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Introduction

Recently I am interested in quartic surfaces in P° because I believe
that there is a simple law explaining how singularities appear on quartic
surfaces. Even though I have found out a law described by Dynkin
graphs for a restricted class of quartic surfaces, it is very important to
find out the general law. (Urabe [30], [81], Umezu-Urabe [29]). For this
purpose it is necessary to study what kinds of singularities appear on
non-normal quartic surfaces, as one step.

In this article we give the classification of non-normal quartic surfaces
(i.e., surfaces of degree 4 with 1-dimensional singular loci) in the three
dimensional projective space P*® over the complex number field C.

Note that we can assume without loss of generality that the surface
is reduced and irreducible because otherwise by considering its components
we can reduce the problem to the case where degree is 1, 2 or 3. Clas-
sification of linear and quadratic surfaces is trivial and classification of
cubic surfaces was given in Bruce-Wall [4].

We have many classical papers and modern ones treating this subject.
(Clebsch [5], Jessop [12], Klein [16], [17], Kummer [18], Nother [19], Rohn
[21], Segre [23]; Kato-Naruki [14], [15], Shah [24], Takahashi-Watanabe-
Higuchi [26], Umezu [27], [28] etec.) For example, Jessop [12] was published
in 1916, which treats quartic surfaces which are not ruled surfaces. We
can find in it explanation of surfaces corresponding to the items (ITI-A-1),
(III-B), and (III-C) in the next section. But it is not clear whether they
knew that there are no other non-normal quartic surfaces than those in
this article or not. Therefore in order to find out the law it is not
enough. Moreover it is important to give a description from the modern
view-point, because we can now use powerful tools developped during the
20-th century such as sheaf theory, cohomology theory, ete. It seems
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that we can deduce something new owing to these tools. (For example,
the results in section 5 and 6.)

Here it should be mentioned that we have a very eminent theory of
polarized varieties due to T. Fujita. (Fujita [8], [9], [10].) The notion
of 4-genera is the main tool in his theory. The quartic surfaces treated
in this article correspond to the case 0=<4<2. Therefore it should be
noted that most of items in our classification list can be found in
Fujita’s theory. But his results are not enough for our purpose, either,
because of the following reason: Main objects of his classification are
pairs (M, L) where M is a smooth manifold and L is a line bundle over
M. He assumed that L is ample in his important parts. But if we try
to treat singular surfaces, we cannot assume that it is ample. In this
case L is at most numerically effective. We sometimes have to prove in
a more complicated way that some conclusions in his theory hold under
this weaker condition. (See accounts from Lemma 4.2 to Proposition 4.5
in Section 4.) Indeed some items in our classification list cannot be found
in his theory. (ruled surfaces over curves of genus 2.) However, of
course we use J-genera as a powerful tool even in this article.

I would like to show in the forthcomming paper that possible com-
bination of singularities on the surface belonging to (III-C) can be described
in a simple method related to the Dynkin graph D,. 1 have written this
article as the preliminary part of the forthcomming one. I give a rough
description of singularities on non-normal quartic surfaces.

Now we would like to give several remarks here. First Segre [23]
has given the precise classification for surfaces belonging to the item
(III-B) in the next section. Secondly there is a modern article which claims
that any possible combination of isolated singularities on surfaces (III-B)
corresponds to a proper subgraph of the extended Dynkin graph of type
D, (Pinkham [20]). Thirdly, we would like to explain briefly the relation
between this article and Swinnerton-Dyer’s paper [25] “An enumeration
of all varieties of degree 4”. In Swinnerton-Dyer’s one, the first item
is “the hyper-surfaces of degree 4 in P*’. Thus the list in the next
section gives one part of the precise description of the first item in the
classification due to him.

In Section 1 we state the result of the classification. Section 2 in
this article is the preliminary part. We explain that the minimal resolu-
tion Z of an irreducible non-normal quartic surface X is birationally
equivalent to either (I) a ruled surface over a curve of genus 2, (II) a
ruled surface over an elliptic curve or (III) a rational surface. Since
we cannot apply Fujita’s theory directly for the lack of ampleness, we
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devide the problem into these three cases. Moreover we show in Case
(I) the surface X is a cone over a singular plane quartic curve. In
section 3 we discuss Case (II). Applying a proposition due to Fujita
related to the Albanese mapping and its fibres, we give the complete
classification in this case. The Case (III) of rational surfaces is treated
in section 4. If 4=0 or 1, we can apply Fujita’s theory and we obtain
the result in this case. The case of rational surfaces with 4=2 is
dealt with separatedly. But studying the intersection of divisors, we
complete the classification. In section 5 we treat a more delicate problem,
that is, whether the rational surface can be blown-down to P?. Section
6 is the continuation of section 5. We discuss blowing-downs to P* with
special properties.

We would like to express heartily thanks to my colleagues in Tokyo
Metropolitan University for stimulating atmosphere.

Here we explain an important notion in the following sections. Let
E be a vector bundle of rank » over a variety V. Each fibre E of the
dual bundle EV over a point x€ V has an action of the multiplicative
group C*=C—{0} defined by the multiplication. The quotient space of
EY minus the zero-section by C* is denoted by P(E). This defines a fibre
bundle 7: P(E)—V whose fibre is a projective space of dimension r—1.
The space P(E) carries a line bundle L called the tautological line bundle
and a surjective homomorphism f: z*E— L of vector bundles. They have
the following universal mapping property: For any open set UC V and for
any surjective homomorphism E|,— M to a line bundle M over U, there
are a unique section s: U— P(E) (a morphism of varieties such that z=s
is the identity) and an isomorphism s*L=M such that the composition

%
E| U=s*77:*Ef—(t—)+ s*L= M coincides with the given homomorphism E|{,— M.

§1. The results.

Any non-normal reduced irreducible quartic surface X in P*® is one
of the following. We assume that every variety is defined over C. Let
H denote the intersection of X and a general plane in P2
(I) a cone over a singular plane quartic curve.

(IT) a ruled surface over an elliptic curve constructed in the following way.
(II-1) {necessary data) (1) a smooth irreducible elliptic curve G (2) a
non-trivial line bundle N over G with deg N=0. (3) a line bundle M
over G with deg M=2.

{method of construction) Let =:Z=P(Z;@N)—G be the projective
bundle associated with the vector bundle ;6@ N. Let D, and D, be the
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sections of 7z associated with projections ;@ N—~; and Z,@N—->N
respectively. Set L=,(D,)@n*M. The line bundle L defines a morphism
p=¢,: Z— P The image X=¢(Z) is the desired surface.

{property) Set L,=@(D,) for ¢+=1, 2. The singular locus of X coincides
with L,UL,. L,and L, are two lines in twisted position. The planesection
H has A,-singularities at HNL, and HNL,. The image by @ of any fibre
of = is a line intersecting with L, and L,.

(II-2) <{necessary data) (1) an irreducible smooth elliptic curve G. (2) a
line bundle M over G with deg M=2.

{method of construction) Let E be a vector bundle of rank 2 which has
a non-splitting exact sequence

(*) 0 > g » B/ > Oy >0 .

Let ©n: Z=P(E)— G be the associated projective bundle. Note that 7 has
a section s: G—Z associated with the sequence (*). Let D,=s(G). Let
L=2,D,)Qn*M.- The line bundle L defines a morphism p=¢,: Z— P
The image X=¢(Z) is the desired surface.
{property) The singular locus of X is the line @(D)=L,. The plane-
section H has a A,singular point at HNL,. Any fibre of r is sent by
@ to a line intersecting with L,.

Furthermore for surfaces in (II-1), (resp. (II-2)), for every choice of
(G, M, N) (resp. (G, M)) satisfying the conditions in the above, there is
a quartic surface corresponding to it.
(III) a rational surface XCP® which is described in one of the following
items.
(III-A) X is the image of a smooth surface ZcP® by a projection
P*...— P® whose center is a line disjoint from Z. Here, Z is one of the
following. In this case the non-singular model H of the planesection H
is an irreducible rational curve. X has no isolated singular points.
(A-1) Z=P® and the embedding is the Veronese embedding associated
with quadratic forms. (Steiner’s Roman surface)

(A-2) Z=P'x P'. The embedding Z— P® is the one associated with the
divisor C+2F.
(A-8) Z=J3, and the embedding associated with the divisor C+ F.

Here for the Hirzebruch surface z:ZX,=P(Cu@® Pu(m))— P' (m=
0,1,2, ---), we denote by C the section of r with C*:=m and by F the
general fibre of <.

(III-B) X is the image of the normal surface Xc P* with at most rational
double points as singularities by a projection P*...— P® whose center is
a point outside X. Here X is a degenerate Del Pezzo surface of degree
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4, which is obtained as follows. Let Z be a surface obtained from P?*
by a successive 5 blowing-ups whose centers are in almost general position.
(Demazure [6]). Let Z— P* be the morphism associated with the anti-
canonical divisor —K,. The image is X. The strict transform H of H
on Z is smooth and it is an irreducible elliptic curve.

