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1. Introduction.

The purpose of this paper is to study curves on rational surfaces from the
viewpoint of birational geometry. We begin by recalling basic notions and elementary
results of birational geometry of plane curves (see [4], [5] and [8]).

Let C be a curve on a surface S. Here by curves and surfaces we mean projective
irreducible varieties of dimension 1 and 2, respectively, which are defined over an
algebraically closed field of characteristic zero. We shall study such pairs (S, C). Two
pairs (S, C) and (S, C,) are said to be birationally equivalent if there exists a birational
map f: S— S, such that the proper image f[C] of C by f coincides with C,. Here
the proper image f[C] is by definition the closure of the image f(x) of the generic
point x of C. When there is no danger of confusion, we say that C is birationally
equivalent to C,; as imbedded curves if two pairs (S, C) and (S,, C,) are birationally
equivalent. A pair (W, D) is said to be non-singular, if both W and D are non-singular.
In this case, we have complete linear systems |m(D+ Ky,)| for any m>0, where Ky
indicates a canonical divisor of W. The dimension dim|m(D + Ky )|+ 1 depends on both
D and W. But to simplify the notation, we use the symbol P,[D] to denote
dim|m(D + Ky,) |+ 1. From this we define the Kodaira dimension k[D] of (W, D) to be
the degree of P,[D] as a function in m. It is easy to see that P,[D] and x[D] are
birational invariants of (W, D) in the above sense. In general, for n=m, the dimensions
dim|mD + nKy, | are also birational invariants. To verify this, let 4: ¥ — W be a birational
morphism where both ¥V and W are non-singular. We assume that D is non-singular
and the proper inverse image of D by A, denoted by D,, is also non-singular. Then
we have

mD, +nK, ~h*(mD +nKy)+mR,+(n—m)R,,

where R; is the logarithmic ramification divisor and R, is the ramification divisor (see
[4]). Here the symbol ~ denotes the linear equivalence between divisors. These divisors
are effective and the images of these by /4 are finite sets of points. Hence,
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|mD, +nKy, |=h*mD+nKy|+mR,+(n—m)R, .
From this, it follows that
dim|mD, +nK, |=dim|mD+nKy, | .

Given a pair (S, C), one has a non-singular model which is by definition a
non-singular pair (W, D) being birationally equivalent to (S, C). Define P,[C] to be
P_[D]. In the same way one can define Kodaira dimension k[C] to be k[ D]. When S
is a rational surface, P,[C] is equal to g(C), which is the geometric genus of C. Hence,
P,[C] vanishes if and only if C is a rational curve. It was proved by Coolidge [1] that
P,[C] vanishes if and only if (S, C) is birationally equivalent to (P2, line). In the sections
6 and 8, generalizing this we shall prove the next result.

THEOREM 1. Given a pair (S, C), let P,, denote P,[C]. Curves C with P,<1 are
classified as follows.

1. If P,=0, then C is birationally equivalent to a line on P? as imbedded curves.

2. If Py=P,=1, then C is birationally equivalent to a non-singular cubic on P? as
imbedded curves.

3. If P,=1 and Py=0, then C is birationally equivalent to a rational sextic curve
with ten double points on P? as imbedded curves.

4. In the above statement, the condition P, =1 and P3=0 can be replaced by P, =0,
Pg=1.

5. If Py=0and P,=1, then C is birationally equivalent to a rational curve of degree
3m which has nine m— ple points and one double point on P? as imbedded curves.

Moreover, plurigenera of such curves with m>2 in the case 5) are as follows:
Py=1, P,=[2—-4/m]+1, Ps=[2—-5/m]+1, P¢=[3—6/m]+ 1, where the symbol [ X ]
denotes the integral part of a number X. In particular Pg=2, if m>2.

The next purpose is the study of minimal models of pairs. A non-singular pair
(S, D) is said to be relatively minimal, whenever the intersection number D - EZ=?2 for
any exceptional curve (of the first kind) E on S such that E#D. In this case every
birational morphism from (S, D) into another non-singular pair (S,, D,) turns out to
be isomorphic. Moreover, the pair (S, D) is said to be minimal, if every birational map
from any non-singular pair (S,, D,) into (S, D) turns out to be regular. It was shown
in the proof of Proposition 3 in [5] that any relatively minimal pair (S, D) is minimal
if k[D]=2. In this case, the self-intersection number D? is a birational invariant.
Moreover, if k[D]=0, D? is also a birational invariant except for the case in which
k[D]=0and P,[D]=1. Assuming that the non-singular pair (S, D) is relatively minimal
and g=P,[D] >0, we have the following result.

1) Ifx[D]=0, then g=1 and D*=8 or 9.

2) Ifk[D]=1, then A) g=1 and D*=4g—4=0 or B) g=2 and D*=4g+4=12.

In the case A), such pairs (S, D) are obtained from plane curves of degree 3m=6
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with nine m — ple points. In the case B), those pairs (S, D) are obtained as non-singular
models of (P2, C) where Cis a plane curve of degree d =4 with only one (d—2) ple point.

A curve C on P? is said to be a curve of type [d; m,, - - -, m,], where d is the degree
of C and the multiplicities of all the singular points (including infinitely near singular
points) are mg, ---,m, Here we usually assume my=---=m,=2. Whenever
mo=m;=---=m;_,, the symbol [d; m{, m,, - --,m,] may be employed. If C is a
non-singular curve of degree d, C is said to be a curve of type [d; 1]. Given a pair
(S, D), we say the plane type of the curve D is T whenever there exists a birational
equivalence between (S, D) and (P2, C) such that the type of Cis T.

One of the main problems of birational geometry of plane curves is to give some
birational characterizations of plane curves in terms of birational invariants such as
D?, genus g and plurigenera. In the section 5, we shall prove the following result.

THeOREM 2 (Cf. Corollary of Theorem 2 in [5]). Suppose that k[D]=2,
g=P,[D]=1 and that (S, D) is relatively minimal. In this case, D*> <4g+4. '
1. If D*=4g+4, then g=3 and the plane type of the curve is [4; 1]. The case in
which D*=4g+ 3 does not occur.
2. If D*=4g+2, then g=4 and the plane type of the curve is [5; 22].
3. If D*=4g+1, then A) g=S5 and the plane type of the curve is [5;2] or B) g=6
and the plane type of the curve is [5; 1].
4. If D*=4g, then g=6 and the plane type of the curve is [6; 3, 2].
If D*=4g—1, then g="17 and A) the plane type of the curve is [6; 3] or B) the
plane type is [7; 4, 22].
6. If D*=4g—2, then g=8 and the plane type of the curve is [7; 4, 2].
7. If D*=4g—3, then g=9 and A) the type of the curve is [8; 5, 22] or B) the type
is [7; 4]. |
8. If D*=4g—4, then A) g=10 and the plane type of the curve is [8; 5, 2], B) the
plane type of the curve is [9; 6, 23] or C) g=9 and the plane type is [7; 32] or
D) 2<g=10—-6=<10 and the plane type is [6; 2°] where 0 <5<8.

hd

ReMARK. Recently, O. Matsuda [8] has succeeded in determining all the possible
types of #-minimal models of minimal pairs (S, D) with 4g —5=D?>4g—10.

In order to state Theorem 3, we use the notation of type of curves on some rational
surfaces, which will be introduced in the next section.

THEOREM 3. Under the same hypothesis as in Theorem 2,

1. D?*<3g+7.

2. If D*=3g+7, then A) g=3 and the plane type of the curve is [4; 1] or B) g=6
and the plane type is [5; 1].

3. If D*=3g+6, then A) g=10 and the plane type of the curve is [6; 1] or B) the
curve is birationally equivalent to a curve of type [3 *e, b; 1] as imbedded curves
where e=3b and b=2 or e=4 and b=1 or ¢=3 and b=0. In this case
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g=2e—2—3b holds.

4. If D*=3g+5, then g=9 and A) the plane type of the curve is [6; 2] or B) the
plane type of the curve is [7; 3%].

5. if D*=3g+4, then A) g=15 and the plane type of the curve is [7; 1] or B) g=12
and the plane type of the curve is [7; 3] or C) the plane type of the curve is
[8; 4, 3] or D) g=8 and the plane type of the curve is [6; 22].

ReMARK. Ifx[D]=1and g=2, then D> =4g+4. Therefore, under this'assumption,
the equality D?=3g+ 7 implies that the plane type of the curve is [5; 3] with g=3.
Further, the equality D? = 3g + 6 implies that the plane type is [5; 3, 2] or [4; 2] withg=2.

In birational geometry of plane curves, the following problem may be interesting.

Given a plane curve C, take all plane curves D which are birationally equivalent
to C as imbedded curves: Find all the curves D that have the minimal degree among such
curves.

Since the existence of the curve with minimal degree is obvious, the problem is to
find and characterize curves with minimal degree among curves birationally equivalent
to the given curve C as imbedded curves.

The following notion is a kind of minimality introduced in p. 62 of [5].

Let L be a line and C a curve on the plane P?>. We say that C is L-relatively
minimal, if for any birational map 4 from P? into iself, the degree increases, i.e.
h[C]+L=C"- L. Furthermore, if the equality h[C]+ L=C"- L implies that 4 is linear,
then we say that C is L-minimal. Non-singular plane curves of degree >3 are L-
minimal.

REMARKS. 1. A straight line is L-relatively minimal, but not L-minimal. Indeed,
the quadratic transformation defined by x=x,, y=x,y, transforms the line y=0 into
the line y, =0.

2. Conics are not L-relatively minimal.

3. Non-singular cubics C are L-relatively minimal, but not L-minimal, since a
Cremona plane transformation with center P, Q, R on C transforms C into
another non-singular cubic C,.

As a corollary to Theorem 4, we shall show that
a plane curve of type [d; my, my, - - -, m,] is L-minimal, if d>my+2m,.

Moreover, we shall generalize this result in the case of curves on X,.

As a corollary to Theorem 5, we shall show that

If d>my+m, +m, is satisfied, then a birational map of P? preserving C is linear.

The author would like to thank professors K. Akao and M. Ebihara and Mr. O.
Matsuda for their valuable advices during the preparation of this paper. Last but not
least, the author thanks the referee for careful reading, valuable advices and critical
comments.
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2. Minimal models of rational surfaces.

