)—curves EYB, ES()), E®. Eﬁ Efdg ¢, c® and ¥ with C; = V(xy+y2+22)
and (—1)—curves E 1.3 Eé"?, E g’?, 6564) , KJ(,4) and 5564_)y, with configuration as in Figure 10, case 1N.

By Corollary 3.3, we have X' =~ X y.

Case 2B We have £ = E, , — (EPI) U g§/3)) and

1
Auty(R) = 1 | e PGL3(R)
i
o Ax2%y +pz3is E| ,—adapted and Autgf(R) acts as [A 1 ] — [A:i3u].
Hence, we have the following unique choice for pq 3 up to isomorphism:

(1) p13=E; ,NC® with C =V(x?y +z3).

{id} if p #3,
1
1 | ePGL3(R)|i3=1; ifp=3.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 3. Therefore, we assume p = 3 when describing
the configuration of negative curves.

e We have (—2)—curves EYB, Eg}()), ngg, E{‘}l), E{‘g, 654) and 624) and (—1)—curves E1,3, Egg,

E ff, ng) and €§C4_)y, with configuration as in 1E of Figure 22.

This is case 1E.

Case 2F We have E = (E| ,UE, ;) — (Eﬂ U Efi U 5;3) U £§;3)) and

1
Auty(R) = 1 | e PGL3(R)
i
o Ax2y 4 pzdis E, ,—adapted and Autg)((R) acts as [A:u] > [A:i3ul.
o AxyZ+puzdis E, ,—adapted and Autf,)( (R) acts as [A: ] — [A:i3u].
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Note that the involution x <> y of P2 lifts to an automorphism of X interchanging E 1o and E, ,.
Moreover, since X has degree 2, we are only allowed to blow up one more point. Hence, we have a
unique choice for p; 3 and p3 3 up to isomorphism:

(1) p13=E ,NC® with C =V(x?y +z7).
{id} if p #3,
1
1 ePGL3(R) |i3=1} if p=3.
i

o Autd/(R) =

Hence, X’ has global vector fields only if p = 3. Therefore, we assume p = 3 when describing

the configuration of negative curves.

o We have (—2)-curves E\ %, ES. E\Y, ESY E),

and E é‘}g, with configuration as in Figure 17, case 1G.

Egc4) , £§}4)

and 224) and (—1)—curves E 1,3 Eé‘g

By Corollary 3.3, we have X' = Xg.

Case3E We have E = E| , — (EP]) U 5§3)) and

1
Auty(R) = 1 | e PGL3(R)
i
o Ax2y 4 puzdis E ,—adapted and Autgf (R) acts as [A: u] > [A:i3u].
Hence, we have a unique choice for p; 3 up to isomorphism:

(1) p13=E ,NC® with C =V(x2y +z3).

{id} if p#3,
1
1 | ePGL3(R)|i3=1; ifp=3.
i

e Auty/(R) =

Hence, X' has global vector fields only if p = 3. Therefore, we assume p = 3 when describing

the configuration of negative curves.

e We have (—2)—curves E YB, Eg’?), E 543 , E fg, €§4) and E§4) and (—1)—curves E 1.3 Eé"?, Eg?g
and ng), with configuration as in Figure 18, case 2J.

By Corollary 3.3, we have X’ =~ X, .

Case 4E This case exists only if p £ 2. We have E = E,— Eﬂ and

1 c
Auty(R) = 1 | ePGL3(R)
1

o A(x?y+xz%)+pz3is E; ,-adapted and Auty (R) acts as [A: u] > [A 1 —cAl.
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In particular, the stabilizer of every point on £ N E, , is trivial, and hence this case does not lead to
additional weak del Pezzo surfaces with global vector fields.

Case 4M  This case exists only if p =2. Wehave E = E, , — E ﬁ and

1 c
Auty (R) = 1 | ePGL3(R)
i

iZ=1

o A(x%y +xz2) +puzdis E, ,—adapted and Autg’((R) acts as [A:u]— [A:ip + cAl.
In particular, Aut?( acts transitively on £ N E7 5, so there is a unique possibility for p1 3 up to isomorphism:
(1) pr3=E,,NCY with C1 = V(xy +z2).

1
o Aut),(R) = 1 | e PGL3(R)
i
e We have (—2)—curves £ ﬁ%, E ﬁ?, E Yg and 824) and (—1)—curves E 1.3 Eg}()), ngg, 8;4), C1(4) and
C2(4) with C; = V(xy + y? + z2), with configuration as in Figure 13, case 3N.

i2=1

By Corollary 3.3, we have X' >~ X3y

Case 4H We have E = E, , — (E) U %) and

1 ¢
Auty(R) = 1 | ePGL3(R)
i
o Ax2y 4 puzdis E ,—adapted and Autg)( (R) acts as [A: u] — [A:i3u].

Since Autgf acts transitively on £ N £ 2, there is a unique possibility for p; 3 up to isomorphism:
(1) p13=E ,NC® with C =V(x?y +z7).

(1 <)
1 € PGL3(R) if p # 3,
\ 1
(1 ¢

1 € PGL3(R)
\ i)
We describe the configurations of negative curves on X’ for p # 3 and p = 3 simultaneously:

e We have (—2)—curves E ﬁ)), E f‘? . E f‘g €§,4) and €5 and (=1)—curves E| 3, Eg’?) and ng%, with

configuration as in Figure 19, case 3F or 3K.

o Autd/(R) =

3=1; ifp=3.

~.

By Corollary 3.3, we have X’ =~ X3F if p # 3, and X' =~ X3¢ if p = 3.
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Case 2J This case exists only if p = 3. We have E = (E; ,UE, ,) — (Eﬂ U Eé?) and

1
Auty(R) = e €PGL3(R) |e3 =1
02
o A(x2z+xy?) + puydis E, ,—adapted and Aut% (R) acts as [A: u] — [e2A: u].
o A(xy2+yz3) +pzdis E, ,—adapted and Auty (R) acts as [A: pu] > [e?A: u].

Note that X has degree 2, and hence we are only allowed to blow up one more point. Moreover, there is a
unique pointon E N E, , and on £ N E, , with nontrivial stabilizer. Therefore, we have two possibilities
for p1,3 and p 3:

(1) pa3=E,,NCA with C =V(xy +2?).

1

o Auty/(R) = e €PGL3(R) |e =1

e2

e We have (—2)—curves E YB, Eé‘}()), Ef? s Eg? R Eé‘g,

Eg‘}g, K;“) and C (4), with configuration as in Figure 22, case 1E.

(@ and (@ 7@

and and (—1)-curves E, 5, Ey 5,

Blowing down the (—1)—curve in Figure 22 (1E) that is not adjacent to any other (—1)—curve, we see that
X’ is a blowup of X, p in one point on E and X’ =~ X, g by Remark 3.4.

2) m3z=E N C 3 with C = V(xz + y?).

1
o Autd/(R) = e €PGL3(R) |3 =1
)
e We have (—2)—curves EYB, Eg}g, Eﬁ?, Eg{, Eﬁg, €§4) and 524) and (—1)—curves E1’3, Egg,

E g‘fg, 654) and C ™| with configuration as in Figure 22, case 1E.

Blowing down the (—1)—curve in Figure 22 (1E) that is not adjacent to any other (—1)—curve, we see that
X' is a blowup of X, p in one point on E and X’ = X;g by Remark 3.4.