(III-C) X is a rational surface whose embedding is defined by a complete
linear system on its normalization X. In this case the one-dimensional
singular locus is a line. X may have isolated singular points outside the
one-dimensional singular locus. Let Z denote the minimal resolution of
singularities of the normalization X. The strict transform H on Z of H
is smooth and H is an irreducible curve of genus 2. A characteristic
property of Z is that the anti-canonical linear system |—K,| of Z contains
only one element De|—K,|. The surface Z is obtained from P* by suc-
cessive 9 blowing-ups. The morphism Z— P*® is defined by the divisor H~
AE-2F-E-E-E-E~FE-FE-E~FE, where E, is the total transform of a
line by the composition of blowing-ups Z— P? and E, is the total trans-
form of the exceptional curve of the i-th blowing-up for ¢>0. (The
symbol ~ denotes the linear equivalence.)

{property) Any singular point on X which is not a rational double point
lies on the inverse image of the 1-dimensional singular locus of X and it
is a rational triple point. The number of rational triple points is at most
2. The images on X of these triple points on X are also triple points.

In the above, the curve singularity whose local defining equation is
*—y*"=0 is called A,-singularity. As for ratioal double points, please
see Durfee [7] or Artin [2].

§2. Preliminaries.

Let XCP® be a reduced irreducible non-normal quartic surface over
C. Let y: X— X be the normalization and p: Z— X be the minimal re-
solution of singularities on X. Note that the strict transform HcZ of
the general plane section HC X by vpo is smooth by the Bertini theorem.

Note moreover that every local ring & ,, x € Xof Xis Cohen-Macaulay
since it is normal with dimension <2. We can define dualizing sheaves,
Wz, 0%, and @z (Altman-Kleiman [1].) The sheaf w; is trivial since X
is quartic.

LEMMA 2.1. There is a mon-zero effective divisor D on Z with the
Sollowing properties.
(@) w;=,(—D) () ScSupp Dcp'y*(Sing X).
Here Sing X denotes the set of singular points X and S denotes the strict
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transform of the union of l-dimensional components of Sing X by »vp.

PROOF. Let 4 be the non-zero global section of w;=;. The pull-
back p*v*y defines a 2-form with poles on Z. Let —D be the divisor
defined by p*v*y. It is not difficult to see that D satisfies Conditions
(a) and (b). Q.E.D.

COROLLARY 2.2. £k(Z)= —oo.

Let 0: Z— Z denote the blowing-down to a minimal model.

LEMMA 2.8. Z 1is one of the following.
(1) a ruled surface over a curve of genus 2.
(IT1) a ruled surface over an elliptic curve.
dII) a minimal rational surface.

PROOF. Assume that Z is not a minimal rational surface. By the
classification theory of surfaces (Beauville [8]) and by Corollary 2.2, Z is
a ruled surface over a curve G with genus g(G)=1. But G is the image
of the strict transform H of H. We have that 0<g(G)<g(H). On the
other hand for each singular point x € H, we have a positive integer §,
depending only on the analytic structure around z in H such that the
Pliicker formula g(H)+36,=1—X(4)=38 holds. Thus g(H)<3 since H
has a singular point on the one-dimensional singular locus of X. We
have g(G)Z2. Q.E.D.

Note that that the integer p,(C)=1—X(;) is called the arithmetic
genus of a curve C.
We decompose ¢ to a composition of blowing-ups of points.

g1

Z=Z,—2, " — 2, 7,=7 .

We denote by k£ the number of blowing-ups. We define inductively
H,=H (= strict transform of H by vp, where H is the intersection of
X and a general plane) ¢(H,)=H,_,cZ,_, for 1<i<k, and D,=D, 0., (D)=
D, , for 1=<i¢<k. Let z;€Z,, be the center of o,, We denote H=H,
and D=D,.

LEMMA 2.4. (Umezu [27], [28]) (See Lemma 4.4). z,€ H,_,NSupp D,_,
Jor 1<15k.

LEMMA 2.5. We consider Case (I)~ and (II) im Lemma 2.3. Let
7: Z—G denote the projection and F be a general fibre of mo. If
F.H=1, then Z=2Z.
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PROOF. Assume Z+Z, that is, k=1. Set F=z"'z(z,). We have
F-H=F.H=1, F*=0 and F=P'. The strict transform F' of F by o,
is an exceptional curve of the first kind which does not meet H,. The
inverse image of F’ on Z is an exceptional curve of the first kind which
does not meet H by Lemma 2.4. This contradicts the minimality of p.

Q.E.D.

PRROPOSITION 2.6. If Z is a ruled surface over a curve G with
genus 2, then X is a cone in P*® over an irreducible plane quartic curve
H which has only one singular point of type A, or A,.

PROOF. First of all note that it follows from the Hurwitz formula.
that z=ro|3: H—G is an isomorphism. This 1mp11es that F.-H=1. By
Lemma 2.5 we have Z=Z. Since 2=2p,(H)—2=H*—D -H=4-D. H, we
have D-H=2. Let D= Sr,a.D, be the decomposition to irreducible

components. We can assume that one of the following three cases takes
place

(1) a,=1, 1:7 }Z 2, and D,-H=0 for 1=2.
(2) =z D -H=1, nd 13,17:0 for 1=>2.
(3) a,=a,= ﬁ D,-H=1, and D,-H=0 for i=3.

Now note that 1t follows from the Pliicker formula that H has only one
singular point of type A, or A, since the difference of g(H)=2 and
P(H)=3 is 1. Thus the union of 1l-dimensional components of Sing X
is a line.

Assume that Case (1) takes place. Since Z=Z, every fibre of 7 is
irreducible. The curve D, is not contained in any fibre of w, since
D, H=2 and F-H=1. Thus F- D,>0 for the general fibre F. On the
other hand 2= —2p,(F)+2=D-F. Thus #Supp DNEF)=1 or 2. If this
number is 1, since F-D,>0, we have #(D,nF)=1, D,-F=2 and thus F
is tangent to D, at one point. This is a contradiction because D, is re-
duced and F' is a general fibre. We have #(Supp DN F)=2. Here note
that F is sent by the morphism po isomorphically to a line in P*® since
F.H=1. It implies that #(wp(F)N Sing X)=2, since vo(Supp D)cSing X.
Now, since the 1-dimensional component vo(D, of Sing X is a line, it
intersects with vp(F) at most one point. Thus vp(F) has to pass through
an isolated singular pomt P on X. Let N be the plane spanned by P
and up(Dl) We have vp(F)CN Thus XC N since F is a general fibre.
This is a contradiction. Case (1) never takes place.

Assume that Case (2) takes place. Moreover assume that D,-F>0.
We have D,-F=1 since D.F=2 by the adjunction formula and since

=2 by assumption. One sees that D, is numerically equivalent to
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H—8F since D,-F=D,-H=1. We have p,(D,)=2 by the adjunction
formula. However, vpls: D,—vp(D)=1 is a birational morphism since
D,-H=1, which contradicts the fact p,(l)=0. Thus D,-F=0, that is, D,
is a fibre of =. '

Assume that Case (8) takes place. Assume moreover that D, -F=2
for i=1or 2. Then #Supp DNF)=2 and we can deduce a contradiction
as in Case (1). Thus 0<D,.-F<1. If D,-F=1, we can deduce a contra-
diction as in Case (2) as well. Thus we have D,-F=D,.-F=0. Both D,
and D, are fibres of .

Now since the equalities D -#=2 and #(Supp DN F)=1 have to hold,
we can write as follows.

Case (2): D=2D,+2D". D, is a fibre of #. D’ is a section of . D’-H=0.
Case 8): D=D,+D,+2D’. D, and D, are fibres of =. D’ is a section
of z. D'-H=0.

Since the ruled surface Z=Z has two disjoint sections H and D’ and
since H*=4, we can write it in the form Z=Z=P(Z,P L) (L is a line
bundle over G with deg L=4) and one sees that the line bundle ~Z,(H)
which defines the embedding coincides with the tautological line bundle

on P(Z,@L). This fact implies our proposition. Q.E.D.

REMARK. For the pairs (X, &x(H)) and (Z, &,(H)) in the above
proposition, we can define their 4-genera 4 and degrees d. 4-genus is
the notion due Fujita. For both pairs 4=2, d=4. However we cannot
find in Fujita’s theory the corresponding item to the surface discussed
in this section. (Fujita [10]). This is because when 4=1, he treats only
pairs (V, M) where V is a smooth variety and M is an ample line bundle.
(Needless to say, X is singular and #,(H) is not ample.) We cannot di-
rectly generalize his theory to the case where M is numerically effective.

For the pair (V, M) where V is a smooth irreducible surface and M
is an ample line bundle on V, we can conclude that if 4(V, M)=2,
g(V, M)=2 and d(V, M)=4, then H'(~,)=0. But in the case where M
is only numerically effective this is not the case.

Moreover it is another reason that he does not treat varieties of di-
mension 1 at all in [10]. The pair (C, M) where C is a smooth irreducible
curve of genus 2 and M is a line bundle of degree 4 on C satisfies 4=
g=2 and d=4. If he mentions this example, it is obvious that the
cone over it satisfies the same conditions.