We start with recalling basic notions concerning relatively minimal models of
rational surfaces.

It is well known that given a rational surface S, after contracting all exceptional
curves on S successively, we have relatively minimal models of S. Relatively minimal
models of rational surfaces are the projective plane P> or P* x P! or a P! — bundle
over P! with a section A of negative self intersection number. The last surface is
denoted by a symbol X, where —b denotes the self intersection number of the section
A,. For simplicity, we let X, denote the product surface P! x P!, The Picard group of
2, (b=0)is generated by a section A, and a fiber F,=p ~!(u) of the P! — bundle, where
p: Z,— P! is the projection.

Let C be an irreducible curve on X,. Then there exist integers ¢ and e such that

C~cA, +eF,.
Wehave C+ F,=cand C-A_ =e—b - o. Hereafter, suppose that C#A_ . Thus C-A_ =0
and hence, e=o+b. If b>0 then A2=—b<0 and such a section A, is uniquely

determined. For a surface P! x P!, we have F,~P! x point and A~ point xP!. We
may assume that e=o. Thus ¢ and e are uniquely determined for a given curve C on
2,. Letting = be the virtual genus of C, we have

2r—2=C?*+K+C=(0A,+eF) - ((6—2)A,+(e—b—2)F,)
=b(l —0)o+2(ec—e—o0).
Hence,
n=(e—1)oc—1)—bo(c—1)/2,
C*=2es—0c°b.

We assume C to be singular. Let m(C) denote the highest multiplicity of the singular
points of C. We take a singular point p; on C with mult, (C)=m(C), that is denoted
by m,. Blowing up at center p,, we obtain a surface S, and a proper birational morphism
Uy S;— Sy,=2, which satisfies

uH(C)~Cy+mE, ,

where E| is the exceptional curve uj !(p,) and C, is the proper transform of C by p; .
Letting K, and K, denote canonical divisors of S,=2, and S, respectively, we have

Ki~pf(Ko)+E; .

Letting m, denote m(C,) and taking p, on C, such that mult,(C,)=m,, we have a
surface S, and a birational morphism u, : S, — S; which is obtained by blowing up at
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P». Continuing this process, we obtain a sequence of birational morphisms u,, u,, - - -, u,
such that the composition u of these morphisms gives rise to a minimal resolution of

the singularities of the imbedded curve C:

, Hy - u
W=S'. —l‘—’ Sr—l l= AR 2 > Sl L S0=Zb.

Thus letting m;=mult, (C;_,), we have a sequence of integers m,, m,, - - -, m, such that
m;2m,2---2m,22. Here, C, stands for C. In this case, the curve C of a pair (Z,, C)
is said to be a curve of type [o * e, b; my, m,, - - -, m,]. For simplicity, [a*e, 0; m,, m,, - - -,
m,] is rewritten as [ *e; my, m,, - - -, m,]. In the case where C is itself non-singular, we
put r=0 or r=1 and m, =1 by convention. Moreover, if C is non-singular, we say that
C is the curve of type [o*e, b; 1].

3. [Elementary transformations.

We shall introduce special kinds of birational transformations, called elementary
transformations. Take a point p on Z,. Blowing up at p, we have a birational morphism
p: S; = So=2,. Then letting F be a fiber p~(p(p)) of Z, and letting E be the exceptional
curve u~ 1(p), we have

oA, +eF)~u*(C)~C' +mE,
WHEF)~p*(F)~F +E.
Here F’ and C’ denote the proper inverse images of F and C, respectively. If pe A_, then
denoting by A, the image of A, we have (A, )>= —b—1. Moreover, u*(A_)~A! +E,
and
C'~o(AL,+E)+e(FF+E)—mE.

Since F'?= —1, F' becomes an exceptional curve. Contracting F’ into a non-singular
point p’ we get a non-singular surface S’ and a proper birational morphism u’: S; —» .S’
By A - F'=A,-F—1=1—1=0, u’ is isomorphic around A/. Thus, the image A/, of
A}, by u’ is isomorphic to A/,. Hence,

ALY =A2=A2—-1=—b—-1.
This implies that S’ is isomorphic to %, , ;. The image of C’ by u' is denoted by C,, that
satisfies

Co~a'A” +e'F,,

for some integers o’ and e’, where F, is a fiber of the P!-bundle X, . ;. The inverse image
of F, by u’ satisfies

wHE)~F +E.
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Let m' denote the multiplicity of C, at p’. By the same argument as before, we obtain
C'~c'Al+e'(F+E)y—m'F' .
Since E, F' and A, are linearly independent, it follows that

’

c'=0,0+te—m=e’,e=e’'—m’.
Hence,
m=c—m,e'=e+m'=et+oc—m.

Also in the case when p ¢ A, we get the similar result and finally we obtain the following
proposition.

PROPOSITION 1. 1. IfpeA,, thenS'=2X,, andm'=c—m, e'=e+m'=e+oc—m.
2. Ifp¢eA,,thenb>0and S'=%,_,, m=c—m, e'=e—m.

The birational map u - u’~ ! is called elementary transformation of type 1 with center
p.

Let D be a non-singular curve on .S. We may suppose that the pair (S, D) is relatively
minimal. First we suppose that D cannot be transformed into an exceptional curve by
any birational map : S — W where W is a non-singular surface.

If S=P?, then the degree of D>2.

If S#P?, then after successive blowing downs of exceptional curves, we have a
birational morphism A: S— Z,, and the image A(D)=Cis a curve on X,. The type of
C is denoted by [o*e, b; m,, m,, - - -, m,]. Suppose that ¢ #0 or 1, in other words, C is
neither a fiber of X, nor a section. If ¢ <2m, then perform an elementary transformation
of type I with center p;, where mult, (C)=m,. The transformed curve has the type
[oxe’,b';m',m,, ---,m,], where b’'=b+1, m'=0—m,; and m’ <m,. It should be noted
that m’<m, may occur.

After a finite number of elementary transformations of type I, we can assume that
C is transformed into a fiber or a section of X, or a curve C which satisfies o =2m;,.
During this process, o is invariant. But e may increase or decrease.

If =0, then we have an isomorphism ¢: X, — X, defined by &(x, y)=(y, x). The
isomorphism ¢ exchanges A, and F,. The isomorphism defined by the map ¢ is called
an elementary transformation of type II.

After a finite succession of elementary transformations of type I and II, we can
assume o0=0 or =1 or 0=2m,; and moreover if b=0, then we assume that ¢=2m,
and ¢ <Ze.

In the case b=1, we have A2 = —1; hence A, is also an exceptional curve. Take
a point p from S—A_ and blow up at p. Then we have a non-singular surface U and
a proper birational morphism u : U— X,. The inverse image of p is an exceptional curve
E, that satisfies A, " E= . Letting C’ denote the proper inverse image of C, we have
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C'~6A,+e(F +E)—m,E .

Contracting A into a non-singular point ¢, we have a non-singular surface W and a
proper birational morphism A : U— W. Wisisomorphic to 2, which has a P! — fibering.
The image of E is a section of the fibering, which we denote by A. The image C, of C’
by 4 is written as follows for some ¢’ and e’ in the space of linear equivalence classes:

Co~0c'A+e'F,.

Here F, denotes a general fiber of the P! — bundle of W. By the same argument as
before, we have

oc'=e—my,e'=e,m=e—oc,

where m’ indicates the multiplicity of C, at ¢q. The birational map ¢ : W— X, obtained
from composing u and A~ 1 is called an elementary transformation of type I11 with center p.

Now we take a point p, where m; =mult, (C)=m(C). If e—o <m,, then A, does
not pass through p,, sincee—o=A, + C<mult, (C)=m,. Thus we can apply elementary
transformation of type III with center p; and then the transformed curve C, has the
type [o'*e’, 1;m',m,, -- -, m,], where m'=e—a<m; and ¢'=e—m; <o. m’' may be
smaller than m,.

Finally we consider the case when C s itself non-singular. If b=1ande—o=m,; =1,
then A is an exceptional curve with A + C=1. This implies that (¥, C) is not relatively
minimal. If 6 <2, then =1 or 0. In each case, it is easy to see that (S, C) is birationally
equivalent to (S,, £) where E is an exceptional curve on a non-singular surface S,.
Therefore, observing the invariants o, e and the highest multiplicities 7, and the number
of singular points p; with m;=m, under elementary transformations of type I, II, III,
we obtain the following result.

PrROPOSITION 2. Let (S, D) be a relatively minimal pair. Suppose that D is not
transformed into an exceptional curve by any birational map S— W. Then either
A) S is a projective plane and D is a non-singular plane curve with degree=3 or B) (S, D)
is birationally equivalent to (2,, C) that satisfies the condition: 6 =2m,. Moreover, if b=0,
then e2o and if b=1, then e—o=m,. Furthermore, if b=m, =1, then e—0=2.

DEFINITION. When the condition in the statement B) is satisfied, the pair (X,, C) or
Jjust C is said to be #-minimal.

We shall give some examples of types of curves of #-minimal pairs and examine
types which vary under certain types of birational transformations.

A curve C, of type [o*e, 1; my, - - -, m,] is birationally equivalent to a plane curve
of type [e;e—o0o,m,, ---,m,]. If C, is #-minimal, then e—c6=m, and o =2m,; hence
e=e—o+2m,. Writing d=e, m,=e— g, the above equation is rewritten as d=mg, +2m;.

In general, for a plane curve of type [d;mgy, my, m,, -, m,], an equality
d<mgy+m, +m, is said to be the Noether inequality. Hence the inequality d=m,+2m,
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derived from the condition of #-minimality is stronger than the converse of the Noether
inequality. It is my understanding that inequalities defining #-minimality are closely
related to the converse of the Noether inequality.

Let C be a curve on X,=P! x P! of type [oxe; m,, - - -, m,] as imbedded curves.
Blowing up at p,, one sees that C is birationally equivalent to a plane curve of type
[e+0—m;e—my, 6—my, m,, - -, m,]. If Cis #-minimal, then e—m;206—m;2m, =
m,. Conversely, we let C, be a plane curve of type [d; my, my, - - -, m,]. If p, and p,
are distinct points on P2, then C, is birationally equivalent to a curve C; of type
[d—mo)*x(d—m,); d—mo—my, my, - -, m,].