Case 3F This case exists only if p # 3. We have E = (E, ,UE, ,) — (Eﬂ U ES{) and

1
Auty (R) = 1 f | e PGL3(R)
1

o A(x%z+xy%) 4+ puydis E| ,—adapted and Autgf (R)actsas [A:pu] —[A:u—2fA].
o A(xy?2+yz3)+pzdis E, ,—adapted and Aut?( (Ryactsas [A: ]~ [A:pu— fA]

If p # 2, then Aut?( acts simply transitively on both £ N E1» and £ N E> >, and hence we cannot blow
up X any further and still obtain a weak del Pezzo surface with global vector fields. If p = 2, then Aut%
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2K and 2R

Figure 23

still acts transitively on £ N E3 >, but now it acts trivially on £ N Eq . This leads to the following
possibilities for p1,3:

(1) P13 = E1,2 N C(3) with C = V(XZZ +Xy2 +Oly3).

{id} if p#£2,3,
1
o Aut),(R)=
uty/(R) 1 f|eproLsr)} iftp=2.
1
Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

the configuration of negative curves.

e We have (—2)—curves E ﬁ%, Eg’%, E §41) , Eéﬁ, E Yg and 624) and (—1)—curves E 1,30 Eé‘g and €§C4),

with configuration as in 2R of Figure 23.
This is case 2R and we see that we get a 1-dimensional family of such surfaces X, g  depending on the
parameter o.
Case 3K This case exists only if p = 3. We have E = (El’2 U E2’2) — (Eﬂ u Efi) and

1
Auty (R) = e f | ePGL3(R) |3 =1
2

e

o A(x?z+xy?) + py?is E; ,-adapted and Auty (R) acts as [A: u] > [e?A 1 —2ef Al

o Axy?+yzH) +pzdis E, ,—adapted and Autg)((R) acts as [A:u]— [e2A:pu—efAl
Note that Aut?( acts transitively on both £ N E1 2 and E N E5 ». The stabilizer of every pointon ENEj
is isomorphic to w3, and this @3 has a unique fixed point on £ N E> 5. This leads to three possibilities
for p1,3 and p> 3 up to isomorphism:
(1) pr3=E;,N C1(3) and p23 =E, ,N C2(2) with C1 = V(xz + y?) and C = V(xy + z2).

1
o Aut},(R) = e €PGL3(R) |e =1
2
e
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e We have (—2)—curves E YB, Eé‘}g, E f‘? , Eg’?, E Yg, Egg and 624) and (—1)—curves E 1.3 E2’3,
€§4), C2(4) and C3(4) with C3 = V(x2y? 4 x3z 4+ z*), with configuration as in Figure 22, case 1E.

Blowing down the (—1)—curve in Figure 22 (1E) that is not adjacent to any other (—1)—curve, we see that
X' is a blowup of X, p in one point on E and X’ = X;g by Remark 3.4.

) p23=E,,NCA with C =V(xy +2?).

1
o Autd/(R) = e € PGL3(R)
2

e
e We have (—2)—curves EYB, Eg'()), E f‘? , Eé‘g, Eé‘g and Zg4) and (—1)—curves E2’3, E YB, 6564)

e3=1

and C™®, with configuration as in Figure 18, case 2J.
By Corollary 3.3, we have X' >~ X5 ;.
(3) p13=E; ,NC® with C =V(xz + y?).

1
o Aut),(R) = e € PGL3(R)
2
e
e We have (—2)—curves E ﬁ%, Eg’%, E %41) , Eéﬁ, E Yg and 624) and (—1)—curves E 1,30 Eé‘g and €§C4),
with configuration as in 2K of Figure 23.

e3=1

This is case 2K.

Case 31 We have £ = (E, , UE, ,)— (E) U ES) U () and

1
Auty (R) = e f | €ePGL3(R)
2
e

o A(x%z+xy%) 4+ puydis E| ,—adapted and Autgf (R) acts as [A: u] = [e?A:e3u —2efA].

o Axy%+puz?is E, ,-adapted and Auty (R) acts as [A : ] — [e?A:ep].
Note that Aut?( acts transitively on E N E3 5. If p # 2 (resp. p = 2), then Aut?( acts transitively (resp.
with two orbits) on E N E; ». We have five possibilities for p1,3, p2,3 up to isomorphism:
(1) pra=E ,NCY and pa3 = E, , N CSY with €1 = V(x?z +xy? + y%), C2 = V(xy? +az?)
and @ # 0.
{idy it p#2,

1

1 f | € PGL3(R) if p=2.
1

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing

e Auty/(R) =

the configuration of negative curves.
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e We have (—2)—curves Eﬁg, Eé‘}()), E ﬁ , Eé‘? , E ﬁg, Eé‘g, €§C4) and 624) and (—1)—curves E1,3

and E, 5, with configuration as in 1Q of Figure 24.

This is case 1Q and we see that we get a 1-dimensional family of such surfaces X;¢ o depending on the

parameter o.
@ pr3=E ,NCY and pas = E, ,NCSY with C1 = V(xz + y?) and C3 = V(xy? + 23).

{id} if p#2,
1
e f|ePGL3(R) |e*=1; ifp=2.

e2

e Auty/(R) =

Hence, X’ has global vector fields only if p = 2. Therefore, we assume p = 2 when describing
the configuration of negative curves.

e We have (—2)—curves EYB, Eg}()), E f‘? , Eg? , E ﬁg, Eé‘g, €§€4) and 624) and (—1)—curves E1,3
and E, 5, with configuration as in 1R of Figure 24.

This is case 1R.
(3) p23=E,,NC® with C =V(xy?+z?).

(1

1 f | e PGL3(R) if p#£2,
e Auty/(R) = \ !

(1

e f|ePGL3(R) |e*=1; ifp=2.

2
e
We describe the configurations of negative curves on X’ for p # 2 and p = 2 simultaneously:
e We have (—2)—curves Eﬁ?), Eé‘}()), Eﬁ?, Egg, Egg, €§C4) and €g4) and (—1)—curves E2,3 and Eﬁg,

with configuration as in 2H and 2V of Figure 24.
This is case 2H if p # 2, and case 2V if p = 2.

@) p13=E; ,NC® with C =V(xz +y?).

e e PGL3(R) ; if p # 2,
2
e Aut,(R) = \ e

(1
e f|ePGL3(R)} if p=2.

\ ¢

We describe the configurations of negative curves on X’ for p # 2 and p = 2 simultaneously:
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1Q and 1R 2H and 2V 2G, 2T and 2U
Figure 24

e We have (—2)—curves F YB, Eg’%, E f‘? , Eé‘g, E Yg, Z§C4) and £g4) and (—1)—curves E 13 and Eé‘z,
with configuration as in 2G and 2U of Figure 24.
This is case 2G if p # 2, and case 2U if p = 2.
(5) p=2and p13=E ,NC® with C =V(x2z +xy? + y3).
1
o Aut)/(R) = 1 f | ePGL3(R)
1

e We have (—2)—curves E YB, Eg’%, E %4% , Eé‘g, E Yg, 5;4) and Eg‘” and (—1)—curves E 13 and Eé‘z,
with configuration as in 2T of Figure 24.

This is case 2T.