§3. The case of elliptic ruled surfaces.

In this section we discuss the case of elliptic ruled surfaces. We
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use the same notation as in the previous section;
PoXx— XL 7-°57-25G,H, H H D, D ete.

In this section G is always a smooth irreducible elliptic curve. Note
that the genus g(H) of H satisfies 0=<g(H)=<2 since p,(H)=3 and H has
a singular point.

Case (1). g(H)=0.

Note that in this case the composition HcZ—G is never surjective
since g(G)=1. Thus H is contained in a fibre of Z—G and we have
4=F*<0, a contradiction. This case never takes place.

Case (2). g(H)=1.

Note that deg Nz, ,=H?=4>0 and that H-A4>0 for any exceptional
curve of the first kind A on Z by the minimality of p. It is easy to
check that we can apply Proposition (1.11) in Fujita [9] even under this
weaker condition. (If we apply the original proposition in [9], H has to be
ample.) Thus there is a vector bundle E of rank 2 on G such that Z=P(F)
and ~,(H) coincides with the tautological line bundle on P(E). We
examine P(F) more closely than in Fujita [10]. We have two cases since
deg A%E is even.

(a) E=M@N for some line bundles M and N.
(b) There is a non-splitting exact sequence 0-M—E—->M—0 for some
line bundle M.

First we consider Case (a). Assume that deg M=1. Let G,CP(E)
be the section corresponding to the projection E=M@N—M. Since
ﬁal(ﬁ )= M, the linear system |H| has a fixed point on G,, which is not
the case. Thus deg M=1 and similarly we have deg N#1. On the other
hand deg M=H -G,=0 and similarly deg N=0. Since 4=deg O H)=
deg A\*E=deg M +deg N, by symmetry we can assume that either
() (deg M, deg N)=(2, 2) or (ii) (deg M, deg N)=(4, 0) holds. If the Case
(ii) takes place, then obviously X is a cone over a singular plane curve.
In the sequel we consider the Case (i). Note that in this case the divisor
H is ample.

LEMMA 3.1. Let M and N be line bundles of degree 2 on a smooth
elliptic curve G. Let L be the tautological line bundle on Z=PM&@N).
Then the linear system |L| has no fixed points and it defines a morphism
p.: Z—P%. The image of @, is a quartic surface tf M and N are not
isomorphic and it is a smooth quadratic surface if M=N.

PrOOF. By the Riemann-Roch theorem one has R(L)=h(MP N )=4’.



274 TOHSUKE URABE

Let G, (resp. G,) be the section of 7 P(ME@ N)—G corresponding to the
projection M@PN—M. (resp. MPN—N.) Since G,+rn*M|c|L| and
G.+7*|N|C|L|, |L| has no fixed points. Here note that P=@;: Z— P?
is a finite morphism since L is ample.

Next assume that the image X=¢(Z) is not a quartic surface. Then
X is an irreducible quadratic surface since deg X -deg p=L*=4. The
image L,=@(G,) is a line contained in X for i=1, 2, since L-G,=2 and
G, is an elliptic curve for 1=1, 2. Note that @ (L)=G, for i=1, 2, since
P, Ple, and ®ls, are morphisms of degree 2. Thus LNL,=@ since
G.NG,=@. If X is a quadratic cone, every two lines contained in it
intersect. Thus X is a smooth one. Then G,=¢*L, and G.,=@*L, are
linearly equivalent because so are L, and L,. It implies that M and N
are isomorphic. Conversely assume that M and N are isomorphic. In
this case Z=P'xXG and dim |G,|=1. Note that there is a smooth elliptic
curve G’ € |G,| with p e G’ for any point pe Z. Thus @ is never generically
one-to-one, since @|, is of degree 2. One sees that the image X=¢(Z)
is a quadratic surface. Q.E.D.

In the following we assume that M and N are not isomorphic. Ob-
viously we have L, U L,cSing X, where Sing X denotes the set of singular
points of X, since @|;, is a morphism of degree 2. Note that every
component of Sing X is one-dimensional, since ¢ is a finite morphism.
By Lemma 2.1, we have an effective divisor De |—wz| with Supp D=
(vo)~'(Sing X)DG,UG,. However since G,+G, e |—w;|, we have Supp D=
G,+G, and thus Sing X=L,UL,.

Let F' denote a general fibre of 7: Z—>G. We have lﬁ——Gl—Gglzz
since F-(H —G,—G,)=—1. It implies that L, and L, are in twisted
position. The image of any member of the ruling P'-family is a line
intersecting L, and L,. Next consider H. The plane-section H has only
two singular points at P=HNL, and Q=HNL, It follows from the
Pliucker formula that P and Q are singular points of type A, or A,.
Assume that either of them is of type A,. Then X is locally isomorphic
to the product {(x, ¥y €C’||z|<1, [y|<1, 2*=9"}x{zeC| |z|<1}. The local
generator of the dualizing sheaf w; can be identified with dyNdz/x.
Setting x=¢' and y=t’, one sees that its pull-back 2dt Adz/t* has a
multiple pole on Z. But D=G,+G, has no multiple component. Thus
both P and Q are of type A,.

Secondly we consider the Case (b). The vector bundle E of rank 2
is uniquely determined by M up to isomorphisms. Note that 4=
deg &, (H)=deg A\2E=2deg M.
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LEMMA 3.2. Let M be a line bundle of degree 2 on a smooth elliptic
curve G and let E be the vector bundle which has the mon-splitting exact
sequence 0 > M—E-—M—0. Then the linear system |L| defined by the
tautological line bundle L on Z=P(E) has no fired points and it defines
a morphism @.: Z— P®. The image of ¢, 18 a quartic surface.

PROOF. One has easily h°(L)=h"(E)=2r°(M)=4. Let G, be the section
of m: Z=P(E)—G associated with the above exact sequence. Since
G,+rn*M|c|L|, |L| has no fixed points outside G,. Next consider the
exact sequence 0 — Z,(L—G,) — &4(L) — &, (L)—0. Since H(Z«L—G,)=
H'@Z«(M))=0 and since the linear system |7, (L)|=|M| has no fixed points,
one can conclude that |L| has no fixed points on G,, either. Thus we have
a finite morphism p=¢,: Z— P®.

Next assume that the image X=@(Z) is not a quartic surface. Then
X is an irreducible quadratic surface and the image L,=¢(G,) is a line
contained in X. Assume moreover that X has a singular point. Let L,
be another line contained in X. Then 2L, and L,+ L, are Cartier divisors
on X and they are linearly equivalent. Note that ¢ '(L,)=G, as sets.
Thus we have *(2L,)=2G, and ¢*(L,+ L,)=G,+G, as divisors, where G,
is a divisor different from G,. It implies that dim |G,|=1 since G, € |G,|.
It contradicts the fact that the exact sequence in the lemma does not
split. Next assume that X is smooth. Let L, be another line contained
in X with LLNnL,=@. We have G,=¢*L,c|G,|, a contradiction in this
case, too. Thus X is a quartic surface. Q.E.D.

Now we can conclude Sing X=¢(G,) is a line by the same reasoning
as that in the Case (a) since 2G,€|—w,|. Moreover it is easy to see that
the plane section H has an A,-singular point at HNp(G)).

Case (3). g(H)=2.

In this case the plane-section H has a unique singular point since
p.(H)—g(H)=1. It imples that the union of one-dimensional components
of Sing X coincides with a line [, Let PCP® be a general plane con-
taining [,. One of the following two cases takes place since X is reduced.
(a) XNP=2l,+C, where C is an irreducible coniec.

(b) XNP=2l,+1,+1,, where I, and [, are two lines intersecting at one
point.

Assume that the Case (a) takes place. In this case C is rational and
thus it is a fibre of Z—G. Since G is elliptic, we have dim |C|=0.
However, on the other hand, since P is a general plane, we have
dim |C|=1, which is a contradiction. Next assume that the Case (b) takes
place. Obviously H.1,=1 for i=1, 2 where [, denotes the strict transform
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of I, in Z. Since I, coincides with a fibre of Z—G, H is a section of
Z—G. We have 2=g(H)=g(G)=1, a contradiction. Thus the case
g(H)=2 does not take place.

§4. The case of rational surfaces.

In this section we deal with the case where Z is rational. We use
the notion of 4-genera due to Fujita (Fujita [8], [9], [10]) as the main
tool. Now recall that the integer 4(V, M)=dim V+deg M—h%(M) is the
4-genus of an irreducible reduced (possibly singular) varity V and a line
bundle M on V. Let v: X— X denote the normahzatlon of X and L=

v*@om(l). L is ample. We consider the integer 4=4(ZX, L) By definition
4=2. On the other hand it is known that 4 is non-negative. (Fujita
[8D

Case (1). 4=0.

There is a complete list of pairs (V, M) such that M is ample and
4(V, M)=0. (Fujita [8]). Thus we have only to pick up items corre-
sponding to surfaces of degree 4. We have three cases. In any case L
is very apple and thus X is a surface in P®
(a) (X’ L)=(P2: ﬁp2(2)).