Note that the condition d—m,—m, =m, is satisfied if the converse of the Noether
inequality d=mg,+m, +m, holds. However, the condition of the #-minimality for the
curve C, implies that d—my=22(d—my—m,), i.e. mo+2m,; =d. If p, is infinitely near
to po, then C, is birationally equivalent to a curve of type ([d—m)*(2d —my—my,), 2;
d—my—my, m,, -, m,].

ExampLES. 1) Curves of the type [3 e, b; 1] are birationally equivalent to plane
curves of type [e—b+1;e—b—2,2""1] as imbedded curves. Here the b—1 double
points are infinitely near singular points.

2) Curves of type [o+*e; 1] are birationally equivalent to plane curves of type
[c+e—1;e—1,0—1] and curves of type [0 *(e+0), 2; 1] are birationally equivalent to
plane curves of type [6+e—1;e—1, 6 —1]. However, the singular points of curves of
the former type are distinct points on P2 and the second one of the singular points of
curves of the latter type is an infinitely near singular point.

4., #-minimal models.

Let (Z,, C) be a #-minimal pair and suppose that C has type [o*e, b;m, m,, - -,
m,]. Then by applying a finite sequence of blowing ups, we have a minimal resolution
u: S— X, of singularities of C and the relations among canonical divisors and the
inverse images of the curves are as follows:

K~p*(Ko)+ ). E;,
i=1

D—u*C)— Y mE; .
i=1

Here, K, denotes a canonical divisor of So=2Z, and the total inverse images u*E; of
E; are denoted by the same symbols. Moreover, for simplicity, total inverse images of
divisors by u shall be denoted by the same symbols. Hence, we can write as follows:
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D+m1K~ C+m1Ko+ Z (ml —mi)Ei s
i=1

C+mKy~(c—2m)A, +(e—m,(b+2))F,.

By hypothesis of #-minimality, 6 —2m,; =0 and e—m,(b+2)=0; thus C+m, K, is a
divisor linearly equivalent to an effective divisor and hence | D+m,K| is not empty.
Thus |m;D+mK|# <, which implies that k[D]=x(D+ K, S)=0. Suppose that there
exits an irreducible curve I' # D satisfying (D + K) * I <0. Then since k(D + K, $)=0, it
follows that I'*<0 and K+ I'< —D+T'<0. Hence, I is an exceptional curve such that
D - TI'=0. However I is not one of the E;, because D« E;=m;=2. Thus

—m=DT+mK-I'=D+mK)- I'=2(C+mK,)-T'=0.

This is a contradiction.

When g=P,[D] >0, we have (D+ K)+ D=2g—22=0, which establishes that D + K
is nef.

When ¢g=0, putting v=—D?, we have v>2. Define a Q— divisor Z, to be
D+v/(v—2)+ K, which satisfies Z,- D=0. We shall verify v>3. Indeed, we assume
that D*= —v=—3 and D-K=1. Claim that m, >3. Actually, suppose that m, =2.
Then we have | D+2K|=|D+m,K |# . However, since (D, D+2K)=D?>+2D+-K=
—3+2=—1, we have | D+ 2K |=D+|2K|, which is void since S is a rational surface.

In resolving the singularities of the pair (X,, C), we have a pair (W, B) obtained
from (%}, C) by blowing up all the singular points with multiplicities 72;= 3. Then letting
K, denote a canonical divisor on W, we have k(B + 3K,, W)=«k(D + 3K, S)=0. Denoting
by 6 the number of double points (including infinitely near singular points) on C, we have

B?=45—3,B-K,=1-26.

Supposing that 6 >0, we have B% =46 —3 > 0. First, we claim that B+ 3K is nef. Actually
if an irreducible curve I'; satisfies (B+ 3K, I';) <0, then I'? <0; hence B#1TI",. Therefore,
I', turns out to be an exceptional curve on W. Hence, B-I'; < —3K, - I', =3. Since
m;=3 and (B+3K,, E;)=m;—3, I'; cannot coincide with E;. Therefore, B-I'j—m, =
B+mK, I'))=2(C+mK,, I'))=20; thus B+ I'; =m, =3. This contradicts the previous
result.

Noting that x(B+3K,, W)=0 and B+ 3K, is nef, we have (B+3K,)2=0 and so
(B+3K,)>=B*+6B-K,+9K?=3—856+9K?20. Thus K?= —1/3+85/9= —1/3. This
implies that K7 >0. By Riemann-Roch inequality,

dim| — K, |[=K?=0.
Therefore, (B+3K,, —K;)=0 and we have
(B+3K,,B)=(B+3K,)*+(B+3K,, —3K,)=0.
But
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(B+3K,,B)=46—3+3(1—28)=—26<0.

Hence, 6 =0. By the similar argument, D+ 3K is nef and | D+ 3K | is not void. Hence
(D+3K)?>=0. (D+3K)?>=3K *(D+3K)=3+9K?>. Again, by Riemann-Roch, dim| — K|
K2=0. Then (D+3K)*=0. This implies that 9K2+3=0; hence K?=—1/3, which
is absurd. This establishes v> 3.

We shall show that Z, is nef. To show this, suppose that there exists an irreducible
curve I' such that Z,+I'<0. Then D-I'<v/(v—2)=1+2/(v—2)<2. Hence D+ I'=0 or
1. Since g =0, the curve C must be singular and hence,

1—mlgD'F+m1K°F=(D+m1K)'Fg(C+m1K0)'F;O.

Thus m, <1, which contradicts the fact that C is singular. Therefore, we have the former
part of the following resulit.

PROPOSITION 3. Suppose that (X, C) is $-minimal.
1. x[C]=0.
2. If g(D)>0, then D+ K in nef.
3. If g(D)=0 and xk[D]=0, then D+v/(v—2)+ K is nef where v=—D?2,
(@) v=4and P,[D]=1.
(b) If v=4, then x[D]=0 or 1.
() Ifv=S5, then x[D]=2, (D+v/(v—2)+K)*>0 and P,[D] z2.
Proof of the part 3). Assuming g(D)=0, by the Riemann-Roch formula,
P,[D]=dim|2D +2K |+ 1=dim|D+2K|+1
2(D+2K) (D+K)2+1=(D+K)*K.
From (D+v/(v—2)- K)?=0, it follows that
(D+v/(v—=2)-K)*=(D+vK/(v—2))- K- v/(v—2)=0
and thus

v—2
v

K*> — D-K,

(D+K)-K;<1 — VIZ)D-K=2—%21 .
If v=4, then D*= —4, D+ K=2, (D+2K)*=0 and hence (D+2K)*=4+4K?=0.

We shall verify (D+2K)?>=0 by deriving a contradiction under the hypothesis
(D+2K)*>>0. Since (D+2K)*=4+4K?*>>0, we have K>20. By dim| —K|=ZK*Z=0,
we have (D+2K)-(—K)=0. This implies (D +2K)+ K=0. Thus (D +2K)*=0.

The intersection numbers are computed as follows:
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D+ K) -0+ mK)=(C+Ko)* (C+miKo)+ 3 (my—mom=1),

(C+Kyp) (C+mKp)=(e—(b+2)m,)oc—2)+ (6 —2m,Ye—ab+b—2).
Hence,
(C+Kp)(C+mKy)20
and so
(D+K)+(D+m,;K)=0.

When the equality in the above holds, 1) 6=2 and C is non-singular or

2) Ifb=22, then my=m,=-.-=m, 6=2m,, and e=4m,, b=2; or if b=1, then
o=2my, e=3m,; or if b=0, then e=0=2m,.

In general, if a #-minimal pair (Z,, C) satisfies o >2m,, then it is said to be strongly
#-minimal or #%-minimal, in short.

Furthermore, if a #-minimal pair (Z,, C) is birationally equivalent to a pair (S, D),
it is said to be a #-minimal model of (S, D).

ProrPosITION 4. If (Z,, C) is #%-minimal, then
(D+K)-(D+m,K)=qm,—2.

Here q=4 where b#1, and q=3 when b=1.

Proor. If =2, then e2ob=(2m, +1)b and so

(6—2)e—(b+2)m)=(2m; —1)(b—2)m, +b)=2(2m, —1).
If b=1, then e=o+m,;=3m, +1, and hence
(e—3mNo—2)+(6—2m ) e—c—1)22m, —1+m,—1=3m;—2.
If 5=0, then
(e—2my )Mo —2)+(c—2m,)e—2)=2(12m,—1).

By applying the adjunction formula, we have D - K=2g—2— D2, where g denotes the
genus of D. From this we obtain the following result.

COROLLARY. If (Z,, C) is $#-minimal, then
. D2=2(g—1)+2g/m; —q+K? .
In addition, if K*> <3, then
D*><2(g—1)+2g/m, .
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ProPOSITION 5. If C is #-minimal, then
D*<2(1+1/m)g—1D)+K?>.
If K*< —1 and m,; =2 then
D?<3g—4.
Proor. This follows from (D +K)+(D+m,K)=0.

ExaMmpLE. Consider affine plane curves C, defined by x=f(t), y=g(t) where
f@)=t"+a,t" '+ ---+a, and gt)=t"+bt" '+ ... +b, are general polynomials
such that n>m. Letting C denote the closure of C, in P2, the pair (P%, C) has a
non-singular model (S, D). By constructing #-minimal models, one can compute the
Kodaira dimension and obtain the following result ([7]).

1. Ifn<6 or m<4, then x[D]= — 0.

2. If (n,m)=(6, 5) or (6,4) or (7, 4) or (8, 4), then k[D]=0.

3. Otherwise, k[D]=2.

5. Proof of Theorem 2.

We shall enumerate all the relatively minimal pairs (S, D) that satisfy the inequality
D? = 4(g—1). We start with studying the case of non-singular plane curves.

If S=P? and D is a non-singular curve of degree d, then D*—4(g—1)=d(6—d).
Assuming k[D]=2 and D2=4(g—1), we have the following three cases:

If d=4, then g=3 and D*=4g+4=16.

If d=5, then g=6 and D*>*=4g+1=25.

If d=6, then g=10 and D?>=4g—4=736.