Case 4K Wehave £ = E, , — (ES% U 59)) and

1
Auty (R) = e f | € PGL3(R)
i

o Axy2+4puzdis E, ,—adapted and Autf,)( (R) acts as [A: u] — [e2A:i3pu).
Since Autgf acts transitively on £ N E3 », there is a unique possibility for p 3 up to isomorphism:
(1) pa3=E,,NCO with C =V(xy?+z?).
1
o Autd/(R) = e f|ePGL3(R) |e?=i3
i

* We have (—2)—curves E YB, Eé"?), Eé‘? Eé‘g ¢ and ££* and (=1)—curves E, ; and E g‘? , with
configuration as in Figure 19, case 3I.

By Corollary 3.3, we have X’ =~ X3;.
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Casedl Wehave E = E, , — E\) and
Auty(R) = e f | €ePGL3(R)
2
e

o A(x?z+xy?) + py?is E; ,-adapted and Auty (R) acts as [A: u] > [e?A e —2ef Al

If p # 2, then Autgf acts transitively on £ N Eq 2, while if p =2, then Autgf has two orbits on £ N E7 5.
Hence, if p = 2, there is only one possibility for p; 3 and if p = 2, there are two possibilities up to
isomorphism:

(1) pi3=E ,N C® with C = V(xz + y?).

(1

e €PGL3(R)} if p#2,
o Autd/(R) =

e f|ePCLy(R)} if p=2.

We describe the configurations of negative curves on X’ for p # 2 and p = 2 simultaneously:
e We have (—2)—curves E YB, Eé‘f()), E 543 , E §42) and 624) and (—1)—curves E 1.3 Eé‘? and 6;4), with
configuration as in 3G and 3P of Figure 25.

This is case 3G if p # 2, and case 3P if p = 2.
2) p=2and p13=E ,NC® with C =V(x?z +xy? + y3).

1
o Aut)/(R) = 1 f | €PGL3(R)
1

e We have (—2)—curves E {‘3’ Eé‘}()), E %43 , E Yg and £g4) and (—1)—curves E 130 Eé‘? and £§C4), with

configuration as in 30 of Figure 25.

This is case 30.

Case SE We have E = E, , — E{) and

1 c
Auty(R) = e f | ePGL3(R)
2
e

o A(X%z4+xy?) +puy3is E, ,~adapted and Autgf (R) acts as [A: ]+ [e?A:e3u—2efA].

As in the previous case, if p # 2, there is only one possibility for p; 3 up to isomorphism, and if p = 2,
there are two possibilities up to isomorphism:
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3G, 30 and 3P 4], 4N and 40

Figure 25

) pr3=E N C®) with C = V(xz + y?).

e €PGL3(R) if p#2,
Auty, (R) =
o utx/ (R) =

e f|ePGLs(R)} if p=2.
e?)

We describe the configurations of negative curves on X’ for p # 2 and p = 2 simultaneously:

e We have (—2)—curves E Yf()), E f‘? , E Yg and 624) and (—1)-curves E; 3 and Eg’%, with configuration
as in 4J and 40 of Figure 25.

This is case 4] if p # 2, and case 40 if p = 2.
(2) p=2and p13=E ,N C® with C = V(x2z 4+ xy2 + y?).
1 c
o Aut),(R) = 1 f | e PGL3(R)
1

e We have (—2)—curves E ﬁ),, E f‘? , E %4% and €§4) and (—1)-curves E; 3 and Egj()), with configuration
as in 4N of Figure 25.

This is case 4N.

Case 6E We have E = E, , — E{) and
1b c
Auty (R) = e f | ePGL3(R)
02
o A(x%z+xy%) 4+ puydis E| ,~adapted and Autgf (R) acts as [A: ] — [e2A:e3u —be?d —2efA].
Since Autgf acts transitively on £ N £ 2, there is a unique possibility for p; 3 up to isomorphism:
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(1) p13=E ,NC® with C =V(xz + y?).

1 —2fe ! ¢
e Auty/(R) = e  f | ePGL3(R)
2
e

e We have (—2)—curves E YB, E g? and E §42) and (—1)—curves E; 5 and £§4), with configuration as
in Figure 21, case SE.

By Corollary 3.3, we have X' =~ Xs5g.

Case 6F We have E = E, , — (E) U (%)) and

1b ¢
Auty(R) = e f | e PGL3(R)
i

o Ax2z4puy3is E ,~adapted and Autg( (R) acts as [A: ] — [id:e3u].
Since Autg( acts transitively on £ N Ej 2, there is a unique possibility for p; 3 up to isomorphism:

(1) p13=E ,NC® with C =V(x?z +y?).

1b c
o Aut),(R) = e f | ePGL3(R)
03
e We have (—2)—curves E {‘B, E f‘? E {4% and 524) and (—1)—curve E, 5, with configuration as in 5F
of Figure 26.
This is case SF.

Summarizing, we obtain
L4 ={X1E,X2R,a- X2k, X10,a- X1R. X2H. X2v. X26, Xou. Xor. X36, X3p. X30,
X4y, X40, Xan, X5F}.

4.6 Height 5

Case 2R This case exists only if p =2. Wehave E = E; ; — E {4% and

1
Auty (R) = 1 f | e PGL3(R)
1

o A(x+ay)?(xz+y2+ayz)+uytis E, ;—adapted and Aut?( (R) acts as
[Aiul = e+ @f + [
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SF IM IF
Figure 26
Therefore, if o 7 0, then the identity component of the stabilizer of every point on E N E ;5 is trivial,

hence there is no way of further blowing up X and still obtaining a weak del Pezzo surface with global
vector fields. If @ = 0, then there is the following unique possibility for p1 4 up to isomorphism:

(1) pra=E,; ﬂCl(4) with Cy = V(xz + y?).
1
o Aut},(R) = 1 f]ePGL3(R)| f2=0
1

e We have (—2)—curves E{’Sg, ES()), E fsf , Eési, E 8 E gs; and Egs) and (—1)—curves E 140 Eésg,

ESCS), C1(5) and CZ(S) with C = V(x2y? + x3z + z*), with configuration as in 1M of Figure 26.

This is case 1M.

Case 2K This case exists only if p =3. We have £ = E| ; — E f‘g and
1
Auty(R) = e €PGL3(R) |e3 =1
2
e

o Ax2(xz+y?)+ uytis E| ;—adapted and Autgf (R) acts as [A: u] — [e?A:epu].

Note that there is a unique point on £ N E, 5 with nontrivial stabilizer. This leads to a unique possibility

for P1.,4:
(1) pra=E, ;nCH with €1 = V(xz + y?).

1
o Autd/(R) = e €PGL3(R) |3 =1
o2
e We have (—2)—curves Efsg ES()), E ﬂ , Eés}, E 55% Eg and (3 and (=D-curves E, 4, Egsg,
£§5) Cl(s) and Cz(s) with Co = V(x2y? + x3z + z* + 2xyz?), with configuration as in 1F of
Figure 26.