(b) X=P(On(a)Dnb)) and L is the tautological line bundle on
P(Cp(a) D Zrn(b)) where (a, b)=(2, 2) or (8, 1).

(¢) Let P*c P® be a hyperplane and GCP* be the image of P' by the
morphism defined by |~n(4)]. X is the cone over G with vertex v where
ve P® is a point outside P¢. L= ps(1)|2.

Note that one can conclude by the definition of L that X is an image

by a projection P®-..— P® whose center is a line disjoint from X. Thus
we have the results in this case.

Case (2). 4=1.

When 4=1, only pairs (V, M) where V is a smooth irreducible variety
and M is an ample line bundle were treated in Fujita’s theory.

Let p: Z— X be the minimal resoultion and let H be the strict trans-
form on Z of the general plane section. Since X is normal, we have
0. (H)= I and A(Z O (H)= A(X Ly=1. Fujita’'s theory can be applied
to neither (Z, 27,(H)) nor (X, L). But only by making his arguments
slightly precise we can reach the conclusion in our case. Now H (PA(H))—
H'(~3(H)) is surjective since HY(?,)=0. It implies that A(I? &’H(I? ))=
A(Z, m(ﬁ)) 1. On the other hand we have A(H aH(H)) g(H)—
hwz(— H)) by Riemann-Roch. Note that deg a)H( H)=2¢gH)-2—4<0
since g(H)<2 in our case. Thus g(H=u4H, ozH )=1. Next we consider
the exact sequence 0—w,—w,(H)—w3—0. We have (@ (H)=h(wz)=1,
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since h"(a) 2)=h'(®z)=0. Let F be the unique element in the linear system
lw;+ H|. Assume that F is non-zero. We will deduce a contradiction. By
the adjunction formula F-H=(w,+H)-H=29(H)—2=0. Thus by the
Hodge index theorem we have F?*<0. Let F=3, aF, be the irreducible
decomposition. There is a index ¢ with F,- F<0. Note that F,- H=0 since
H is numerically effective and that 2p,(F)—2—F=0. (Otherwise p,(F,)=0
and F/=—1 since F}?<0. It implies that F', is an exceptional curve of the
first kind. It contradicts the fact that p is the minimal resolution since
F,-H=0.) Thus wehave 0> F,-F=F, (w,+ H)= 2p,,,(F) 2—F:+F,-H>0,
a contradiction. One sees that F=0 and &,(H)=—w,. Thus Z is a
generalized Del Pezzo surface and by Demazure [6] we obtain the con-
clusion in section 1 in this case.

REMARK. Note that in this case the one-dimensionl singular locus on
X is a quadratic curve or a double line, since the difference of p,(H) and
g(H) is 2. Thus this is the case considered closely by Segre in [23]. He
showed first that our surface is a projection of the ecomplete intersection
of two hypersurfaces of degree 2 in P‘. Then by considering normal
forms of two quadratic forms with 5 variables and by classifying the
position of the central point of the projection, he gave a very fine list about
the combination of singularities on the surface and other properties.

Case (8). 4=2.

We use the same notations as above. By similar arguments as in
the beginning of Case (2), one sees g(H)=2. One-dimensional singular
locus is a line, since p,(H)—g(H)= 1. Consider the exact sequence 0 »w,—
wz(H)—>wz—0. We have h(w,)= hl(a)z) 0 since Z is rational. It implies
that h°(coZ(H)) h(wz)=2. Let F+4e|w,+H| be a general member,
where F' is the moving part and 4 is the fixed part. Note that 4-H=0
since the linear system |ws| has no fixed points. Thus F-H=(F+4).-H=
(wz;+H) H= =29g(H)—2=2. The rational map p=o,,,3: Z - - -— P* associat-
ed with w,+ H is defined. Let p: Z'—Z be a composition of blowing-ups
such that the composition y=pu: Z'— P! is defined as a morphism. We
assume moreover that ¢ is minimum among such compositions of blowing-
ups. Let F’ be the strict transform of F by g. This F’ is a general
fibre of 4 and it is smooth. Let H’ be the total transform of H by p.
Note that F/'-H'=F'-p*H=p, F'-H=F .A=2.

LEMMA 4.1. F' 4s irreducible and is isomorphic to P:.

PRrROOF. Assume that F’ is reducible. F'’ has two or more connected
components since it is smooth. We have the Stein factorization of « in
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the following form: Each of fibre of the morphism 8: Z'— G is connected.
The morphism a: G— P! is a finite one with dega=a=2 and y=ag.
Moreover G is smooth.

Since H°(2%)=0, G is rational. We have 2=hr"(7/(F")) =h"(Tx(a)) =3,
a contradiction. Thus F' is irreducible.

Next assume that g(F')=1. The restriction voy|s. is a morphism of
degree 2, since F'-H'=2. Since members in |F'| cover Z’, you is never
generically one-to-one, which is a contradiction. Thus g(F')=0. Q.E.D.

Now we give a remark here.

If we can assume that H is ample, we can show that Bslw,+H|=2
i.e., the linear system |w,+H| has no base points, in the following way.
First of all we have the fixed component 4=0 since 4:-H=0. Thus
Bs|lw,+H| is at most finite points. Let z, ---,2, be all points in
Bs|w,+ H| including infinitely near points. Let m, be the multiplicity
of a general member Fe|w,+H| at 2z, for 1=<i<k. We have
D (F)— 3 m(m,—1)/2=p,(F")=0. On the other hand p,(F)=(F*+w,-F)/
2+1=F—H -Fl2+1=F=F"4+3 m:=3,m: They imply that 0<

¥ m,(m,+1)=0, a contradiction, if k=1. Thus k=0 and Bsjw,+H|=0.

However, in our case we can assume only that H is numerically
effective. Therefore we need more precise arguments.

LEMMA 4.2. Let f: M—G be a proper wmorphism from a smooth
surface M to a smooth curve G. Assume that there is a point xe€G
such that the fibre f~'(x) is isomorphic to P'. Then any singular fibre of
f contains an exceptional curve of the first kind. Moreover let o: M— M’
denote the contraction of any exceptional curve of the first kind E such
that f(E) is ome point. Then there is a morphism [f':M'—G with
f=rf'o.

ProOOF. This is an easy consequence of the adjunction formula and
the Hartogs’ extension theorem. Q.E.D.

Applying Lemma 4.2 repeatedly, we have the next commutative
diagram.
VAN
AN
INT
Pl
The morphism ¢ is a birational one and z has no singular fibre. By the
classification theory of rational surfaces (Beauville [3]), one sees that X
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coincides with the Hirzebruch surface 2, for some m=0. (See Section
1) Set H=0,H'. By F we denote a general fibre of . Note that
F.-H=F.o,H' =¢*F-H =F'-H'=2.

LEMMA 4.3. Let ECZ' be an exceptional curve of the first kind such
that y(E) is one point. Then E-H'>0.

PROOF. Assume that there is an exceptional curve of the first kind
EcCZ’ such that y«(E) is one point and E-H'=0. By the minimumness of
Y, txE+0. However u,E-H=E-u*H=FE-H'=0. Thus by the Hodge
index theorem (¢#,E)*<0. On the other hand —1= E*< (¢ E)*. Namely
we have (¢, E)=-1 and p,F is an exceptional curve of the first kind
on Z. It follows from the minimality of o that £ -H’ =pu,E-H>0, which
is a contradiction. Q.E.D.

LEMMA 4.4. We write 0: Z'—3 as a composition of k blowing-ups.

Ok

Z2'=zZ,—"7Z, .. 7 D73

We define inductively H,=H' and o(H)=H,_, for k=i=1. Let 2,€2Z,_,
be the center of o,.

(1) z,€eH,, for 1<i<k.

(2) H,=H i3 smooth.

PROOF. Assume that (1) does not hold. Set a=max{t|z, ¢ H,_,,
l=v=<k}. Then E=(0,0,,, - 0,)"(2,) is an exceptional curve of the first
kind which does not meet H’. We have a contradiction by Lemma 4.8
since (K) is a point. Thus (1) holds.

Next assume that ze¢ H is a smgular point with multiplicity ». We
will deduce a contradiction. Since H is non- singular, we have Z'#J3.
Set F,=77Yz(z)). The inequality r<F,-H=F -H=2 holds. Thus r=2
and F, does not meet H outside z. By exchanging the order of blowing-
ups, we can assume the center z, of o, coincides with z. Let F, denote
the strict inverse image of F, by ¢,. F, is an exceptional curve of the
first kind which does not meet H,. By 1), (0405 0,)"(F) is an ex-
ceptional curve of the first kind which does not meet H’. Thus by
Lemma 4.3 we obtain a contradiction. Q.E.D.

Let C (resp. B) denote a section of 7: 3= 3,—P' with C*=m (resp.
B*=—m). We have integers a, b with H~aC+bF since Pic(Z,) =
Z[C]+Z[F]. Here a=H -F=2 and b=H-B=0. On the other hand it
is easy to see w;, ~—2C+(m—2)F. By Lemma 4.4 (2), one has
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2=2g(H)—2=(H+w;,) H=(b+m—2)F -(2C+bF)=2(b-+m—2) .