If d=7, then g=15 and D? <4g—10.

Except for the above cases, it suffices to study pairs under the assumption that
these have #-minimal pairs by Proposition 3.

Let (Z,, C) be-a #-minimal model of (S, D). Denoting the virtual genus of C by =,
and the number of double points by J, we have

n=(c—1)e—1)—o(c—1)b2=g+5+ Z)zmi(m,.—n/z,
C?*=20e—0c2b,
D*=C?*— Z)Zmiz—45=4g+C2——4n+ zzmi(m,-——2).
Hence,
D*—4g+4=C*—4n+4+ ) mm=2).

m;>2

Here 3<m;<0/2 and we let ¢ denote the number of i such that m;>2. Then
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Y mym;—2)<t-o(c—4)/4=t/4-6>—1t0 .
m;>2

Letting ¥V be D*>—4g+4, we have V< T+1t/4- 0% —to, where T=C?—4n +4. Further,
letting Z be T+t/4 - 6> —to, we have V<Z.

We shall study the case in which Z>=0. First, we consider the case when ¢ =2 or
3. Then from hypothesis on #-minimality, it follows that m, =1 and so Cis non-singular.

If 6 =2, then D+ K~ (e—b—2)F,; hence (D + K)*=0. In the case wheree—b—2=0,
we have the following two cases:

1) b=2,e=4and 2) b=0, e=2.

Curves of type [2*4, 2; 1] are birationally equivalent to a curve of type [2x2; 1]
as imbedded curves. We have D?=8 and g=1. Moreover, any curve of type [2%2; 1]
is birationally equivalent to a plane curve of type [3; 1] as imbedded curves. Thus
P,[D]=1 for any m=1. Except for this case, we have e—b—2>0 and so

P, [D]=dim|(m(e—b—2)p)|+1=m(e—b—2)+1

where p is a point on the base curve P! and x[D]=1. The curves have type [2x*e, b; 1].
By performing an elementary transformation of type I, a curve of type [2x*e, b; 1] is
birationally equivalent to a curve of type [2*(e—1), b—1; 1] as imbedded curves. Thus
these curves are birationally equivalent to curves of type [2*(e—b + 1), 1; 1] as imbedded
curves which are birationally equivalent to plane curves of type [e—b+1;e—b—1] as
imbedded curves, where e—b2=3. In this case, g=e—b—1=>2, D?>=4e—4b. Hence,
D*=4g+4 and P,[D]=m(g—1)+1. In particular, P,[D]=2g—1=3.
In the case where =3, we have D= C and so

g=n=2e—3b—2,D>=C2=6e—9b=3g+6.

Furthermore, (D+K)*>*=2e—3b—4=g—2, and
1) If =2, then e=3b+u where u=0, and g=3b+2u—223b—224.
~2) If b=1, then e=4-+u where u>0 by #-minimality of (X,, C). Hence,
g=2u+32=5.
3) If b=0, then e=3+u, where u=0 and so g=2u+4=4.
From this we obtain the former part of the next result.

PROPOSITION 6. If 6=3, then g=2e—3b—2, D*=3g+6 and (D+K)*=g—2. In
this case, g=4 and P,[D]=g - m(m+1)/2+1—m?. In particular, P,[ D] =3g—3.

By applying the following lemma, P,[D] will be computed.

LEMMA 1. If A is a connected curve on a rational surface S with a canonical divisor
K, then

HXS, 0(A+K))=0.

Here, O(D) denotes the sheaf associated with a divisor D.



BIRATIONAL GEOMETRY 303

Proor. From the exact sequence
H%(0s) » H%0 ) » H\(O(— A)) » H'(U5)=0,

we have H'(O(— A))=0, since H%O5)— H°0,) is isomorphic. By Serre duality, the
result follows.

LEMMA 2. On a surface S=2,, a divisor L~aA , + BF, has vanishing cohomology
H'(S, O(L))=0, if «>0 and p—ba=0. Furthermore, if & >0 and B —bo.>0 then L is very
ample. In the case where b=2 or b=1, if a>0 and B—ba=0, then the complete linear
system | L| has no base points and the rational map defined by L is an imbedding into a
singular quadric Q or P? according to b=2 or b=1.

Proor. Let L,=L—K, which is linearly equivalent to
oA, +(B—ba)F,+A +A,+F,+F,.

Here A, is a section linearly equivalent to A +bF,. Hence L, is linearly equivalent to
a connected curve. Hence by Lemma 1 we have

H'(S, O(L))=H'(S, O(L,+ K))=0.
By the Riemann-Roch formula,
dim|L [= —ba(ax+1)/2+a+B+af .

In particular, dim| A, +mF,|=b+2m+ 1. It is easy to check that |A, | and | F, | have no
base points and that A, + F, is very ample. Since the divisor aA_ + BF, is linearly
equivalent to A; + F,+ (x—1)A, + (B —ba—1)F,, it is very ample if «>0 and f—ba>0.
If b=2 and f—2a=0, then L~aA, and the rational map defined by L is an imbedding
into a singular quadric Q.

Now we proceed with the study of curves D on S with D?>4(g—1), where (S, D)
is derived from (Z,, C) by minimal resolution of singularities of C as imbedded curves.

If 0=3, then by Proposition 6 we have D*>=3g+6. Thus ¥=10—g and we have
the following list of types of curves with 6=3 and V'=0.

1. [3x12,4;1]1~[9; 6, 2] where g=10.

2. [3*(9+u), 3;1]~[7+u; 4+u, 22] where g=2u+7 and u=0, 1.

3. [B%(6+u),2;1]~[54+u;2+u,2] where g=2u+4 and u=0, 1, 2, 3. Here the

second singular point on P? is an infinitely near singular point.

4. [B+(@+u), 1;1]~[4+u; 1 +u] where g=2u+3, u=1, 2, 3.

S. [Bx(B+u); 1]~[S+u;2+4+u,2] where g=2u+4, u=0, 1, 2, 3 and the two

. singular points lie on P2.
Here, to simplify the notation, we use the symbol 7,~ T, if curves of type T, are
birationally equivalent to projective plane curves of type 7.

PROPOSITION 7. Under the previous assumption, suppose that o=4 and
4g+4>D*249—420.
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If g>1, then o =4.

If k=1, then g=1 and D?=0. Moreover, the type of the curve is

a) [2m, *4m,, 2; ,m¥], or b) [2m,*3m,, 1; m?] or ¢) [2m, *2m,; m¥].

All these are birationally equivalent to plane curves of type [3my; m{] as imbedded

curves.

3. Ifk=2, then c=4 and m;<2.

a) Ifm;=1, then the type of the curve is [4%8,2; 1] or [4%6, 1; 1] or[4x4; 1].
Curves of type [4%8,2; 1] or [4+4; 1] are birationally equivalent to plane
curves of type [7; 3%]. And curves of type [4*6; 1] are birationally equivalent
to plane curves of type [6; 2].

b) Ifm,=2 and k=2, then types of the curves are [4x8, 2; 2°] or [4%6, 1; 2%]
or [4%4;2%]. These curves are birationally equivalent to curves of type
[6; 2°* 1] as imbedded curves. We have g=9—58>0 and D? =32—44.

Proor. Since K?2—(D?—4g+4)=(D+K)?>=0, it follows that D*—4g+4=<K?>.
Letting V=D?—4g+4, we assume V'=0. Then 0< K2,

We consider the following cases, separately.

Case A) b=2. In this case, we have e=bo +u when u=0. Hence,

Z=(t/4—b)s*+(4+2b—t)o +u(4—20)

N —

and the last term of the right hand side is non-positive. Thus letting Z, =(t/4—
b)o*+(4+2b—t)a, suppose that go=4b—t>0. As a function of ¢, Z, =Z,(0) attains
the maximal value at 6=2+4(2—b)/go<2<4. By Z,4)=8(2—b)<0, we have
V<Z,<0. If the equality V=0 holds, then ¥=0, =2 and o=4. Thus the type is
[4%8,2;2%] and g=9—4, D>*=32—49.

Note that if k[D]=2, then 0<5<7. If >0, then curves of type [4%8, 2; 2°] are
birationally equivalent to curves of plane type [6; 2°*1] as imbedded curves. But curves
of type [4%8, 2; 1] has the plane type [7; 32].

Now suppose that g,=4b—t=0. Then Z, =(4—2b)s <0. Hence, assuming that
V=0, we have b=2 and o=2m; for all i such that m;>2. From 4b—t=8—¢=0, it
follows that

g=02m,—1)4m, —1)—2m,2m, —1)—8m,(m, —1)/2=1

and
D?*=2:2m; -4m,—4m? -2—8m?=0.

Thus the type is [2m, *4m,, 2; m¥]. Since C+ A, =e—b - 6 =0, it follows that the singular
point p; does not lie on A,. Hence, performing elementary transformation of type I
with center p,, the curve of type [2m, *4m,, 2; m¥] is birationally equivalent to a curve
of type [2m,*3m,, 1; m¥].

Finally we consider the case when g,=4b—t<0. Then t>4b=8=4-2. This
contradicts 0 <K?, since K?=8—t—4.
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Case B) b=1. Then’ writing e as o +m; +u, we get u=0 by #-minimality. Thus
Z=—0>+(6—2m,)6+4m; +u(4—20)+t/4-6*—to.
Hence, letting
Z,=(t/4—1)e?+(6—2m;—t)o +4m, ,

we have Z=2Z, +u(4 —20). We consider Z, as a function of g, which is indicated by
Z (o). Suppose 0<t<4. Then the maximal value is attained at o,=2(t+2m, —6)/
(t—4)=2(—t—2(m,—3))/(4—1)<0. Since 6 =2m, >0>0,, we have

0=Z,(0)=Z,(2my)=(—8my(m,—2)<0.
Suppose t=4. Then
0=Z(0)=2-2my)o+4m, <41 —m)m; +4m, =4m,(2—m,)<0.
Suppose t=5. When C is ##-minimal, i.e. ¢>2m,, noting that K>=8—t—6<3, by
Corollary to Prpposition 4, we have
D*<2(g—1)+2g/m, .