This is case 1F.
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Case 2H This case exists only if p # 2. We have E = E,;— Egg and

1
Auty (R) = 1 f | €PGL3(R)
1

o Ay(xy?+42z3) + puztis E, ;—adapted and Aut%(R) actsas [A:u]—[A:u—2fA].
In particular, since p # 2, the stabilizer of every point on £ N E, 5 is trivial, and hence there is no way
of further blowing up X and obtaining a weak del Pezzo surface with global vector fields.
Case 2V This case exists only if p =2. We have £ = E, ; — Egg and

1
Auty (R) = e f | ePGL3(R)|e* =1
2

e

o Ay(xy?+2z3) 4+ puztis E, ;—adapted and Aut?((R) acts as [A: ] — [e3A: u].
This leads to two possibilities for p1 4:
(1) p2a=E,3N C® with C = V(xy?+ yz3 + az*) and a # 0.
1
o Autd/(R) = 1 | €ePGL3(R) }.
1

e We have (—2)—curves E fg, ES()), E fsf, Eési, Eés;’ Eés;’ €§f) and ng) and (—1)—curves E2’ 4 and

E 8, with configuration as in Figure 24, case 1Q.

By Corollary 3.3, we have X' = X o for some o'.
(2) pra=E,3NCW with C =V(xy? +z3).
1
o Autd/(R) = e f | ePGL3(R)|e*=1
2
e

e We have (—2)—curves E fg, ES()), E ﬂ, Eési, Eésg, Eésg, £§f) and 625) and (—1)—curves E2’ 4 and

E {5%’ with configuration as in Figure 24, case 1R.

By Corollary 3.3, we have X’ >~ X1 g.

Case 2G This case exists only if p # 2. We have E = E ; — Ef‘g and

1
Auty(R) = e € PGL3(R)
2
e

o Ax2(xz 4 y?) + uytis E | ;—adapted and Aut%(R) acts as [A 1 ] — [A:e?ul.
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Since p # 2, there is a unique point on E N E, 5 such that the identity component of its stabilizer is
nontrivial. This leads to a unique possibility for pi 4:

(1) pra=E 3N C® with C = V(xz + y?).
1

o Autd/(R) = e € PGL3(R) }.

62

e We have (—2)—curves Efg, ES()), Efsl), Eész, Efsg, Efsg, K&S) and Egs) and (—1)—curves E1’4,
Eés% and C®, with configuration as in 1C of Figure 27.

This is case 1C.

Case 2U This case exists only if p =2. Wehave E = E| ; — E {4; and
1

Auty(R) = e f | ePGL3(R)

e2

o Ax2(xz 4 y2) + puytis E ;-adapted and Aut%(R) acts as [A 1 ] = [e2A et + f2A].
Since Autg( acts transitively on £ N £ 3, there is a unique possibility for p; 4 up to isomorphism:
(1) pra=E; ;NCYW with C =V(xz + y?).

1
o Aut),(R) = e f|ePGL3(R)| f2=0}.
o2
e We have (—2)—curves Efsg Eés()) Efsl) Eési E{S% Efsg ¢ and ¢ and (=1)—curves E, 4,
Eésg and C®, with configuration as in 1P of Figure 27.

This is case 1P.

Case 2T This case exists only if p =2. We have £ = E| ; — Ef‘g and

1
Auty(R) = 1 f | e PGL3(R)
1

o A(x + ¥)(x%z + xy% + y3 + y2z) + uy* is E| ;-adapted and Autgf(R) acts as [A: u] —
A+ (f + DAL

Note that the identity component of the stabilizer of every point on E N E 5 is trivial, hence we cannot
blow up further and still obtain a weak del Pezzo surface with global vector fields.
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e ANl

1C and 1P 2C and 2S
Figure 27

Case 3G This case exists only if p % 2. We have F = Ei;— Ef‘g and
1

Auty(R) = e € PGL3(R)

e2

o Ax2(xz 4+ y?) + uytis E, ;-adapted and Aut%(R) acts as [A 1 ] = [A:e?ul.

Since p # 2, there is a unique point on E N E, 5 for which the identity component of the stabilizer is

nontrivial. This leads to a unique possibility for pi 4:
(1) pra=E; ;NCYW with C =V(xz + y?).

1
o Aut},(R) = e € PGL3(R)
2
e
o We have (—2)—curves E{y, ESg. EU, ECy, EC) and €8 and (—1)—curves E, 4, E5), £
and C®), with configuration as in 2C of Figure 27.

This is case 2C.

Case 3P This case exists only if p =2. Wehave E = E, ; — E f‘g and

1
Auty(R) = e f | ePGL3(R)
2
e

o Ax2(xz+y?)+ uy?tis E| ;-adapted and Autgf (R) acts as [A: u] — [e2A:e*u + f2A].
Since Autg)( acts transitively on £ N E1 3, there is a unique possibility for pq 4 up to isomorphism:

(1) pra=E; ;NCYW with C =V(xz + y?).

1
o Aut},(R) = e f|ePGL3(R)| f2=0
2
e
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e We have (—2)—curves E f()), ES()), Eisf E §5g, E£5§ and 625) and (—1)—curves E1’4, Eési , E;S)

and C®, with configuration as in 2S of Figure 27.

This is case 2S.

Case 30 This case exists only if p =2. We have £ = E| ; — E Yg and

1
Auty(R) = 1 f | e PGL3(R)
1

o A(x + )(x%z 4+ xy% + y3 + y2z2) + uyt is E, ;-adapted and Autg((R) acts as [A: u] —
Aip+(f + fHAL

In particular, the identity component of the stabilizer of every point on E N E| 5 is trivial, hence we
cannot blow up further.
Case 4] This case exists only if p #2. Wehave E = E, ; — E {4% and

1 c
Auty (R) = e € PGL3(R)
2
e

o Ax2(xz 4 y2) + puytis E| ;—adapted and Autgf(R) acts as [A 1 ] = [A:e?u 4 cAl.
Since Aut?( acts transitively on £ N E7 3, we have a unique possibility for pj 4 up to isomorphism:
(1) pra=E ;NCY® with C =V(xz + y?).
1

o Autd/(R) = e € PGL3(R) }.

e2

e We have (—2)—curves Efg, Eﬂ, Ei%, E%S; and ng) and (—1)—curves E1,4, EéS()) and C(s), with
configuration as in Figure 25, case 3G.

By Corollary 3.3, we have X' >~ X3¢.

Case 40 This case exists only if p =2. We have £ = E| ; — Ef‘g and

1 c
Auty (R) = e f | €ePGL3(R)
02
o Ax2(xz+y?)+ uytis E| ;-adapted and Autf,)( (R) acts as [A: u] — [e2A:e*u + (ce? + f2)A].
Since Autgf acts transitively on £ N E7 3, we have a unique possibility for p1 4 up to isomorphism:
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(1) pra=E; ;NCYW with C =V(xz + y?).
1 f2e72

o Aut),(R) = e f |e€PGL3(R)}.

e2

e We have (—2)—curves E 553 E ﬂ , E 8 E fs; and 625) and (—1)—curves E; 4, Eés()) and C®, with
configuration as in Figure 25, case 3P.

By Corollary 3.3, we have X' =~ X3p.

Case 4N This case exists only if p =2. Wehave E = E; ; — E {42) and
1 ¢
Auty(R) = 1 f | e PGL3(R)
1

o A(x + )(x%z 4+ xy% + y3 + y22) + uyt is E| ;—adapted and Autg((R) acts as [A: u] —
Aip+(c+ f+ fHA]L

Since AutY acts transitively on E N Ej 3, we have a unique possibility for pj 4 up to isomorphism:
(D pra=E; 3N C1(4) with C; = V(x2z + xy2 + y3).
Lof+r
* Auty,(R) = 1 f |ePoLy(R)
1

e We have (—2)—curves E f()), E {51) , E §5%, E %53 and 625) and (—1)-curves E | 4, EéS()) and CZ(S) with
Cy = V(xz + yz + y?), with configuration as in Figure 25, case 30.