Thus we have the equality (*) b+m=3. This equality and Lemma 4.4
yield strong conclusions. First we can show that Z=Z' and that
B3|wz+ﬁl=®. _

Indeed Lemma 4.4 implies wz+H'~c*(ws,+H). By the above
equality (*) ws,+H~F and thus one has wy+H' ~c*F=F'. Assume
that Z=Z'. In this case there is an exceptional curve E of the first
kind on Z’ such that H’-E=0. We have —1=w, E=(wy+H")-E=
F'-E=0, a contradiction. Thus Z’'=Z. In particular F=F'e|w,+H'|=
lw,+H| and F®=0. By Lemma 4.1 we have F=P* and thus
Bslw,+H|=02.

PROPOSITION. 4.5. One of the following holds.
(C-1) There is a composition of 9 blowing-ups o: Z—P? such that H~
AE,—2E,— 3%, E,, where E, is the total transform of a line in P by o.
(C-2) There is a composition of 8 blowing-ups o: Z— 3, such that H~
26*C+o*F—>%., E,, where C denote a section of t:2,—P' with C*=2
and F is a fibre of 7. <
Here in both cases E, denotes the total tramsform of the exceptional curve
of the i-th blowing-up for i=1.

Furthermore the linear system |wz+H| contains an element F with
F=p, F*=0 and F-H=2.

Now a birational morphism f: Z— X, to a Hirzebruch surface is called
an admissible blowing-down, if the composition zf: Z— P’ coincides with
the morphism given by the linear system |\wz+H|. The composition
7Z— P? of an admissible blowing-down Z— X, and the blowing-down X, —
P? is also called an admissible blowing-down to P*.

ProOF. The latter half has been verified in the above.

We consider the admissible blowing-down ¢:Z=Z2Z'—2,. Now we
have that H®=4m+4(3—m)=12, since H~2C+@B—m)F. Thus in view
of Lemma 4.4 the number of the blowing-ups between Z and X, coincides
with k=H*—H*=12—4=8. On the other hand one sees that m=0, 1, 2
or 3, since b+m=3, b=0 and m=0. It is easy to see that if there is
an admissible blowing-down Z—ZX, then there is another admissible
blowing-down Z—3,. If there is an admissible blowing-down ¢: Z—2),
then composing the blowing-down X,— P’, we have the blowing-down
o: Z— P*. Since H~25*C+25*F—3%-, E,, we have the above expression
of H. If we have an admissible blowing-down Z— 3, then 5=0 and
H~2C. In particular HNB=Q since H-B=2C-B=0. Now the center
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z, of the first blowing-up lies on A by Lemma 4.4 (1). Thus z,¢ B. By
using this fact, it is easy to see that there is another admissible blowing-
down Z— 23, The expression of H is easily obtained since b=1. Q.E.D.

REMARK. In Section 5 we show that if case (C-2) takes place, then
there is another blowing-down to P? satisfying (C-1).

PROPOSITION 4.6. dim |—w,|=0.

ProOF. There is an element Dec|—w,| by Lemma 2.1. Let £ be
the divisor in Proposition 4.5. Note that H~F+D. We consider the
next exact sequence. 0— 7, (D)— &, (H )—»cﬁ’F(ﬁ)HO

Assume that dlm[—a)zt>1 We have h°(&’Z(D)) dlml—wzl+1>2
Since k(D)) =h"(,(—2D))=0 and since X(Z,(D))=(D*+ D2+ X, =
1, one sees that h'(<,(D))=1. On the other hand it follows from the
Riemann-Roch formula that Hl(ﬁz(H)) 0 since h(Z,(H))=4 and h{(Z,(H))=
h(Z,(—H—D))=0. Thus HY(,(H))— H (o H))=H(Zn(2))=C* is not
surjective. It implies that vo(F') is a line and that vp|; is a morphism
of degree 2. The members in |F| cover Z, and yo is never generically
one-to-one, which is a contradiction. Q.E.D.

REMARK. If we see the item in Fujita [10] corresponding to the case
dimension=2, 4=2, sectional genus (=g(H), in our case)=2 and degree=4,
it says only “the normalization of singular hypersurface” or “hyperelliptic”.
There is no description such that it is rational or such that it can be
obtained by 9 blowing-ups from P?. However, we can guess from his
description in the case degree=5 that he knows that (C-1) in Proposmon
4.5 holds in the case where he treats, i.e., in the case Z=X in our
notation.

Now it should be remarked here that in [18] Kummer gave the
classification of quartic surfaces in P? containing infinitely many quadratic
curves. He showed the existence of the following cases: surfaces with
a double irreducible quadratic curve or a double line; ruled quartic sur-
faces; the surfaces F?=ABCD where F=0 is a quadratic surface and
A, B, C, D coaxal planes; Steiner’s surface.

According to Jessop [12] to these surfaces discussed by Kummer the
surface with the following equation must be added:

{zw+ F(y, z, w)P=G(z, w)*

where F' is a homogeneous polynomial of degree 2 and G is of degree 1.
(See Umezu [28]. She discovered again some of above Kummer’s surfaces
from her view-point.)
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In [19] Nother showed that there are only three classes of rational
quartic surfaces with only isolated singular points. (Two classes of sur-
faces with either the singularity E, or its degenerated singularity, one
classes of surfaces with either the singularity E, or its degenerated
singularity.)

§5. Rational surfaces in case (C).

In this section we study properties of surfaces in Case (C-1) and (C-2)
in Proposition 4.5. We use the same notations as in previous sections
suchas X, X, Z, v, 0, 0, P%, 3,, D, D, H, H, H,C, F, C, F etc. In particular
F is a divisor on Z such that Fi=P!, F*=0, FF.D=2 and H~D+F. In
Case (C-1) Fi~FE,—E, and in Case (C-2) FF=0*F. Recall that dim |D|=0
if Z corresponds to a quartic surface X.

LEMMA 5.1. For any mon-zero effective divisors P and @ on Z such
that D=P+Q, the inequality P-Q=2 holds.

PROOF. Obviously H(7,(—P))=0 and H*7,(— P))=H(Z,(P— D))=
H(7,(—Q))=0. Thus by the Riemann-Roch theorem

0=X(Z(—P))=FP*—P-(P+Q))/2+1=—P-Q[2+1 . Q.E.D.

LEMMA 5.2. We set D=37_,a.D, where D;s are mutually different
reduced irreducible curves and a/’s are positive imtegers. The mumber
of different components of D is r.

(0) Note that H-D,=D -D,+F.-D, for every i.

(1) If r=1, then a,=1 and p,(D,)=1.

Assume that r=2.

(2) Every irreducible component D, is a smooth rational curve and
D .-D,=2+D? for every i.

(3) Di=—1, —2 or —8 for every i.

(4) Set N(—t)=2>,a; where summation runs over the set of indices j
with Di=—t. Then N(—1)=N(—8)=N and this common wvalue N is
either 0,1, or 2.

(5) If F.D,=0 for some i, then D}=—1 or —2.

(6) If H-D,=0 for some i, then D}=—2 or —3.

PROOF. (1) Since w3=0+#8, 9, Z is not a minimal model. Thus
there is an exceptional curve ECZ of the first kind. We have 1=E -D=
a,E-D,. Thus a,=1. By the adjunction formula we have p,(D)=1.
(2) Applying Lemma 5.1 for P=D, Q=D—D, we have p,(D)=
—P-Q/2+1<0. This implies that D,=P'. Thus (D}—D-D)/2+1=0.
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(8) Assume that D>0. Then D-D,>2by (2). Thus 2=H .D=H.D,=
D-D,+F.-D,>24+0=2. This is a contradiction. Next assme that D?< —4.
Then D-D,<—2. Thus 2=F .DzF.-D,=H-D,—D-D,>0+2=2. This is
also a contradiction. Next assume that D=0 for some i. By the
adjunction formula w,-D,=—2. Since HX(D))=H Z(—D—D,)=0,
we have by the Riemann-Roch theorem that H ‘?(ﬁz(ﬁi))g(ﬁf—wz-ﬁi)/&l—
X(&z)=2. Thus HY(Z,(D))=2. This contradicts the fact that dim |D|=0.
Therefore D?+0. Suppose D?=—4 for some 3. Setting D'=D—D, we
have H°(7,(D"))=2 by the Riemann-Roch theorem as above. Thus D+
—4 for every i. Therefore —8<D?<—1.

(4) We have > (—t+2)N(—t)=0 since 0=D°=3Y a, D -D,=3 a,(Dz+2).
Thus N(—1)=N(—8). Moreover we have 0<N(—1)<H .-D=2 since if
D= —1, then D, is an exceptional curve of the first kind and D,-H>0
by the minimality of p.

(5) Note that 0<H -D,=D.-D,+F.-D,=D-D,=2+ D¢.

(6) Dis#—1 by the minimality of p. | Q.E.D.

The next proposition is an easy consequence of the above lemma.