By hypothesis, 0 < 4(g — 1) < D?. From these, it follows that g <m,/(m, —1). Since m, =3,
one has g=1 and hence D? <2/m,. This implies that D?=0; hence D - K=0. Again by
Corollary to Proposition 4,

0=D*><2(g—1)+2g/m,—q+K?*=2/m;—q+K?>.
Thus, g— K*<2/m, <1. Hence, 3<¢g=<K? and so | — K| # & by Reimann-Roch. Hence,

—K?=(D+K)+ —K=0. This contradicts 3<K?2.
Assume that 6 =2m,. If t<8, then

Z.2m)=(@t—8m}+2(8—t)m,;=(t—8m,(m; —2)<0.

Hence, V=Z(2m,)<0. Supposing r=8, we get Z,(2m;)=0. Hence V'<Z,(2m,)=0. If
V=0 then o=2m,; for all i and so by the same reasoning as before, we have e=3m,,
t=8, g=(2m;—1)>—8m,(m; —1)/2=1 and D*=4-3m,; —4m?—8m?=0. The type is
[2m,*3m,, 1; m]. These have plane type [3m,; m?].

If t=0, then m, <2, V=T=Z and

T=T(0)= —06%+(6—2m,)o+4m, +u(4—20)< T4 =42 —m,)—4u .

Therefore, if m,; =2, then T<0. Thus, V=0 implies that 6 =4, m, =2, e=3m, =6.
If m, =1, then Cis itself non-singular and T=8 — (¢ —2)? +#(4 —20). Thus V=0 implies
0=4 and e=5+u. Hence V=Z=T=4—4u<0, since u>0. Therefore, we have the
curve of type [4x6, 1; 1].

Case C) b=0. In this case,

T=4(e+0)—2ec=8—4e—2)c—2)<16—4e.
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Letting e=0+u, we have
V<Z=(t—8)/4-6*>+(8—t)o+(4—20)u.

If =8, then Z=(4—20)u< —4u. Hence, V<0 and the equality implies that the type
of the curve is [2m, *2m; m¥]. If 0<t<8, then V=<Z,(4)<0 where Z,(c)=(t—8)/
4:0%+(8—1t)o. If t=0, then V=T=<16—4e. Hence, <0 and the equality implies that
the type of the curve is [4*4; 2%]. If § >0, then the curve of type [4*4; 2°] is birationally
equivalent to a curve of type [6; 2°*!] as imbedded curves.

If m, =1, then letting e=0 +u, we have

T=T(c)=20(4—0)+22—0o)u.

If uz0, 6=4 and T=0, then u=0, 6=4, T=V=0 and thus the type of the curve is
[4*4; 1], which is birationally equivalent to a curve of type [7; 32] as imbedded curves.

Theorem 2 is derived from the results obtained above.

Given a plane curve C of type [3m,; m{], we shall compute plurigenera of pairs
defined by C. By a finite succession of blowing ups we resolve the singularities of the
imbedded curve C. We have a non-singular pair (S, D) and a birational morphism
u: S— P2 Then letting L and K be a line on P? and a canonical divisor on S, respectively,
we have

K~ -3L+6¢&,
D~3m1L-—m1$

where & is an effective divisor obtained as the total inverse image of singular points of
C. Hence, D~ —m,;K and D+ K~ —(m; —1)K.

Since K? =9 —9=0, by Riemann-Roch, we have an effective divisor J&| — K|. Note
that D~m,;J and D+ K~(m,;—1)J. Supposing that m,>1, we shall show that
k(S, D+ K)=«k[D]=1. Actually, since D+ K~ —(m; —1)K~(m; —1)J, it follows that
k(S, D+ K)=x«(S, D)=xk(S, J). Noting that D~m,J and D is irreducible, we infer that
k(S, D)>0. Moreover, since D>=0 and D is an irreducible curve, we see (S, D)<2;
thus x(S, D)=1 is established. Therefore, the linear system m(D + K) for some sufficiently
large m defines an elliptic fibering f: S — P, whose general fiber is denoted by 4, =/~ 1(u).
Then

(D+K):A,=—(m;—1)K-A4,=0.

This implies D-A4,=K+A,=0. Hence D is also a fiber of the elliptic fibering. By the
canonical bundle formula of elliptic surfaces by Kodaira [7], we have

K~Au+(v1 - 1)"4:4/‘,1 = _Au/vl s

where v, is the multiplicity of a multiple fiber of the elliptic fibering of S. Since D is an
elliptic curve and a fiber, we have D~ A, or viD ~ A,. It is easy to derive a contradiction
from the hypothesis that viD ~ A4,. Thus we have D~ 4, and v, =m,. For any integer
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j>0, we have
P;[D]=dim|j(m, — 1A, /m;|+1=[j(m;—1)/m ] +1.
Hence if m; 22 and j=2, then P;[D]=2. In particular, if P,[D]=1, then m,;=1.

ProrosiTiON 8. If g(C)=1 and x[C] L1, then C is birationally equivalent to a
plane curve of type [3m,; m]] as imbedded curves. Moreover, if m, =2, then P,[C]=2.

6. Proof of Theorem 3.

If (S, D) is a non-singular pair of a plane curve of degree d>3 and the projective
plane, then D?> —3g=(d—4)(5—d)/2+7. In the other cases, we have a #-minimal model
(Z4, C) of (S, D). If 6 =3 then m, =1 and D?=3g+ 6. Hence, we suppose o =4. We shall
make use of the following fact due to R. Hartshorne [3].

LEmMMA 3. Let H=2(n—1)o —(0—2)C? and R=2(n—1)e—(e—3)C?. Then H/o=
2e—(2+b)o and moreover, if b#1, then H=0. If b=1, then H/c=2e—30 and
R=—(e—0)*(2e—30)= —(e—0)H/o.

PrROOF. Just by computation.

From this, under the assumption of #-minimality, we have

2(g—1)o—(6—2)D*=H— zr: m;(2m;—o) 2 H .
=1

13

If b=1, then e=0o+m, =3m; and hence

2(g—1)e—(e—3)D*=R— i m;(3m;—e)=R= —(e—o)H/o .
=1

14

First we study the case when H=0. Then 2(g—1)o —(6 —2)D?*=0 and so
D?=2(g—1)a/(6—2)=(g—1)2+4/(c—2)).

If 6 =6, then D?><3g—3.

In the case where 6=35, we have D?>—3g=C?>—3n—r=12+5b—2e—r. We shall
estimate D? —3g by examining the following cases.

In the subcase when =2, we have e=o-b=5b=10 and hence, 12+ 5b—2e—
r=12—e+5h—e—r<12—e—r<2—r. Thus D>*—3g<2.

In the subcase when =0, it follows that e=0o=35 and therefore

D?>-3g=12—2e—r<2—r.

In the subcase when b=1, from the fact 0< H/o =2e—306=2e—15, we have e=8, and
so D?—3g=17—2e—r< —1—r. Therefore, the hypothesis D> —3g =4 implies c=4. In
this case, we have
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D?>—-3g=C*-3n—r=9+2b—e—r.

In the subcase when b>2, it follows that 9+ 2b—e—r<9—2b—r<5. Hence, D*—3g=5
if and only if the type of the curve C is [4%8, 2; 1]. The plane type of the curve is
[7;3,3]. D>—3g=4 if and only if the type of the curve C is either [4%9,2; 1] or
[4x8, 2; 2]. Corresponding to these, plane types of the curves are [8; 4, 3] or [6; 2, 2].

In the subcase when b=0, we have e= o =4 and therefore

D?-3g=9—e—r<5—r.

Hence, D> —3g=>5 if and only if the type of the curve C is [4*4; 1]. The plane type of
the curve is [7; 3, 3]. D> —3g=4 if and only if the type of the curve C is either [4*5; 1]
or [4x4; 2]. Plane types of the curves are [8; 4, 3] or [6; 2, 2].

In the subcase when b=1, by 0<H/c=2e—30=2e—12, we have e=6 and so
D?>—-3g=11—e—r<5—r. Hence, D>*—3g=>35 if and only if the type of the curve C is
[4%6, 1; 1]. The plane type of the curve is [6; 2]. D*—3g=4 if and only if the type of
the curve C is either [4x7, 1; 1] or [4x6, 1; 2]. Plane types of the curves are [7; 3] or
[6; 2, 2].

Second we consider the case when H<0. Then =1 and R= —(e—0d)H/a>0.
Moreover, if e=9 then

D?<2efe—3)-(g—1)=3(g—1).

Hence, we assume e < 8. Letting my, =e — o, we have 2m, <e —m,, since 2e — 30 <0. Thus
my<e/3<8/3, and so my=2 by #-minimality. Therefore, e=7 or 8 and then

D*=e*—4(1+7),
g=(e—1)e—2)2—(1+r).
Hence,
D*—3g=(e—S\4—e)2+6—r<3.

Thus we readily obtain the result stated in Theorem 3.

7. Cases in which g(D)=0 or 1.

We consider the case in which g(D)=0 or 1. In case g(D)=1, the values of D? are
9, 8, 0, and certain types of negative integers.

PROPOSITION 9. Assuming g(D)=1 and x[D] =2, we have D*< —2.
Proor. By hypothesis, (D+K)*=1 and D?+ D - K=2g(D)—2=0. Hence,
—DK=—D+K)-K+K*=—(D+K)*+K?*<—-1+K?.
We shall show that K2 < —1. Indeed, if K220, then by the Riemann-Roch formula,
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dim| —K|=K?*=0.
Hence, (D+K)+ —K=0, since D+ K is nef. Thus (D+ K)+* K<0. However,
1=(D+K)*=D?*+D-K+D-K+K?*=D-K+K?*=<0,
that is a contradiction. Therefore, D*= —D-K<K?—-1< -2. q.e.d.
EXAMPLE. A curve D of type [8+8; 47, 32] has the following invariants:
gD)=49—7-6—2:3=1 and D?*=2-64—-7-16—2-9=-2.

But the author does not know examples of the curve of the above type.

When g(D)=0, it seems interesting to study values of D?.

If ks[D]=0 or 1, then D?= —4.

a) Curves of the type [12%12;67,5,4] or [10x11;5°] have the following
invariants: g(D)=0 and D?= —5.

b) Curves of the type [8%8;47, 32, 2] or [16%16; 85, 72, 6] (found by Matsuda
[8]) or [6%7;31°] or [20%20; 107, 9, 5] have the following invariants: g(D)=0 and
D?= —6.