By Corollary 3.3, we have X’ =~ X30.

Case SF We have E = E, , — E\*) and
1b c
Auty (R) = e f | e PGL3(R)
o3
o Ax(x2z+y3) +uytis E ;—adapted and Autg((R) acts as [A: u] — [A:eu —2bA].

Therefore, if p # 2, we have one unique possibility for p; 4 € E N Ey 3, while if p = 2, there are two
possibilities:
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4L, 4P and 4Q
Figure 28

(1) pra=E ;NCW with C =V(x?z + y?).

1 c
( e f | €PGL3(R) if p #£2,
)
(1 b c\
e f | € PGL3(R) if p=2.

\ e
We describe the configurations of negative curves on X’ for p # 2 and p = 2 simultaneously:

e We have (—2)—curves E fg, E gsf , E §5%, E {53 and 625) and (—1)-curve E; ,, with configuration as

in 4L and 4Q of Figure 28.

o Autd/(R) =

This is case 4L if p # 2, and case 4Q if p = 2.

(2) p=2and p1a=E ;N C® with C = V(x3z 4+ xy3 + y*).

1b
1

C
o Aut),(R) = f | € PGL3(R)
1

e We have (—2)—curves E fg, E ﬂ , E fsg, E {53 and Kgs) and (—1)—curve E 1,4> With configuration as
in 4P of Figure 28.

This is case 4P.
Summarizing, we obtain

Ls={X1m.X1F.X1c.X1P, X2, X258, XaL, X40. X4p}.
4.7 Height 6

Case 2C This case exists only if p # 2. We have £ = E 14— E {5; and
1

Auty (R) = e € PGL3(R)

e2

o Ax3(xz 4 y?) 4+ puy’is E| ,~adapted and Aut%(R) acts as [A 1 ] — [A:e3ul.
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Note that if p # 3, then there is a unique point on £ N E; , such that the identity component of its stabilizer
is nontrivial. If p = 3, this identity component is nontrivial for every point. In all characteristics, the
action of Autgf on E N E1 4 has two orbits. Hence, we have two possibilities for p1,5 up to isomorphism:

(1) P15 = E1’4 N CI(S) with Cl = V(x4Z +x3y2 +y5)

{id} if p#2,3,
1
e €PGL3(R) |e3 =1} if p=3.

€2

o Aut?(/ (R) =

Hence, X’ has global vector fields only if p = 3. Therefore, we assume p = 3 when describing
the configuration of negative curves.

e We have (—2)—curves Ef,sg, Eé?&, Ef?, Efg, Eg, Ef? and 626) and (—1)—curves El,s’ Eéﬂ,
09, C2(6) and C3(6) with Cy = V(xz +y?) and C3 = V(xy* —xyz3 —x2y2z 4 x322 — 322 -29),
with configuration as in Figure 26, case 1F.

By Corollary 3.3, we have X' =~ X;F.
) p15s=E;4,NCS with C =V(xz + y?).

1
o Aut),(R) = e € PGL3(R)
2
e
e We have (—2)—curves Efg, Eé?()), Ef?, Ef? E{g, Ef?i, 226) and C©® and (—1)—curves E s
Egéi and £§f), with configuration as in Figure 27, case 1C.

By Corollary 3.3, we have X’ =~ X/ ¢.

Case 2S  This case exists only if p =2. We have £ = E, , — E 553 and

1

Auty (R) = e f2 €PGL3(R) | f2=0
e

o Ax3(xz 4 y?) 4+ puydis E| ,~adapted and Aut%(R) acts as [A 1 ] = [A:e3u].
Since Aut?( acts on E N E1 4 with two orbits, we have two possibilities for p1 s up to isomorphism:
(1) prs=E; ,NCY with C1 = V(x*z +x3y2 + ).

1

o Aut},(R) = 1 f]ePGL3(R)| f2=0
1
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e We have (—2)—curves Efg, Eéi)), Ef’?, E%g, Eﬁ?, Efa and €§6) and (—1)—curves EI,S’ Eé?i,
09, C2(6) and C3(6) with C = V(xz + y?) and C3 = V(xy* + x322 4 z°), with configuration as
in Figure 26, case 1M.

By Corollary 3.3, we have X’ = X;.
) p15s=E;4,NCS with C =V(xz + y?).

1
o Autd/(R) = e f|ePGL3(R)| f2=0}.
2
e
e We have (—2)—curves Ef?g, Eg?()), Eﬁ, Eg, Eg, Eﬁ, ¢ and C® and (~1)—curves E s,

E§6} and 6566) , with configuration as in Figure 27, case 1P.

By Corollary 3.3, we have X’ >~ X1 p.

Case 4L This case exists only if p % 2. We have E = Ei4— Efsg and

1

C
Auty(R) = e f | ePGL3(R)

e3

o Ax2(x%z 4 y3) 4+ uy? is E, ,~adapted and Aut?( (R) acts as [A: ] — [ed:e3u—3fA].

In particular, if p # 3, then Aut?( acts transitively on £ N E 4 and we have only one choice for p1 5 up
to isomorphism, and if p = 3, then Aut?( acts with two orbits on £ N E1 4. Hence we have two choices
up to isomorphism:

(1) pi15=E, ,NCS with C =V(x?z +y?).

e €PGL3(R)} if p#2,3,
o Autd/(R) =

e f | €PGL3(R) if p=3.

\ 3
e
We describe the configurations of negative curves on X’ for p # 2,3 and p = 3 simultaneously:

e We have (—2)—curves £ f?()), E {61) , E 52, E fg, E fi{ and 626) and (—1)—curve E 1,50 with configura-

tion as in 3J and 3M of Figure 29.
This is case 3J if p # 2, 3, and case 3M if p = 3.
(2) Letp=3and p1,s=E ;N C® with C = V(x*z +x2y3 + ).

1 c
o Aut},(R) = 1 f | e PGL3(R)
1
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/YN

31, 3L, 3M, 3Q and 3R
Figure 29
e We have (—2)—curves E f?()), E }61) , E 52, E gg, E 52 and z§6) and (—1)—curve E| 5, with configura-
tion as in 3L of Figure 29.

This is case 3L.

Case 4Q This case exists only if p =2. We have £ = E; , — Efsg and
1b c
Auty(R) = e f | ePGL3(R)
3
e

. kxz(xzz + y3) + /LyS is E1,4—adapted and Aut?( (R) acts as [A: ] — [eA :e3,u + (bze + HA].
Since Aut?( acts transitively on £ N E 4, there is a unique choice for p; s up to isomorphism:
() pis :E1,4ﬂC(5) with C = V(x?z + y3).

1b ¢
o Autd/(R) = e b%e | ePGL3(R) ;.
o3
e We have (—2)—curves E ﬁ%, E §61) , E 52, E g, E 52 and €§6) and (—1)—curve E; s, with configura-

tion as in 3R of Figure 29.

This is case 3R.