PROPOSITION 5.3. We wuse the same mnotation as in Lemma 5.2.
Assume that r=2. By renumbering 1if mecessary, we can assume that
one of the following holds. Note (0) and (2) in Lemma 5.2.

(a) Di=—2 for every i.

() a,=a,=1; D}=-38, H-D,=1; D}=—1, H-D,=1; and D}=—2, H-D,=0
for every J>3

(c-1) al—az—l D;=-3; H-D,=0; D}=-1, H-D,=2; and Di:=-2,

H-D;=0 for every j=3.
(c-2) r28; a,=a,=a,=1; D1 -3, H.-D,=0; D}=—1, H-D,=1; D=—2,
H-Dy=1; and Di=—-2, H-D;=0 for every j=4.
d-1) rz4; a=a=a,=a,=1; D= 11 —8, H-D,=H-D,=0; D:=Dz=—1,
H.-D,=H-D,=1; and Di=—-2, H.-D,=0 for every j=5.
@d-2) r=3; a,=a,=1, a,=2; D= ﬁz_—s H-D,=H-D,=0; D2=-1,
H.D,=1; 1~),“-’=——2, ﬁ-ﬁ,:o for every j=4.
d-8) r=8; a,=2, a,=a,=1; D=-8, H-D,=0; Di=Di=-1, H-D,=
D,=1; and D2 —2, H-D;=0 for every j=4.
)

al—a2—2 Di=—-38, H-D,=0; D:=—-1, H-D,=1; and 1~)§-=~2,
=0 for every j=3.

mzﬁ h:z

PrOOF. First assume that N=0. We have Case (a,).~
Secondly assume that N=1. We can assume that D:=—38, D= —
a,=a,=1 and D!=—2 for =3 by Lemma 5.2 (4). By Lemma 5.2 (6)
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2=H-DzH-D,>0. If H-D,=2, then H-D;=0 for j#2 and we have
Case (c-1). If H-D,=1, then we have Case (b) or (c-2) according as
H-D,=1 or 0.

Thirdly assume that N=2. We can assume that 1")'1 —3. We have
2=N=a,>0. If a,=1, we can assume moreover that D= —38, a,=1 and
D:=—1 by (4). In this case 2=H .-D=a,H-D,>0 by (6). If a,=2, we
have that H-D,=1 and that H-D;=0 for j#3. Lemma 5.2 (4) implies
that D?=—2 for j=4. We have Case (d-2). If a,=1, then we can assume
that Di=—1. By (6) H.-D,>0and H-D,>0. We have that H-D;=0 for
j#38, 4 and that H.-D,=H-D,=1 since H-(C a;D;)=2. By (4) Di=-2
for 7=5. We have Case (d-1).

If 2=N=a,, then we can assume that D?=—1. Note that 2=H-D>
a.H-D,>0. If a,=2, then H-D,=1 and H-D,=0 for j#2. In this case
ﬁ§=—2 for =3 by (4). We have Case (d-4). If a,=1, we can assme
that D2=—1 and similarly we have Case (d-3).

Now by the above argument they are all posibilities. Q.E.D.

In the following by B (resp. C) we denote the section of z:J3,— P!
with B*=—2 (resp. C*=+2). F is a general fibre of 7.

LEMMA 5.4. Let
0: Z=Zy— Ty Dy —— Dy Z,= 3,

be an admissible blowing-down to X,. Let z,€Z, , be the center of o..
Assume that either the following (A) or (B) is satisfied.

(A) The image of z, on Z,=23, does mot belong to B for some i with
1<7<8.

(B) For some point x € B there is a smooth curve KC 3, passing through
x such that K is tangent to neither B mor the fibre of T passing through
x and such that for some three indices 1, 3, k with 1=1<j<k<8, 2z, z;
and z, coincide with the intersection point lying over x of the strict
transform of K and the total transform of B.

Then there is another admissible blowing-down &: Z— P* to P:.

Proor. First assume that (A) is satisﬁ_ed. By exchanging the order
of blowing-ups, we can assume that z, ¢ B. Let F'CZ, be the strict
transform on Z, of the fibre of r passing through z,. F' is an exceptional

curve of the first kind. The contraction of F'’ defines a morphism Z,—J%,.
We have an admissible blowing-down Z2="%7 3, — P2,

Next assume that (B) is satisfied. By exchanging the order of blmiving-
ups we can assume that i=1, j=2 and k=8. Consider Z,. Let E, be
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the strict transform of ¢;'(z,) on Z, for 1<0=<3. Let F (resp. K) be
the strict transform on Z, of the fibre of ¢ passing through x=z, (resp.
of K). Their configuration is represented by the next dual graph. (The
attached integer is the self intersection number. The intersection of K
and ¥ and that of K and B are omitted.)

ﬁ' E'l EAyz EA‘3 K
-1 -2 -2 -1

O—O—O—0—-o0

®ds O

We can contract successively ﬁ', E, 1732, B in order. We can check easily
that this defines an admissible blowing-down Z=Z7,—Z,—3,— P?. Q.E.D.

LEMMA 5.5. Let De|—ws,| be an effective anti-canonical divisor on
Y,. Assume that Supp DNB+#®. Then one of the following holds.
(1) D=B+G, G is a section of v with G*=6 and B and G intersect
at 2 points transversally.
(2) D=B+G and G is the same as in (1). However, B and G are
tangent at one point.

(8) D=B+G+F, G is a section of = with G*=4 and F, is a fibre of

z.
(4) D=B+C+F+F, C is a section of v with C*:=2 and F, and F,
are fibres of .

(5) D=2B+F +F,+F,+F, and F, is a fibre of v for 1<i<4.

PROOF. Assume that D does not contain B. Then D -B>0 since
Supp DNB+#@. On the other hand by the adjunction formula we have
D -B=0, a contradiction. Thus D contains B.

Since F-(D—B)=2—1=1, D contains another section G and D=
B+G+F,+..-+F, for some fibres F, of z. For some integer b, G~
B+bF. We have b=(B+bF)-C=G-C=0. Moreover since 2B+4F~2B+
(@a+bF, a+b=4 and b<4.

If b=0, then G=B and we have Case (5).

Assume 5>0. Then G=B and we have —2+b=(B+bF)-B=G -B=0.
If b=2, we have Case (4). If b=3, Case (8) takes place. When b=4, we
have Case (1) or (2) according as B and G are tangent or not. Q.E.D.

PRrROPOSITION 5.6. Z has an admissible blowing-down to P:.
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ProOOF. By Proposition 4.5 Z has an admissible blowing-down to P?
or Y, Let 06:Z—ZX, be an admissible blowing-down to ¥, We use the
notation in Lemma 5.4. We have only to show that if Condition (A) in
Lemma 5.4 is not satisfied, then (B) in the same lemma holds. Thus in the
following we assume that all z, 2, ---, 2, lie on the total transform of B.

By Lemma 2.4 z,€ BNSupp D for D=¢,De|—w;s|. Thus one of (1)-
(5) in Lemma 5.5 holds.

Assume that (1) holds. We will show that (B) holds for K=G. Note
that the strict transform of G on Z of G satisfies G*<—1 by Lemma 5.2
(8). Thus at least 7=G*—(—1) of #z,, ---, z, lie on the strict transform
of G. The images of these 7 points belong to BNG under our assumption.
Thus for one point « of the two points in BNG, (B) is satisfied.

Assume that (2) holds. Let G, denote the strict transform of G on
Z,. At least 6 of z, ---, 2, lie on the strict transform of G,. By ex-
changing the order of blowing-ups, we can assume that z,€G,. Let B,
denote the strict transform of B on Z,. Note that in this case the in-
tersection of G, and the total transform of B coincides with G,NB,.
Thus z,€ B,. Since B:=—38, the strict transform B of B on Z satisfies
B*< —4, which contradicts Lemma 5.2 (3).

Assume that (3) holds. In this case B and G intersect transversally
at one point x. We will show that (B) holds for K=G. By Lemma 5.2
(8) the strict transform G of G on Z satisfies G*<—1. Thus at least
5=G*—(—1) points of z,, -, z, lie on the strict transform of G. Under
our assumption these 5 points lie over . Thus (B) is satisfied.

Assume that (4) holds. In this case BNC=@. Thus noneof z,, +-, 2,
lies on the strict transform of C. Thus the strict transform C of C on Z
satisfies C*=C*=2, which contradicts Lemma 5.2 (8).-

Lastly assume that (5) holds. By Lemma 4.4 2z, lies on the strict
transform of H=¢,H for 1<i<8 and H~2C+F. The intersection AN B
is one point # and H and B are transversal since H-B=1. Let F, be the
fibre of = passing through x. If H is not tangent to F, at x, then (B)
is satisfied for K=H. Thus in the following we consider the case where
H is tangent to F, at ¢ and D=2B+ F,+ F,+ F,+ F,, where F, is a fibre
of 7.

Under our assumption the image of z;, on Z,=23, coincides with = for
1<¢<8. If F, does not pass through z for some i with 1<7<4, then
the strict transform F, of F, on Z has self intersection number Fi=F=0,
which contradicts Lemma 5.2 (8). Thus F,=F,=F,=F,=F.,.