In the case where g(D)=2, we have D? <4, provided that k[D]=2. If D is obtained
from a curve of type [6; 28], then g(D)=2 and D*=4.

In the case where g(D)=0 and x[D]=0 or 1, plurigenera of D are computed as
follows. Repeating the similar argument to the proof of Proposition 7, one can show
that D is birationally equivalent to a plane curve C of type [3m;; m{, 2] (see litaka
[5]). Thus one has a surface S, and a birational morphism ¢ : S, — P? which is obtained
from resolving the first nine singular points of the curve C. The proper inverse image
of C by ¢ is a rational curve with one double point, denoted by D, and thus we have
the relation:

D0~ _leO .

Suppose that m, =3. Then kx[D] =1 and thus S, is an elliptic rational surface. D, is an
irreducible and singular fiber. We write D,= ¢ *(p) for some point p on the base curve.
Blowing up at the double point of D, we have a non-singular surface S and a birational
morphism y: S —S,. Since (D+K)+-D= —2 and D?*= —4, we see that j, D is a fixed
component of the complete linear system | j(D+ K)|, where j, is the round up of j/2,
ie., ji=—[—Jj/2]
If j=2, then j, =1 and thus
D+2K~Dg+2Ky~(1—2/m)o*(p).

Hence, P,[D]=1 for any m, =2.
If j=3, then j, =2 and thus

D+3K~Dy+3Kq+E~(1—-3/m)e*(p)+E,
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where E=pu~!(p). Hence P;[D]=1 for any m, 2 3.
If j=4, then j, =2 and thus

2(D+2K)~2(Dy+2Ky)~(2—4/m)p*(p) .

Hence P,[D]=2 for any m, =4. In addition, P,[D]=1, if m, =2 or 3. Moreover,
Ps[D]=2 for any m; =5. P¢[D]=3 for any m, =6 and P,[D]=2 for 5=m, =3. The
results for Pg are derived from the formula :

3(D+2K)~(3—6/m)p*(p) .
Therefore, we obtain the following result.

ProposITION 10. If g(D)=0 and P,[D]=1, then D is birationally equivalent to a
plane curve of type [3my; m3,2] as imbedded curves. Furthermore, if m,=3, then
P;[D]=1. In general,

Py [DY=[i—2i/m]+1,
Py [D]1=[i—Q2i+1)/m]+1.

As a corollary, we have the following characterization of curves of type [6; 21°].
Plane curves C are birationally equivalent to curves of type [6;2'°] as imbedded
curves if and only if P,[C]=0 and P4[C]=1.

8. Proper birational geometry.

We shall study non-singular pairs (S, D) with k[ D] = — co.

If S=P?2 then D is a line or conic. If S is a P! — bundle over P!, then D turns out
to be a fiber or a section. If Sis not relatively minimal, there exists a birational morphism
u:S—-3, for some b=0. If the image of D is a curve C, by applying the argument in
the previous section, we conclude that the pair (S, D) is birationally equivalent to (P2,
line). In the remaining case, there exists a birational morphism u: S— S,, S, being a
non-singular surface, such that the image u(D) = D, is an exceptional curve. The following
is one of the basic results in proper birational geometry. Note that proper birational
equivalence means that there exists a composition of proper birational morphisms and
inverse of proper birational morphisms.

PROPOSITION 11. Let p be a point on a non-singular rational surface. Then S—{ p}
is proper birationally equivalent to P> —{ point}.

PROOF. In the case where S # P2, we assume that there exist no exceptional curves
on S which do not pass through p. We take S such that the Picard number of S is
minimal among S which satisfy the condition of the proposition. There exists a surjective
morphism p : S— B=P! with a general fiber F,=p ™ !(u) isomorphic to P!. We have a
fiber F, which passes through the point p. Fibers other than F, is irreducible, since
reducible fibers contain exceptional curves. The projection p : S — B has sections A
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which do not pass through p. We take such a section A. If A% —1 then after performing
elementary transformations of type I at some point which is not mapped to the point
a€ B, we can assume that A>= —1. Note that by these transformations, the Picard
number of S is invariant. So contracting A into a non-singular point p,, we obtain a
surface of which Picard number is smaller than that of S. This contradicts the hypothesis
that the Picard number of S is minimal. q.ed.

By combining this with Propositions 2 and 3, we obtain the following result which
was first stated by Coolidge [1].

PROPOSITION 12. If P,[D]=0, then (S, D) is birationally equivalent to (P>, line).

Proof. If P,[D]=0, then by Corollary to Proposition 3, (S, D) is birationally
equivalent to (S,, E£), E being an exceptional curve on S,. Hence, we assume
(S, D)=(So, E). Then by Proposition 11, S—D is proper birationally equivalent to
P2 —{point}. This implies that (S, D) is birationally equivalent to (S,, D,) where
S1—D,=P?>—{point}. Hence S; =2, and D;=A_. It is easy to see that (£, A,) is
birationally equivalent to (P2, line). Thus we have the result.

The next result is an analog of characterizations of abelian surfaces or K3 surfaces
by means of plurigenera.

PrROPOSITION 13. If g(D)= P,[D]=1, then (S, D) is birationally equivalent to a pair
of plane type [3; 1].

Proor. Let g denote g(D). By Proposition 3 the hypothesis P,[D]=1 implies that
k[D]=0 or 1. If k[D] =1, then the plurigenera formula asserts that

Pj[D] =[j—j/m]+1,
where j is an integer >1. Thus P,[D]=1 implies m, =1.
Propositions 10 and 13 complete the proof of Theorem 1 in the section 1.

REMARK. In p.398 of [1], Coolidge states the following result.

THEOREM 4 (Coolidge [1]). The necessary and sufficient condition that it be possible
to transform a rational curve into a straight line by means of a factorable transformation
is that the conditions for special adjoints of every index should be incomplete.

This follows immediately from Proposition 3. Moreover, Coolidge [1] gave another
criterion.

THEOREM 12 (Coolidge [1]). The necessary and sufficient condition that it be
possible to change an elliptic curve into a cubic is that it should lack all special adjoints
of index greater than 1.

Note that | jK+ D] is said to be a special adjoint of index j. In order to derive
Theorem 12 of Coolidge from Proposition 12, first we note that if g(D)=1 and P;[D] =1
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then | jK+ D|= for j>1. Actually, if | jJK+ D| contains an effective divisor F, then
letting I'=| K+ D|, we have (j—1)D+F~jI'. Since P;[D]=1, then jI =(j—1)D+F.
Hence, jI' has D as one of irreducible components. This implies that I contains D;
thus I' — D =0. But, I'— De| K|, which is void.

Furthermore, | 2K+ D |= & implies that P,[ D] =1 provided that g(D)= 1. To verify
the latter claim, take I', from | K+ D|. Suppose that P,[D]}> 1. Then we have Xe|2I', |
which has common points with D. Since X+ D=0, it follows that D is a component of
X. Hence |2K+D|# .

9. s-minimality.

Let C be a curve on X, of type [ox*e, b, m;, m,, - -+, m,]. Suppose that (Z,, C) is
#-minimal. By resolving the singularities of C as an imbedded curve, we have a proper
birational morphism u: S — X, and a non-singular curve D on S which is the proper
inverse image of C by u. Here (S, D) is relatively minimal. By f; we denote the rational
map associated with the linear system | D +jK | provided that | D+ jK | # & for some j> 0.
Further, let ¢; denote the rational map associated with the linear system | C+jK,| on
2. If j=zm,, then the image of f; coincides with that of ¢;, by the next formula:

i=1

4

and
|D+jK|=|C+jKq|+ .Zl (j—m;)E;

Suppose that (Z,,C) is ##-minimal. Then we have dimf, (S)=2, since
dim¢,, (2,)=2. Define j(D) to be max{j|dimf;(S)=2}. Then j(D)<o/2.

Note that j(D) is a birational invariant of D in the sense of birational geometry of
plane curves. The complete linear system | D +j(D)K]| is also birationally invariant.

PROPOSITION 14. If (2}, C) is ##-minimal, then the image W of S by f;, where
Jj=Jj(D), is described as follows. _
1. b#1. Then W becomes X, except for the case where b=2 and e=20. In the
exceptional case, the image W is the singular quadric, which is denoted by Q.
2. b=1. Let mydenote e—o. If j<my, then W coincides with X . Otherwise, the
image W turns out to be P2.

Proor. In the case 1), defining @ and g by C+jK,~aA_ + BF,, we have a =0 —2j
and B=e—j(b+2). Since W is a surface, both a and B are positive. From Lemma 2,
oA, + BF, is very ample if f—ba>0 and a>0. Here, f—ba=e—j(b+2)—b(c—2j)=
e—bo+jb—2j. When =2, the last term = j(b—2)=0. Thus if f—ba=0 then b=2
and e=20. When b=0, we get e=20>2j and thus W=2%,,.
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In the case 2), we have
C+jKy~(0—2j)A,+(e—3j)F,.

Contracting A into a non-singular point p, of P?, we have a line L on P2, which is
linearly equivalent to A + F,. Denoting e —o by m,, we have

C+jKy~(e—2j—my)L+(my—j)F,.

By hypothesis, 6—2j>0 and e—3j>0 and hence, e—my=0>2j=2m,. Thus if
B—a=my—j>0 then C+jK, is very ample and W turns out to be X,. If j=m, then
let v=j—my,=0 and hence,

(e—2j—mo)L+(my—j)F,~(e—3v—3my)L+0vA_ .
Since e—3v—3m,=e—3j>0, it follows that the image W becomes P2 q.e.d.

Letting (S, D) be a non-singular model of (X, C) where k[ D] =2, we introduce the
following birational invariant:

Jj+(D)= sup{ 9 q2p>0,x(qK+pD, S )=2} .

p
ProposITION 15. 1. If S=P?2, then j.(D)=e/3, where D has type [e; 1].
2. If (S, D) is obtained from a #-minimal pair (X, C), then

(@) j+(D)y=0/2,if b#1.

(b) Jj+(D)=min{a/2, e/3}, if b=1.