Case 4P This case exists only if p =2. Wehave E = E| , — E gs; and

1b ¢
Auty(R) = 1 /| e PGL3(R)
1

o Ax(xX3z+xy3+yH+uydis E, ,~adapted and Aut?((R) acts as [A:p] = [A:pu+ (b +b2+ f)A]
Since Autgf acts transitively on £ N E7 4, we have a unique choice for p1 5 up to isomorphism:

(1) P15 :E1’4mc(5) with C =V(x3z—|—xy3_|_y4).

1b c
o Aut},(R) = 1 b2+b | e PGL3(R)
1

Geometry & Topology, Volume 28 (2024)



3636 Gebhard Martin and Claudia Stadlmayr

/NN

21, 2L, 2M, 2W, 2X and 2Y
Figure 30
e We have (—2)—curves E f%, E fGI) , E g E fég E 52 and 626) and (—1)—curve E; 5, with configura-
tion as in 3Q of Figure 29.
This is case 3Q.

Summarizing, we obtain
Leé =1{X37,X3m.X31,X3r, X30}

4.8 Height 7

Case 3] This case exists only if p # 2,3. We have E = E|s— Efi{ and

1 c

Auty (R) = e € PGL3(R)

e3

o Ax3(x%z4y3) +uylis E| s—adapted and Aut?( (R) acts as [A: ] — [A:e3u +2cAl.
Since p # 2, Aut?( acts transitively on £ N E7 s, so there is a unique choice for pj ¢ up to isomorphism:
(1) pre=E; sNCO® with C =V(x?z + y?).

1
o Autd/(R) = e € PGL3(R) }.
3
e

e We have (—2)—curves E{B, Eﬁ) R EYZ), E{Q, E{Q, E{Q and 627) and (—1)—curve E 1.6° with
configuration as in 2I of Figure 30.

This is case 2I.

Case 3M  This case exists only if p =3. Wehave E = E; ; — E 52 and
1

C
Auty (R) = e f | €ePGL3(R)

e3

o Ax3(x%z4y3) +uyis E, s—adapted and Autg(R) acts as [A: ] = [A:e3pu 4+ 2cA].
As in the previous case, there is a unique choice for pj ¢ up to isomorphism:
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(1) pre=E; sNCO with C =V(x?z +y?).

1
o Autd/(R) = e f | ePGL3(R)}.
3
e

e We have (—2)—curves E% E§71) , Eg EQ Em E f75) and £{” and (=D-curve E; ¢, with
configuration as in 2M of Figure 30.

This is case 2M.

Case 3L This case exists only if p =3. We have £ = E| s — E f’? and

1 c
Auty (R) = 1 f | e PGL3(R)
1

o Ax(x*z4+x2y3+y5)+uybis E| s—adapted and Aut?( (R) acts as [A: u] — [A: 4+ 2cA].
As in the previous case, there is a unique choice for pj,6 up to isomorphism:
(1) pre=E; 5N C© with C = V(x*z +x2y3 + ).

1
o Aut},(R) = 1 f | e PGL3(R)
1

e We have (—2)—curves E{B, Eﬂ) , E{g, E{q, E{Q, E{Q and 627) and (—1)—curve E
configuration as in 2L of Figure 30.

This is case 2L.

16> With

Case 3R This case exists only if p =2. Wehave E = E; ; — E fi and

Auty(R) = 1 IZ b;e € PGL3(R)
o3
o Ax3(x%z4y3) +uylis E, s—adapted and Aut?( (R) acts as [A: ] — [A:e3pu].
Since Autg( has two orbits on £ N E1 5, we have two choices for p1 ¢ up to isomorphism:
(1) pre=E, sNCO® with C =V(x°z +x3y3 +)°).

1b ¢
o Autd/(R) = 1 b2 | e PGL3(R) ;.
1

e We have (—2)—curves E% E§71) , Eg EQ Em E§75) and £{” and (=D-curve E| ¢, with
configuration as in 2X of Figure 30.

This is case 2X.
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) pre=E; sNCO with C =V(x?z +y?).

16 ¢

. Aut?(,(R)z e b%e | e PGL3(R)

e3

e We have (=2)-curves E\y, E\), E{), E), ET) ET) and €8 and (~1)—curve E, ¢, with
configuration as in 2Y of Figure 30.

This is case 2Y.

Case 3Q This case exists only if p =2. We have £ = E, s — E f’? and

15 ¢
Auty(R) = 1 b2+b | e PGL3(R)
1

o Ax?(x3z4xy3 4 y*) + puySis E| s-adapted and Auty (R) acts as [A: ] > [A: 4 (b2 + b)A].
Since Aut?( acts transitively on £ N E7 s, we have a unique choice for p1 ¢ up to isomorphism:
(1) pre=E; 5N C© with C = V(x3z 4+ xy3 + y4).

1 c
o Autd/(R) = 1 | €ePGL3(R) ;.
1

e We have (—2)—curves E{B, E§71) , Eg, EQ, E{Q, E§75) and 527) and (—1)—curve E 1.6 with
configuration as in 2W of Figure 30.

This is case 2W.
Summarizing, we obtain
L7 ={Xar, Xom, XoL, Xox, Xoy, Xow}.

4.9 Height 8

Case 21 This case exists only if p #2,3. Wehave E = E, (— E §7§ and

1
Auty (R) = e € PGL3(R)
3
e

o Ax*(xZz 4y +uy’is E ¢—adapted and Aut?( (R) acts as [A: u] — [A:e*ul.

Since p # 2, there is a unique point on £ N E ¢ whose stabilizer has nontrivial identity component. This
leads to a unique choice for pj 7 up to isomorphism:
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A\S

1D, 1H, 11, 1S and 1T

Figure 31

(1) pr7=E ¢NCT with C =V(x?z +y?).

1

o Autd/(R) = e € PGL3(R) ;.
3
e

e We have (—2)—curves Eﬁgg, Eﬁ?, Eﬁg, Efg, Eﬁ?, EE?, Eﬁ% and 628) and (—1)—curve E1’7,

with configuration as in 1D of Figure 31.

This is case 1D.

Case 2M  This case exists only if p =3. Wehave E = E, ( — E f@ and

1

Auty(R) = e f | €ePGL3(R)

e3

o Ax*(x2z4+y3) +py’is E, ¢—adapted and Aut?( (R) acts as [A: u] — [A:e*ul.
Since Autg( acts with two orbits on E N Eq ¢, we have two choices for p1 7 up to isomorphism:
(1) pr7=E NCT with C =V(x°z +x*y3 +)7).

1
o Aut),(R) = 1 f | e PGL3(R)
1

e We have (—2)—curves Eﬁ%, EE?, Eﬁg, E}?;, E{tz, Eﬁ?, Ef?g and 658) and (—1)—curve E1,7,
with configuration as in 1H of Figure 31.

This is case 1H.
2) pr7=E ¢NCT with C =V(x?z +y?).

1
o Aut},(R) = e f | e PGL3(R)
3
e

e We have (—2)—curves Efg, Eﬁ?, Eﬁg, Eﬁ;, Eﬁ?, Eﬁgg, Eﬁg and Egs) and (—1)—curve E1,7,
with configuration as in 11 of Figure 31.