Let F' (resp. B) be the strict transform of F, (resp. B) on Z. Let
E, denote the strict transform of o;'(2,) on Z. By Lemma 4.4 (1) and
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by the fact F-H=2 one sees that their configuration is represented by
the next dual graph. (The attached integer is the self intersection
number.)

B E E E, E E E FE E H
-8 -2 —2 -2 -2 —2 -2 —2 -1 4
" N N Y N\ N N N O
./ L/ \ ./ \ -/ \ ./
F O -2

It can be seen that D=2B+5F, +8E,+7E,+6E,+bE,+ 4K, + 3K, +2E,+4F.
Set D'=F,+23¢% ,E,+F. D—D’is effective and it is easy to see that
D'=¢*F,. Thus dim|D|=dim |D’|=dim ¢*/F,=1, which contradicts Prop-
osition 4.6. Q.E.D.

REMARK. The essential part of the above proposition has been ob-
tained by Clebsch in [5]. He studied a quartic surface in P* whose one-
dimensional singular locus is a line. He showed that if it contains certain
quadratic curves, then it is the image of a rational mapping corresponding
to the linear system of quartic curves on P? with 9 base points and he
studied properties of this rational mapping. He gave the classification
of lines and quadratic curves on the surface, too.

Moreover he studied in [5] a quintic surface whose one-dimensional
singular locus is either a cubic curve or two lines in twisted position.
He studied it as the image of P*® by a rational mapping.

Now in order to complete the proof of our main results in section 1
we need further several lemmas and propositions.

LEMMA 5.7. Let A be a reduced irreducible curve on Z such that
H-A=0. Then one of the following holds.
(1) A is a smooth rational curve, AcSupp D, and A*=—2 or —38.
(2) A is a smooth rational curve, A Supp D=g and A*=-2.

ProoF. If AcSuppD, by Lemma 5.2 we obtain the conclusion.
Assume that AZSuppD. Thus A-D=0. By the Hodge index theorem
A*<0. Since A*—A.D=2p,(A)—2=—2, either “A*=—2 and A-D=0" or
“A?=—1 and A-D=1” holds. If the latter case takes place, then 0<
F-A=H-A—D.A=—1, which is a contradiction. Note that the condition
A-.D=0 implies that AN Supp D=2. Q.E.D.

LEMMA 5.8. Set I={i|1<i<r, D,-H=0} and D'=3.;a,D,. For any
connected component DO of D’, Supp D is the union of exceptional curves
of the minimal resolution of a rational mormal singular point.
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PROOF. Let D{°,---, D{ be all irreducible components of D®. H.D® =
0 for 1<7<t. By the Hodge index theorem the matrix (D -D{ Dise.ise 18
negative definite. Furthermore any D{ is not an exceptional curve of the
first kind by Lemma 5.2. Therefore by the Grauert’s theorem Supp D©
is the union of exceptional curves of the minimal resolution of some
normal singular point Next we show that this normal singular point is
rational. Set DY=D—D®, We have H HOA(—D )= H(Z,(—D™Y))=0,
by the Serre duality. By the exact sequence 0 —O(— D) > 7, — Fp0—0,
one can conclude that H'(Z,w)=0. Now on the other hand note that
(=D —w5)-D® =0 for 1<i<t, since —D® —@,~D™ and since D® and
D™ have no common components. By a vanishing theorem due to Kato
(Kato [13]) under this condition one has H(Z7,(—D))=0 where U is a
sufficiently small neighbourhood of Supp D®. By the exact sequence
0—Z(— D*)—y— 7,0 —0, one obtains that H'(<?,)=0, which is equivalent
to that the singular point is rational. Q.E.D.

By the above two lemmas, the Hodge index theorem and the charac-
terization of rational double point-due to Artin we have the following.

PROPOSITION 5.9. Let ECZ be the union of irreducible curves A on
Z with H-A=0. Let E, be an arbitrarily chosen conmected compoment
of E. Then one of the following (1), (2) necessarily holds.
(1) E, 18 a connected component of the support of the divisor which is
obtained from D=3 a,D, by removing all the components D with
D -H>0. E,coincides with the union of exceptional curves of the minimal
resolution of some normal isolated rational singular point.
(2) E,NSuppD=@ and E, coincides with the union of exceptional
curves of the minimal resolution of a rational double point.

COROLLARY 5.10. (1) If D has the form (a) or (b) in Proposition

5.8, then all singular points on the mormalization X are rational double
points.
(2) If D has form (c) or (d) in Proposition 5.3, then X has rational
triple points on the imverse image D of the ome-dimensional singular
locus. The number of rational triple points on X is at most 2. All
other singular points on X than rational triple points on D are rational
double points. The images of these rational triple points by the morphism
y: X— X are also triple points.

ProoF. (1) By Artin [2] it is obvious. (2) The image on X of the
component D; of D with D}=—3, D;-H=0 is not a rational double point
but it is a rational singular point. If its multiplicity is greater than 8,
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then it is 4 since X has degree 4 and X is a cone over a plane quartic
curve. If X has a point with multiplicity 4, obviously the minimal re-
solution Z of the normalization X is X,. In our case Z is not 3,. Thus
its multiplicity is 8 and its image on X is also a triple point. Since the
number of D; with D?=—8 is at most 2 by Proposition 5.3, the number
of triple points on X is at most 2. Q.E.D.

REMARK. In [21] Rohn gave a precise description of quartic surfaces
with a triple point. In particular he knew that there is a quartic surface
in P® whose one-dimensional singular locus is a line and such that it has
one or two triple points on the singular line.

§6. Special blowing-downs.

This section is the continuation of Section 5. We deal with the same
surface Z as in Section 5. We show that there is a special blowing-down
in case (b), (¢) and (d) in Proposition 5.3.

Now we have an admissible blowing-down to P? by Proposition 5.6.

(*) 01 Z=2y—2 2, -2 Z, oo Z, =3, Z,=P?
Let z,€Z,, be the center of g, We define inductively D,=D, H,=H,
D, ,=0,D,; and H, ,=0,,H, for k=i=1. By Proposition 4.5 H=H, is a
reduced irreducible quartic curve with only one singular point of type
A, or A, at z,.

Consider the next two conditions in particular.
(a) The line in P? passing through z, and 2z, does not pass through z,.
(b) The strict transform of the exceptional curve o;'(z,) does not pass
through both 2z, and z,.
We can check that under (a) and (b) the linear system IZE'O—E'I—E'Z—E'sl
on Z, (K, is the total transform on Z, of a line in P®. E, is the total
transform of the i-th exceptional curve o;'(z;) for :=1.) defines a birational
morphism 7v: Z,— P* The composition 7v(0,0.,0,)': P*—---—P* is the
birational mapping called the quadratic transformation with center z, z,
and 2z, We can check that vy=v,7,7; is a composition of three blowing-
ups 7, 7, Vs such that zo,0,=17,7; for the projection z:3,— P'. Thus
0=70,0; - 0, defines another admissible blowing-down to P2

_ ProrosiTION 6.1. Assume that D contains a component D, with
Dj=—-3 and D;-H=0. Then there is an admissible blowing-down
o: Z— P* to P* with ¢*D;=0.
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PrROOF. By exchanging indices if necessary, we assume that D= —8
and D,-H=0. By Proposition 5.6 there is an admissible blowing-down ¢
to P’. We use the above notation. We will show that by modifying
the above sequence (*), we can obtain the desired blowing-down. Note
that 1<degree of ¢,D,<8, if ¢,D,#0, since D,=0,D € |—we|=the linear
system of cubic curves.

Case (1). o¢,D, is a cubic curve in P2

If A=g,D, is smooth, then we have D:=(¢,D,)*—9=0, a contradic-
tion. Thus A is a reduced irreducible singular cubic curve. Let z be
its unique singular point. The singularity (A4, z) is of type A, or A,.
Assume for the moment that z+#2,. The strict transform (o,0; - -- of,,),,,lhi1
of A by o, intersects with the strict transform (o, - - - ¢.), F of F by o, at
two points. If F is a sufficiently general member of |E,— E,|, this implies
that D,-F=2. On the other hand D -D,=—1 since D=—38 and p,(D,)=0.
Therefore D,-H=D,-F+D,-D=1+0, which contradicts the assumption.
One sees that z=z,. Now since D:=—38, all of 2, 2, -+, 2z, lie on the
strict transform of A. The line passing through 2z, and z, does not pass
through z; since z, is a double point of A. The above Condition (a) is
satisfied.

Subcase (1-1). The image of z, on Z, is different from z=z, for some
1+ with 2<1<9.

By exchanging the order of blowing-ups, we can assume that z,#0,(z,).
Then the above Condition (b) is also satisfied and we can define another
admissible blowing-down 6=70,0; - -- 0, By easy calculation one sees that
é,D, is a quadratic curve. Thus Subcase (1-1) is reduced to the following
Case (2).

Subecase (1-2). The image of 2z, coincides with the point z for every ¢
with 1<4<9 and A=¢,D, has an A,-singularity at z.