Before giving a proof, we introduce the notion of j,-model of (S, D) for a pair
(S, D) with k[ D] =2 as follows: Choose g =p >0 such that 1) j,(D)>g/p, 2) g and p are
sufficiently large and 3) ¢/p is sufficiently near to j (D). By ¢, , we denote the rational
map associated to |gK+pD|. The image W=¢g, (S) or the pair (¢, [D], W) is called
the j,.-model of (S, D).

PROPOSITION 16. Suppose that (S, D) satisfying that k[D]=2 is obtained from a
$-minimal (2, C).

If it is #%-minimal, then the j .-model W is described as follows:

1. Ifb>2o0r b=0, then W=2,.

2. Ifb=2 and e>20, then W=21,.

3. Ifb=2 and e=20, then W= Q, which is a quadric cone. A minimal non-singular

model of Q is Z,.
4, Ifb=1and o/2<e/3, then W=2X,.
5. Ifb=1 and 6/2>e/3, then W=P2,

PrOOF. By
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9K+pD~(po—29)A, +(pe—gb+ 2.+ 2. (g—pm)E;,

if pa—2g>0, pe—q(b+2)>0 and g—pm; =0, then we have x(gK+pD, S)=2.
Suppose that pe —2g>0 and (Z,, C) is ##-minimal. If =2, then

pe—qb+2)=pab—qb+2)>2gb—qb+2)=q(b—2)=0.

If b=1, then pe—q(b+2)=pe—3q. We consider in the following cases, separately.

case 1) o/2>e¢/3. If q, p satisfy e/3>¢q/p>m,, then it follows that pe—3g>0,
po—2q>0 and g=pm;. Hence j, (D)=e/3.

case ii) o0/2=e/3. If 6/2>q/p>m,, then pe—3qg>0. Hence, j,(D)=0/2.

If b=0, then pe —q(b+2)=pe—2q=po—2q>0; thus j,(D)=0/2. By an argument
in the proof of Proposition 14, we obtain the result.

Now we study #-minimal models of (S, D) with k[ D] =2 which are not ##-minimal;
i.e.,, 6/2=m,. If b=1, then e=0o+m,=3m,; hence, e/3=0/2. We shall verify that
J+(D)=a/2. To do this, we let { p,, - - -, p,} be the set of (infinitely near) points p; with
m;=m,. If p; ¢ A, then performing an elementary transformation with center p,, we
assume p, € A and b>0. If there exists a singular point with multiplicity m, which is
infinitely near to the point p,, we say it is p,. After repeating such processes, we have
a sequence of singular points {p,, - - -, p,} in which each p;,, is infinitely near to p;
forj=1,2, ---. If s>k, then we assume that p, , ; lies on 2, and p, ., €A . Therefore,
we assume that if a singular point p with multiplicity m, lies on Z,, then it belongs to
A .. The number of such points is denoted by c. Hence, C+ A =e—bo =cm,. Blowing
up X, at p,, - - -, p,, Wwe obtain a surface Z=.S; and the proper transform C; of C. Then
letting Y, , denote gK;+pC,, we have

Y, ,~aKo+pC+(q—pm,)¢ ,

where K, denotes a canonical divisor on Z and & stands for the sum of all E; with
m;=m;. Since k(S,K+D)=2, it follows that x(Z, K;+ C,)=2. Hence, letting
U,=K,+ C,, we have

U,~Ko+C+(1—m)E~(@—2)A, +(e—b—2)F,+(2—0)2&

and x(U,, Z)=2.
If 1 <g/p<a/2 and q/p is sufficiently near to ¢/2, then we claim that x(Z, Y, ,)=2
and Y, , is nef. Actually, as Q-divisors,

Y, ,~(po—29)A . +(ep—q(b+2))F,—(poc—2q)/2&
~(po—2q)/(c—2)U;+(ep—q(b+2))F,—(po—2q)e—b—2)/(c —2)F,
~(po—2q)/(c—2)U,+(q— b)(2e —26—bo)(c—2F, .
If 6=2, then
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2e—20—bo=2(bc+cm)—20—bo=(b—2)0+2cm; =1.

If b=1, then e=o+cm, =(2+c)m; =3m,; hence 6/2=m,<e/3. Thus, 2e—20—bo=
2e—30=0. Hence, in both cases, k(Z, Y, ,)=2.

To verify that Y, , is nef, first we note that any irreducible curve I' satisfies U, - I' 20,
if I'#C,. Thus whenever n(C)>0, Y, , is nef. In the case where n(C)=0, C; is
non-singular, i.e., C;=D and so v=—D?2=5 by Proposition 3 since k[D]=2. Then

Y, D=q(v—2)—pv=p(v—2)g/p—1-2/(v=2))>0

since m, =2 and q/p>1+2/321+2/(v—2). Thus Y, , is nef. Combining this with the
fact that x(Z; Y, ,)=2, we obtain Y2,>0.

We study configuration of irreducible curves I' satisfying that Y, ,- I'=0. For
simplicity, we write as follows:

Yq,p~éUs+nFu

where & =(po —2q)/(c —2) and n=(q—p)(2e —20 — bo)/(c —2).
Case 1>0. Any irreducible curve I' with Y, ,+ I'=0, we have

Y,, T=CU,-T+nF,-T.

If U;- I' <0 then n(C,)=0, C;=D=TI and hence Y, ,* I' =Y, ,*+ D >0, which contradicts
the hypothesis. Therefore, U, I'=0 and F,+I'=0. Hence, I'>*=—2, K,*I'=0. Such
curves I' are components of degenerate fibers of a fiber space p : S;— P' whose general
fiberis F,=p ~'(u). Since m, = - - - =m,, it follows that irreducible components of singular
fibers are proper transforms of fibers of p~!(p(p;)) and the proper transforms E; of
exceptional curves E;. Hence, it is shown that configuration of curves I" corresponds
to a sum of Dynkin diagrams of type 4, for some />0 or D, for certain /> 3.

Case #=0. From 2e=20+bs and e=bo+m,c=m(2b+c), we have either (1)
b=c=1,e=3m; or Q) b=0,e=0 and c=1 or c=2.

In both cases, C~ —m, K and U,= K, + C,~(1 —m,)K,. Hence, U2 =m(8 —s). Since
k[D] =2, it follows that U2 >0; hence, s<7.

In this case, by computation using Maple V, we can verify that the configuration
of curves I' satisfying U, < I'=0 corresponds to Dynkin diagrams of type E, for /=6,
7, 8 or of type D, for [=4,5, 6,7, 8 or of type 4, for I=1,2,3,4,5, 6,7, 8 or of type
A,+ A, or of type A, + A, or of type 4, + A5 or of type A; + A, or of type A;+24,
or of type A, + D¢ or of type 4, + E, for [=6, 7.

Contracting these curves I to rational double points, we have a (possibly singular)
surface Z, and a birational morphism u: Z— Z,. Since Y, , is nef, we have a divisor
Y, such that Y, ,=u*(Y,), where Y, is ample by Nakai’s criterion on ampleness of
divisors. Consequently, Z, is the j,-model of (S, D).

We choose p, g such that /2> q/p and q/p is sufficiently near to ¢/2>¢q/p. Then
(S, gK+pD)=x(Z, gK;+pC,)=2 and ¢, , factors through the map associated with
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Y, ,=qK,+pC,. Hence, the minimal resolution of j,-model of (S, D) coincides with Z.
Therefore, we have established that j, (D)=0/2 in the case when ¢/2=m, and x[D] =2.
Given a curve I' on X, define o(I') to be the mapping degree of I' with respect to
the projection of the projective bundle of X;. Note that if =0 then there are two
projective bundle structures and in this case define o(I') to be the smaller degree.
The following result asserts that some numerical minimality implies geometrical
minimality.

THEOREM 4. For any birationalmap h : X, — X, the proper image I' = h[ C] satisfies
the following conditions.

1. a(C)=a(D), if (Z,, C) is #-minimal.

2. If (2, C) is ##-minimal and (C)=o0o(I"), then h is isomorphic.

PrOOF. If (X4, I') is not #-minimal, performing a finite number of elementary
transformations of type I, II, III, we have a birational map A : (X4, I') - (%, I'y) such
that o(I')2o(I',) and (Zy., I'y) is #-minimal. Thus we may assume that (Z, I') is itself
#-minimal. We shall check that 6(C)=(I') by examining the following cases, separately.

case 1). ks[C]=0 or 1. In this case, by consulting the classification of surfaces (S, D)
obtained from (X, C), we verify a(C)=a(I).

case 2). k[C]=2. Let (S, D) be a non-singular minimal model of (X,, C). Then
(S, D) is also a minimal model of (Z;, I'). By considering the j, -model of (S, D), we see
that (2, C) is ##-minimal if and only if so is (X4, I'). In this case, by Proposition 14, A
is induced from the map associated to |j(D)K+ D |; hence 4 is isomorphic.

CoRrROLLARY. If a pair (Z,, C) of type [c*e,b;m,, m,, - - -, m,] is $-minimal, then
the multiplicities m,, m,, - - -, m, are birational invariants.

A curve C on X, is said to be o-relatively minimal if for any birational
maph : X, — X4, 6(C) < o(h[C]) holds. Further, a g-relatively minimal curve C is called
o-minimal, if the assumption ¢(C)=0(h[C]) implies that 4 is isomorphic.

The result in Theorem 4 is restated as follows.

#-minimality induces o-relative minimality and $%-minimality implies a-minimality.