This is case 11.
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Case 2L This case exists only if p =3. We have £ = E| ( — E§7§ and

1
Auty(R) = 1 f | e PGL3(R)
1
o Ax2(x*z+x%y? +y°) +uy’ is E; g-adapted and Autfy (R) acts as [A: ] = [A:p+ fAL

Hence, the stabilizer of every point on £ N E 1,6 18 trivial, therefore we cannot blow up X further and
still obtain a weak del Pezzo surface with global vector fields.

Case 2X  This case exists only if p =2. Wehave E = E; ( — E Yg and
1b c
Auty (R) = 1 b2 | e PGL3(R)
1

o Ax(x’z4+x3y3 4y 4+ uy’is E| ¢—adapted and Autgf(R) acts as [A: ] — [A: 4+ (b +bHAL.
Since Aut?( acts transitively on £ N Eq ¢, there is a unique choice for p 7 up to isomorphism:
(1) p17=E ¢N CD with C = V(x5z +x3y3 + y°).

1 c
e Auty/(R) = 1 | ePGL3(R)
1

* We have (—2)—curves Ef’gg, Egsf Efsg E{S; Ef’gi, Efsg Eﬁ% and £ and (=D—curve E, 5,

with configuration as in 1S of Figure 31.

This is case 18S.

Case 2Y This case exists only if p =2. Wehave E = E; ( — E {72 and
1b ¢
Auty (R) = e b%e | e PGL3(R)
3
e

o Ax*(x2z+4y?) +uy” is E; g—adapted and Aut} (R) acts as [A: pu] > [A:e*p +b*A].
Since Aut?( acts transitively on £ N Eq ¢, there is a unique choice for p,7 up to isomorphism:
) pr7=E; ¢N C D with C = V(x%z + y3).

15 ¢

o Auty/(R) = e b%e | ePGL3(R) | b* =0
3
e

* We have (—2)—curves Ef’gg, Efgf Eﬁg, Efsg Ef’gi, Efgg Ef?g and £ and (=1D—curve E, ,,
with configuration as in 1T of Figure 31.

This is case 1T.
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Case 2W This case exists only if p =2. We have E = E| ¢ — EYg and

1 c
Auty(R) = 1 | ePGL3(R)
1

o Ax3(x3z4+xy3+yH 4y’ is E, ¢—adapted and AutS)((R) acts as [A: ] — [A: 4+ cAl.
In particular, the identity component of the stabilizer of every point on £ N E, ¢ is trivial, hence we
cannot blow up further and still obtain a weak del Pezzo surface with global vector fields.

Summarizing, we obtain
Ls ={X1p, X1#, X11, X158, X171} O

References

)

[11 M Brion, Some structure theorems for algebraic groups, from “Algebraic groups: structure and actions’
(M B Can, editor), Proc. Sympos. Pure Math. 94, Amer. Math. Soc., Providence, RI (2017) 53-126 MR Zbl

[2] I Cheltsov, Y Prokhorov, Del Pezzo surfaces with infinite automorphism groups, Algebr. Geom. 8 (2021)
319-357 MR Zbl

[3] M Demazure, Surfaces de Del Pezzo, IlI: Positions presque generales, from “Séminaire sur les singularités
des surfaces” (M Demazure, H C Pinkham, B Teissier, editors), Lecture Notes in Math. 777, Springer, Berlin
(1980) 36-49 Zbl

[4] IV Dolgachev, Classical algebraic geometry: a modern view, Cambridge Univ. Press (2012) MR Zbl

[51 IDolgachev, A Duncan, Automorphisms of cubic surfaces in positive characteristic, Izv. Ross. Akad. Nauk
Ser. Mat. 83 (2019) 15-92 MR Zbl In Russian; translated in Izv. Math. 83 (2019) 424-500

[6] YIManin, Cubic forms, 2nd edition, North-Holland Math. Library 4, North-Holland, Amsterdam (1986)
MR Zbl

[71 G Martin, Infinitesimal automorphisms of algebraic varieties and vector fields on elliptic surfaces, Algebra
Number Theory 16 (2022) 1655-1704 MR Zbl

[8] M Maruyama, On automorphism groups of ruled surfaces, J. Math. Kyoto Univ. 11 (1971) 89-112 MR Zbl

[9] H Matsumura, F Oort, Representability of group functors, and automorphisms of algebraic schemes,
Invent. Math. 4 (1967) 1-25 MR Zbl

[10] G Neuman, Rational surfaces with too many vector fields, Proc. Amer. Math. Soc. 76 (1979) 189-195
MR Zbl
[11] D Perrin, Approximation des schémas en groupes, quasi compacts sur un corps, Bull. Soc. Math. France

104 (1976) 323-335 MR Zbl

Mathematisches Institut, Universitit Bonn

Bonn, Germany

Zentrum Mathematik, Technische Universitit Miinchen
Munich, Germany

gmartin@math.uni-bonn.de, claudia.stadlmayr@ma.tum.de, c.stadlmayr@gmx.net

Proposed: Mark Gross Received: 28 April 2021
Seconded: Dan Abramovich, Jim Bryan Revised: 26 April 2022

Geometry € Topology Publications, an imprint of mathematical sciences publishers :.msp


https://doi.org/10.1090/pspum/094/04
http://msp.org/idx/mr/3645068
http://msp.org/idx/zbl/1401.14195
https://doi.org/10.14231/ag-2021-008
http://msp.org/idx/mr/4206439
http://msp.org/idx/zbl/1456.14051
https://doi.org/10.1007/BFb0085877
http://msp.org/idx/zbl/0444.14024
https://doi.org/10.1017/CBO9781139084437
http://msp.org/idx/mr/2964027
http://msp.org/idx/zbl/1252.14001
https://doi.org/10.4213/im8803
http://msp.org/idx/mr/3954305
http://msp.org/idx/zbl/1427.14086
https://doi.org/10.1070/IM8803
https://www.sciencedirect.com/bookseries/north-holland-mathematical-library/vol/4/suppl/C
http://msp.org/idx/mr/833513
http://msp.org/idx/zbl/0582.14010
https://doi.org/10.2140/ant.2022.16.1655
http://msp.org/idx/mr/4496078
http://msp.org/idx/zbl/1511.14038
https://doi.org/10.1215/kjm/1250523688
http://msp.org/idx/mr/280493
http://msp.org/idx/zbl/0213.47803
https://doi.org/10.1007/BF01404578
http://msp.org/idx/mr/217090
http://msp.org/idx/zbl/0173.22504
https://doi.org/10.2307/2042986
http://msp.org/idx/mr/537071
http://msp.org/idx/zbl/0426.14016
http://www.numdam.org/item?id=BSMF_1976__104__323_0
http://msp.org/idx/mr/432661
http://msp.org/idx/zbl/0341.14018
mailto:gmartin@math.uni-bonn.de
mailto:claudia.stadlmayr@ma.tum.de
mailto:c.stadlmayr@gmx.net
http://msp.org
http://msp.org




Mohammed Abouzaid
Dan Abramovich
Ian Agol

Arend Bayer

Mark Behrens
Mladen Bestvina
Martin R Bridson
Jim Bryan

Dmitri Burago
Tobias H Colding
Simon Donaldson
Yasha Eliashberg
Benson Farb

David M Fisher
Mike Freedman
David Gabai
Stavros Garoufalidis
Cameron Gordon
Jesper Grodal