Let A'=(0.0, - 0,),.D, be the strict transform of A by o, A’ in-
tersects with E’'=o07'(z,) at two points x, ¥ transversally. For every <
with 2<7<9, 2, lies on the strict transform of A’ and it lies also on the
total transform of E’ by assumption. Thus for 2<:<9, the image of
2, on Z, coincides with either x or y. It implies that for either z or y,
there is two indices a, 8 with 2<a<B=<9 such that the images of z, and
z; coincides with it. By exchanging the order of blowing-ups we can
assume a=2, =3 and z,=0,(z;) € A'NE’. Note that since z, lies on the
strict transform of A’, it does not lie on the strict transform of E’.
Thus the above Condition (b) is also satisfied and Subcase (1-2) is also
reduced to Case (2).

Subcase (1-3). The image of 2z, coincides with the point z for every <
with 1=<7<9 and A=¢,D, has an A,singularity at z.
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Note that the point z,€ Z,_, is uniquely determined for every ¢ with
1<i¢<9 by the above condition. In this case both z, and z, lie on the
striect transform of o¢7'(z,) and we cannot apply the quadratic trans-
formation. '

Instead of it, consider Z,. Let E, be the strict transform of o7%(z,)
on Z, for 1<1<5. Let F be the strict transform on Zy of the tangent
line to A at z (The line which has the local intersection number 38 with
A at z) and A=(0,0,0.0,),D, be the strict transform of A on Z, Their
configuration is represented by the next dual graph. (The attached in-
teger is the self intersection number.)

F Eg EA'S E4 -EAvb AA
-1 -2 -2 -2 -1 1
O

O—0O0——0O——0—-=0

£, -3

We can contract successively F', K, E,, E,, E, in order. We have another

admissible blowing-down ¢’: Z—22% 7, 5 —P: We can check that
o'.D, is a line. Thus Subcase (1-3) is reduced to the following Case (3).

Case (2). o,D, is a quadratic curve in P:.

Just seven of 2, 2, +++, 2, lie on the strict transform of A=g,(D)
since A*—D=7. If 2z ¢ A, then we have F -D=2, a contradiction. By
exchanging the order of blowing-ups we can assume that z, 2,, ---, 2, lie
on the strict transform of A. Three points z, 2z, 2; do not lie on the
same line since they lie on a smooth quadratic curve A. Note that the
strict transform A’ of A on Z, intersects with E’=¢7'(z,) at one point
transversally since A is smooth. Thus if 2z, € E’, then the strict transform
E"” of E' on Z, is disjoint from that of 4 and 2,¢ E”. One sees that
the above Condition (a) and (b) are satisfied. We have another admissible
blowing-down é=Yg, -+ d,. Then by calculation one sees that 4,D, is a
line. Thus Case (2) is reduced to Case (3).

Case (8). o,D, is a line in P2

Just four of 2z, 2,, +++, 2, lie on the strict transform of A=a*ﬁ1. If
z,€ A, then on Z, the intersection number of H, and the strict transform
of A is 2. Since z,, +--, 2; lie on the strict transform of H,, at most two

of them can lie on the strict transform of A. Thus we cannot blow up
four times on A. One sees that z,¢ A. Now by exchanging the order of
blowing-ups we can assume that z,, 2, 2,, 2s lie on the strict transform
of A. Then we can define the quadratic transformation with center z, z,
and z, and we have another admissible blowing-down &. For this &, one
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has 6,D,=0. Q.E.D.

REMARK. For the blowing-down ¢ in Proposition 5.7, D; is the strict
transform of the exceptional curve of the first blowmg-up and the image
o(D;) is a s1ngular point of the cubic curve ¢,D.

Now since o*D =0, D is the strict transform of ¢;'(z,) for some k
with 1<k<9. However, H, and o;!(z,) intersect transversally at one point
for 2<¢<9, since H, is smooth for 1<7<8. Thus the strict transform
of g:'(z;) on Z has self intersection number —1 or —2 for 2<4<9. One
sees that k=1.

If a(lN),-) is a smooth point on ¢,D, then o7'(z,) is not a component
of D, and D, is not a component of D, which is absurd.

PROPOSITION 6.2. Assume that D contains a component D with
D =—3 and D H=1. Then there is an admissible blowing-down
o: Z— P*? to P® such that a*f)l 18 a quadratic curve and such that the
center z, of the first blowing-up does not lie on o,D,.

ProoF. Case (1). Assume that there is an admissible blowing-down
o: Z— P? such that ¢,D, is a cubic curve.

The curve ¢,D, has a unique singular point 2z, since the reduced
irreducible cubic curve o¢,D, is the image of the rational curve D, If
z=z,, then it contradicts the assumption F'-D,=2. Thus z#2,. If all of

2 *+, 2, are different from z, D, is never smooth. Thus one element in
2, -, 2, coincides with z. By exchanging the order of blowing-ups we
can assume that z=2z,. Next if there is an element in z,, 2,, -+ -2, which

does not lie on the strict transform of ¢,D, then we have D?>—8.
Thus in particular z, lies on the strict transform of the cubic curve ¢,D,.
The line passing through 2z and 2z, does not interseect with the strict
transform of ¢,D, on Z,. Thus this line does not contain 2;. Thus three
points z,, z,, 2, are not colinear. Now by considering the quadratic
transformation with center z, z,, 2, we can reduce Case (1) to the next
Case (2).

Case (2). Assume that the image o,D, by an admissible blowing-down
o: Z— P* is a quadratic curve.

If z,e€0,D, then we have F'-D,=1, which contradicts the assumption.
Thus 2z, ¢ a*ﬁl.

Case (8). Assume that ¢,D, by o: Z— P* is a line.

In this case the equality F'-D,=2 never holds. Thus this case never
takes place.

Case (4). Assume that ¢,D,=0 by ¢: Z— P~
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If D, is the strict transform of the exceptional curve of the first
blowing-up, then we have F.D,=1, which contradicts the assumption. If
D, is the strict transform of the exceptional curve of the blowing-up on
and after the second one, then D2>—2, which is absurd. Thus case (4)
never takes place. Q.E.D.

Now for reader’s understanding we give examples in the sequel.

EXAMPLE 6.3. An example of a reduced irreducible quartic surface
with 2 triple points.

Consider a plane quartic curve Hc P? whose singularity is a unique
A,-singular point at P,e H. Let L, be a general line passing through
P,. Let P,e L,n H be an intersection point with P, P,. Choose a suf-
ficiently general line L,CP? Let P, P, P, P, be the intersection points
of L, and H. Furthermore let L, be a general line passing through P,.
We denote by P, P, P, P, the intersection points of L, and H. Under
this situation let ¢: Z— P* be the blowing-up of nine points P, P,, - -+, P,.
Consider the image X by the morphism @o=¢z: Z— P® defined by the
strict transform H of H by ¢. The surface X is quartic. We denote
by L;, L;, and L; the strict transform of L,, L, and L, by o respectively.
Set L;=0"'(P,). The image @o(L)=@(L;) is a line and @(L)=9p(l,;)=
Sing X. @(L;) and @(L;) are points and they are triple points lying on
Sing X.

EXAMPLE 6.4. The Plucker surface.

This is the surface discussed in Klein [17]. It is rational.

Let G be a smooth elliptic curve. We give it a group structure by
choosing the origin oeG. Let peG be one of points of order 2. Set
E=Cyo—p)@® Pz and Z=P(E). Let n: Z— G denote the projection and
let G, and G. be the section of = associated with the projections EF—
s 0—p) and E— 7, respectively. It is not difficult to see that Z=
Z—G,—G, has a group structure such that z|Z: Z— G is a group homo-
morphism. Let 4: Z—Z be the morphism associating an element with
its inverse one. The morphism ¢ has 8 fixed points. Moreover we can
extend ¢ to Z and the isomorphism %:Z—Z is induced. Note that
1(Gy)=G.. and (G.)=G,. The line bundle L=7*C40+p)R 7% G,+G.)
is invariant by 7. One sees that L induces an morphism f: X=2Z/1— P®.
Here X=_Z7/7 is the quotient variety. Setting G=(G,UG..)/7, the restric-
tion f|G is a morphism of degree 2. However, the restriction f|Z/i to
X—G=2Z/i is an embedding. The image X=f(Z/7) has the one-dimensioal
singular locus along the line f (@) and X has 8 A,-singular point outside
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f(@®). This X is the Pliicker surface.
In [17] Klein showed that there is the duality between 8 isolated
singular points on X and 8 “singular tangent planes”.

REMARK. In [16] Klein discussed the Kummer surface Y. A quartic
surface in P® whose singularity is 16 A,-points is called a Kummer surface.
It is known that any Kummer surface is the quotient of an Abelian
surface by the involution induced by the group structure. When we fix
an arbitrary line ! in P®? we have 4 intersection points with Y and 4
tangent planes to Y containing I. If we divide 4 intersection points to
2 sets of 2 points, then it is known that a division of the above 4 planes
to 2 sets of 2 planes is induced. Then he defined that 2 points in one of
2 sets are conjugate to 2 planes in one of 2 sets. He studied this notion
“conjugate’ closely in [16].
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