PROPOSITION 17. Let (S, D) be a minimal pair obtained from a #-minimal pair (C, X,)
of type [o*xe,bym,,m,, - - -, m,]. Then

1. D+jK)+D=0, forall2<j<m,,

2. D+jK is nef for all 2<j<m,,

3. D+jK is not nef for all j>m,.

PrOOF. case 1). If g(D)=0, then D>*< —4 and so (D+jK)-D=—2j—(j—1)D*=
—2j+4(j—1)=2j—4=0 where j=2. Thus we suppose g=g(D)=1. From the equality
(D+jK)-D=2(g—1)+(j—1)K - D, if D - K>0, then it follows that (D+jK)+D>0 for
any j=1. Thus assuming D - K<0, we have
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(D+6/2K)-D~¢F,* C+ Y. (6/2—m;)m;,
i=1

where ¢=(e—oa(b+2)/2) and €20 if b#1. Hence, in the case when b#1, we have
(D+0/2K)- D=0 and so (D+/K)-Dz(D+0/2K)* D20 for 0<j<0/2. In the case
where b=1, letting L be a line on the projective plane, we have

D+mK~(e—3m;)L—(mo—m)Eo+ ), (m;,—m)E;,
i=1

where my=e—o and E,=A,. Further,
(D+myK) - D2(e—3my)e—(mo—m,)mo=(mo—m;)e—my) 20,

since e=mg+2m,. Thus, for any 2<j=<m,, it follows that (D+jK)-D=0.

case 2). Assume that D+ jK is not nef for some 2 <j<m,. Let I" be an irreducible
curve such that (D+jK)-I'<0. By 1), I is different from D. Since | D+jK|# & and
K:TI'<—D-T/j<0,it follows that I'> <0 and K+ I' <0. Hence I is an exceptional curve;
i.e. '*’=r+K=—1. This implies DI <j<m,. Noting again (D+jK)-E;=m;—j=
m,—j=0, we have I' # E;. Hence,

(D+mK)T=(C+mKy)* T+ ), (my—m)E;* T 2(C+m,K,) '20.
i=1
Thus, D+ I'=z = —m,;K-I'=m,; Zm,, which contradicts the inequality obtained in the
above.

To show the assertion 3), we notice (D +jK) « E,=m,—j, which is negative if j >m,.
Thus D +jK is not nef. q.ed.

REMARK. In [2], Dick introduced the following invariant A of the pair by defining
AS, D)=min{Ae Q|K+ AD is nef}.

By Proposition 16, for a pair (S, D) obtained from a #-minimal pair of type
[o*e, b;my, m,, - -+, m,], XS, D) is equal to 1/m,. Hence, if (D+m,K)*>>0, then the
rational map associated to the system |n(D+m,K)| for some n>0, is a birational
morphism. On the other hand, contracting exceptional curves E such that
(D+m,K)+ E=0, successively we have a pair (S;, C,) which may appear in the process
of resolving the singularities of (S, C) such that

M= =My <MEMy_ S Smy .
Letting K; be canonical divisors on S; and C; proper inverse images of C, we have
r
D+mK~C+mKy+ Y, (m,—m)E;~C,+mK,
i=1

and then we consider a divisor C,+mK,, which is clearly nef. m; is obtained from
AS,, C)=1/m,. After contracting exceptional curves E such that (C,+K,)- E=0, we
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have a birational morphism and the pair which is the image of the pair (S,, C,).
Continuing this process, we obtain the pair which is the #-minimal model in the sense
of Dick.

10. Generalization of a theorem of Noether.

The notion of #-minimal models is important in the general theory of birational
geometry of plane curves. However, in studying singular curves, we occasionally
encounter pairs (2, C) which are not #-minimal. In order to study such pairs, taking
a non-singular model (S, D) of a given pair (Z,, C), we consider divisors D+m,K for
h>1. Letting ¢;=m; —m,, we have

h r

§E; + }E (m,—m;)E; ,
1

i=h+1

D+mK~C+m,K,—

h

h
C+mhKO_ 8,—E,~~(O'-—2mh)Aw +(e‘-mh(b+2))Fu_ Z 8,~E,v .
=1

1= i=1

There exist effective divisors G; such that F,~ E;+ G;. Hence, letting 8=Z:'=1s,-, we
have e=Y "~ m;—(h—1)m, and

r

h
D+mK~(c—-2m)A_ +(e—myb+2)—¢)F,+ Z &G+ Z (m,—m,)E; .

=1 i=h+1
Since e—m(b+2)—e=e— Z': ;11 m;+(h—3—b)m,, the following result is obtained.

ProposiTION 18. 1. If ¢—2m,=0 and e—Y'_!'m;+(h—3—bm,20, then
| D+m,K|+# ; hence x[D]=0.
2. If6—2m,>0and e—Y"_ 1 m+(h—3—b)m,>0, then k[D]=2.

ProOF. The last part follows from the fact that x(Z,, A, + BF,)=2 if «>0 and
B>0. Applying this for =1 we have the following corollary.

COROLLARY. For plane curves C of type [d; mg, m,, - -+, m,],
1. Ifd=2mo+2m, and d=Y 1" m;—(h—4)m, =0, then x[C]=x[D]=0.
2. Ifd>mo+2my, and d>Y " m;—(h—4)m,>0, then x[C]=x[D]=2.

REMARK. A famous theorem of Noether asserts that if C is a proper image of a
general line by a birational map from P? into itself, then m,+m, +m,>d where
[d;mg, my, - --,m,] is the type of C. In this case, C satisfies k[C]= — oo. Thus from
the corollary the following inequalities are derived.

If Cis a proper image of a line by a birational map of P?, then d<m,+2m, and
(d<my+2my ord<my+m,+m;)and (d<my+2ms or d<m, +m,+m;+m,—ms) and
SO on.
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11. (0)-minimality.

Next we shall introduce another kind of minimality for a pair (Z,, C). Let u:
S, -2, be a blowing up at p, and let Y denote a divisor C, +m,K, where K is a
canonical divisor of S;. Our purpose here is to study when the divisor Y is ample.

Assuming p, € A, we have three curves A, F’ and E,; with negative selfintersection
numbers. Here as in the previous sections, we let A, F’ denote proper inverse images
of A, F by u, F being a fiber passing through p,. Since the Picard group of S, is
generated by A, F' and E,, we compute the interesection numbers of Y with these
curves. Thus

Y.E1=m1_m2 >
Y- F=YF—(m;,—my)=06—m;—m,,
Y-A =e—bo+mb—m,—m, .

We say that (2, C) satisfies the (0)-minimality condition (or (X,, C) is (0)-minimal) if
my>m,, 6>m,;+m, and e—bo+m,b—m,—m,; >0 under the assumption p,eA_. If
b=0, then the above condition turns out to be m,>m,, 6>m,;+m, and e—m,—
m,;>0. In this case we suppose further e=0¢. Similarly, if >0 and p, ¢A_, then we
have three curves A, F’ and E; which have negative self intersection numbers and

Y-A,=e—bo+myb—2m, .

Therefore in this case, we say that (¥,, C) satisfies the (0)-minimality condition if m; >m,,
o>m,+m, and e—bo +m,b—2m, >0.

ProrposiTiON 19. If (Z,, C) is (0)-minimal, then C;+m,K, is ample.
Proor. Let Y=C;+m,K; and u(b)=e—(b+ 1)m,—m,. First we show that | Y|
is not void.
If 5>0, we have
uby=e—b+1)m,—m;=boc—(b—2)m,+1—(b+1)m,—m,
=bm;+my,+1)—2b—1)m,+1—m,
2b—-1)m;+1—m,)=0.
Further,
uQ)y=e—m;—m,=26—m;—m,>0.
Moreover, v
Y~(6—2my)A, +(e—(b+2)my)F —(m, —m,)E,
~(e—2my)A, +(e—(b+2)m,)F' +u(b)E, .
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The last divisor is a sum of curves A’ , F' and E,; thus | Y| is not void. Suppose that
there exists an irreducible curve I' such that I'- Y<0. If I'- Y<0O0, then I" is one of
irreducible components of (6 —2m,)A +(e—(b+2)m,)F' +u(b)E,. Hence I' coincides
with one of divisors F', A, and E,. But the intersection number of I" with these curves
are positive by definition of (0)-minimality. This contradicts the hypothesis. Next
suppose I' - Y=0. Then I' - F=I"- A =0; hence I" does not have common points with
F and A,. This implies I'=E,, a contradiction. Therefore, by Nakai’s criterion, Y is
shown to be ample. q.e.d.

In this case, letting (S, D) be a non-singular model of (Z,, C) obtained by resolving
singular points successively, we have

D+m2K~ Cl +m2K1 + Z (mz'—mj)EJ .
ji=2
Hence for any n>0, the rational map associated to |n(D+m,K)| coincides with that
associated to |n(C;+m,K,)|. Thus the birational map ¢ eBird(Z,)={heBir(Z,) |
h[C]=C} induces an automorphism y € Aut(S,) preserving C;. We shall show that

induces an automorphism of X, if b>1 or if b=1 and p, € A,. To show this it suffices
to verify the following proposition.

PROPOSITION 20. On S, all the exceptional curves of the first kind are F' and E,
ifb>1orifb=1andp,eA,. Inthe case whenb=1andp,¢ A, A is also an exceptional
curve on S,. Furthermore, if b=0, then in addition to F', E,, there exists an exceptional
curve A,.

ProOF. Let I' be an exceptional curve on S;. Suppose that I'#£A, F’, and E,.
Assuming p, €A, we have '

—K; ~2A, +(b+2)F' +(b+3)E, .
Hence,
1=Ir-(—K)=2r-A_+b+2)r-F +b+3)-E,.

Since the intersection numbers of I’ with A, F’, E; are non-negative, the above equation
is impossible. If p, ¢ A, then 5>0 and we have

—K;~2A, +(b+2)F +(b+1)E, ,
1=I(—K,)=2I*A_+®+2)T - F +(b+ 1T E,.

From this it follows that b=0, '-A_=0, '+ F'=0 and I' - E; =1, a contradiction.
Except for the case when =1 and p,¢A_, any automorphism of X; preserves E,.
Accordingly we obtain the following result.

THEOREM 5. Supposethatb>1orb=1andp,eA  orb=0.1If(Z,, C)is(0)-minimal,
then
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Bird(Z,) = Autd(Z,) .

COROLLARY. Let C be a plane curve of type [d; mg, my, m,, - - -, m,].
If d>my+m, +m,, then a birational map of P? preserving C is linear.

PROOF OF COROLLARY. If m;=m,, then by Theorem 4 we we have the result.
Otherwise we consider the blowing up at p,. Thus we have the proper image C, of the
curve C and (X, C,) satisfies the (0)-minimality condition. Then a birational map of
P? preserving C induces an automorphism of S;. On S, there exist three exceptional
curves A, F', E; such that A - F'=1, E,-A_=0and F'- E; =1. Contracting A, and
E,, we have P?. Thus we obtain the result.
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