Misha Gromov

GEOMETRY & TOPOLOGY

Andras T Stipsicz

msp.org/gt

MANAGING EDITOR

Alfréd Rényi Institute of Mathematics

stipsicz@renyi.hu

BOARD OF EDITORS

Stanford University
abouzaid @stanford.edu

Brown University
dan_abramovich@brown.edu
University of California, Berkeley
ianagol @math.berkeley.edu
University of Edinburgh
arend.bayer @ed.ac.uk

University of Notre Dame
mbehren]1 @nd.edu

University of Utah
bestvina@math.utah.edu

University of Oxford

bridson @maths.ox.ac.uk

University of British Columbia
jbryan@math.ubc.ca

Pennsylvania State University
burago@math.psu.edu

Massachusetts Institute of Technology
colding@math.mit.edu

Imperial College, London
s.donaldson @ic.ac.uk

Stanford University
eliash-gt@math.stanford.edu
University of Chicago
farb@math.uchicago.edu
Rice University
davidfisher@rice.edu
Microsoft Research
michaelf @microsoft.com
Princeton University

gabai @princeton.edu
Southern U. of Sci. and Tech., China
stavros @ mpim-bonn.mpg.de
University of Texas
gordon@math.utexas.edu

University of Copenhagen
jg@math ku.dk

IHES and NYU, Courant Institute
gromov @ihes.fr

Mark Gross

Rob Kirby

Bruce Kleiner
Sandor Kovics
Urs Lang

Marc Levine
Ciprian Manolescu
Haynes Miller
Tomasz Mrowka
Aaron Naber

Peter Ozsvath
Leonid Polterovich
Colin Rourke
Roman Sauer
Stefan Schwede
Natasa Sesum
Gang Tian

Ulrike Tillmann
Nathalie Wahl

Anna Wienhard

University of Cambridge

mgross @dpmms.cam.ac.uk
University of California, Berkeley
kirby @math.berkeley.edu

NYU, Courant Institute

bkleiner @cims.nyu.edu

University of Washington
skovacs @uw.edu

ETH Ziirich

urs.Jang @math.ethz.ch

Universitit Duisburg-Essen
marc.levine @uni-due.de

University of California, Los Angeles
cm@math.ucla.edu

Massachusetts Institute of Technology
hrm @math.mit.edu

Massachusetts Institute of Technology
mrowka@math.mit.edu

Northwestern University

anaber @math.northwestern.edu
Princeton University
petero@math.princeton.edu

Tel Aviv University

polterov @post.tau.ac.il

University of Warwick
gt@maths.warwick.ac.uk

Karlsruhe Institute of Technology
roman.sauer @kit.edu

Universitit Bonn

schwede @math.uni-bonn.de

Rutgers University

natasas @math.rutgers.edu
Massachusetts Institute of Technology
tian@math.mit.edu

Oxford University

tillmann @maths.ox.ac.uk
University of Copenhagen

wahl @math.ku.dk

Universitit Heidelberg

wienhard @mathi.uni-heidelberg.de

See inside back cover or msp.org/gt for submission instructions.

The subscription price for 2024 is US $805/year for the electronic version, and $1135/year (+$70, if shipping outside the US) for print and
electronic. Subscriptions, requests for back issues and changes of subscriber address should be sent to MSP. Geometry & Topology is indexed
by Mathematical Reviews, Zentralblatt MATH, Current Mathematical Publications and the Science Citation Index.

Geometry & Topology (ISSN 1465-3060 printed, 1364-0380 electronic) is published 9 times per year and continuously online, by Mathematical
Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840. Periodical
rate postage paid at Oakland, CA 94615-9651, and additional mailing offices. POSTMASTER: send address changes to Mathematical Sciences
Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.

GT peer review and production are managed by EditFLow® from MSP.

PUBLISHED BY

mathematical sciences publishers
nonprofit scientific publishing

© 2024 Mathematical Sciences Publishers


http://dx.doi.org/10.2140/gt
mailto:stipsicz@renyi.hu
mailto:abouzaid@stanford.edu
mailto:dan_abramovich@brown.edu
mailto:ianagol@math.berkeley.edu
mailto:arend.bayer@ed.ac.uk
mailto:mbehren1@nd.edu
mailto:bestvina@math.utah.edu
mailto:bridson@maths.ox.ac.uk
mailto:jbryan@math.ubc.ca
mailto:burago@math.psu.edu
mailto:colding@math.mit.edu
mailto:s.donaldson@ic.ac.uk
mailto:eliash-gt@math.stanford.edu
mailto:farb@math.uchicago.edu
mailto:davidfisher@rice.edu
mailto:michaelf@microsoft.com
mailto:gabai@princeton.edu
mailto:stavros@mpim-bonn.mpg.de
mailto:gordon@math.utexas.edu
mailto:jg@math.ku.dk
mailto:gromov@ihes.fr
mailto:mgross@dpmms.cam.ac.uk
mailto:kirby@math.berkeley.edu
mailto:bkleiner@cims.nyu.edu
mailto:skovacs@uw.edu
mailto:urs.lang@math.ethz.ch
mailto:marc.levine@uni-due.de
mailto:cm@math.ucla.edu
mailto:hrm@math.mit.edu
mailto:mrowka@math.mit.edu
mailto:anaber@math.northwestern.edu
mailto:petero@math.princeton.edu
mailto:polterov@post.tau.ac.il
mailto:gt@maths.warwick.ac.uk
mailto:roman.sauer@kit.edu
mailto:schwede@math.uni-bonn.de
mailto:natasas@math.rutgers.edu
mailto:tian@math.mit.edu
mailto:tillmann@maths.ox.ac.uk
mailto:wahl@math.ku.dk
mailto:wienhard@mathi.uni-heidelberg.de
http://dx.doi.org/10.2140/gt
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.ams.org/bookstore-getitem/item=cmp
http://www.isinet.com/products/citation/wos/
http://msp.org/
https://msp.org/

GEOMETRY &
Volume 28  Issue 8 (page

Chromatic cyclotomic extensions
SHACHAR CARMELI, TOMER M SCHL

Weak del Pezzo surfaces with global vector fi
GEBHARD MARTIN and CLAUDIA STA

The string coproduct “knows” Reidemeister.
FLORIAN NAEF

Reeb flows transverse to foliations
JONATHAN ZUNG

Monopoles, twisted integral homology, and H

FRANCESCO LIN and MIKE MILLER EI

Holomorphic anomaly equations for the Hilb
surface

GEORG OBERDIECK
Curvature tensor of smoothable Alexandrov s

NINA LEBEDEVA and ANTON PETRUNI

On boundedness of singularities and minimal
components, II

ZIQUAN ZHUANG
Lee filtration structure of torus links
QIUYU REN
Stability of tori under lower sectional curvatu

ELIA BRUE, AARON NABER and DANI




	1. Introduction
	2. Generalities
	2.1. Geometry of weak del Pezzo surfaces and their ``height''
	2.2. Automorphism schemes of blowups of smooth surfaces

	3. Strategy of proof
	3.1. Inductive strategy
	3.2. On the calculation of stabilizers

	4. Proof of Main Theorem: classification
	4.1. Height 0
	4.2. Height 1
	4.3. Height 2
	4.4. Height 3
	4.5. Height 4
	4.6. Height 5
	4.7. Height 6
	4.8. Height 7
	4.9. Height 8

	References
	
	

