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ON FANO THREEFOLDS WITH SEMI-FREE C*-ACTIONS, I*

QILIN YANGT AND DAN ZAFFRANY

Abstract. Let X be a Fano threefold and C* x X — X an algebraic action. Fix a maximal
compact subgroup S! of C*. Then X has a S'-invariant Kahler structure and the corresponding S!-
action admits an equivariant moment map which is at the same time a perfect Bott-Morse function.
We will initiate a program to classify the Fano threefolds with semi-free C*-actions using the Morse
theory and the holomorphic Lefschetz fixed point formula as the main tools. In this paper we give a
complete list of all possible Fano threefolds without “interior isolated fixed points” for any semi-free
C*-action. Moreover when the actions whose fixed point sets have only two connected components
and a few of the rest cases, we give the realizations of the semi-free C*-actions.
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holomorphic Lefschetz formula, equivariant localization.
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1. introduction. Orlik and Wagreich gave a complete classification of smooth
projective algebraic surfaces with C*-actions in [OW77]. Building on the work of Au-
din, in [Ka99] Karshon gave a complete classification of Hamiltonian circle actions on
compact 4-manifolds, and proved that each of those 4-manifolds admits a compati-
ble, invariant Kéhler structure. More precisely, compact symplectic 4-manifolds with
Hamiltonian circle actions are in fact obtained by equivariant symplectic blow ups
at fixed points of the complex ruled surfaces. This classification is highly similar to
the projective algebraic surfaces with C*-actions in [OW77]. The next question is to
give a classification of Hamiltonian circle actions on compact 6-manifolds. In [Li03] Li
decided the possible types of fixed point set of a semifree Hamiltonian circle action on
the 6-manifold with the second Betti number less than 3. The general classification
is difficult since we lack a complete classification of smooth, simply-connected, com-
pact 6-manifolds. An easier question is the classification of the projective algebraic
3-folds (they are real 6 dimensional complex algebraic varieties) with Hamiltonian
circle actions. The Mori theory of the extremal ray contractions is very powerful in
the study of the algebraic 3-folds. Using this theory, Mori and Mukai [MM81] gave
a complete classification of Fano 3-folds, building on Iskovskih’s work about Fano
3-folds of Picard number one.

Note that Fano manifolds are uniruled. A classification of Fano 3-folds with C*
actions is helpful in studying the Hamiltonian circle actions on compact 6-manifolds.
Motivated by this observation, we wish to deal with the simplest case-the classification
of Fano 3-folds with semi-free C*-actions, in this and a following paper.

At the beginning of this work, we wanted to imitate the procedure in [OW77] and
[Ka99] to give a classification of Fano 3-folds with C* -actions. We had to give up
after some attempt, mainly because of the complexity of birational surgery in higher
dimension, partially due to the authors’ not having enough knowledge of the compu-
tational details in the paper [MMS81]. In this paper we go a different way and use
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directly the classification results established by Iskovskih, Mori and Mukai. Suppose
a Fano 3-fold X admits a semi-free C*-action, we can label its fixed point data by
different types. Using Morse theory for the moment map as in [Fr59],[CS79],[At82],
we can read the Hodge numbers from the assumed types of fixed point data. Then
using the holomorphic Lefschetz fixed point formula and Atiyah-Bott-Berline-Vergne
localization theorem, we can get more global numerical invariants of X from its local
fixed point data. These numerical characters greatly narrow the range of Fano man-
ifolds which admit C* actions, and as a result we can study them case by case and
finally get a complete classification.

The holomorphic Lefschetz fixed point formula and Atiyah-Bott-Berline-Vergne
localization theorem combine the local information near the fixed submanifolds with
the global topological and analytical invariants of X. The difficulty is to determine
the local information near the fixed submanifolds. The following observations are the
starting point of our work. Assume X is a Fano manifold with an effective semi-
free C*-action. Choose a S'-invariant Kihler structure on X. Since X is simply
connected we may further assume that S!-action is Hamiltonian. Then it admits
an equivariant moment map J : X — R! which is a perfect Bott-Morse function
[Fr59],[At82]. The critical points of J are exactly the fixed points sets XS = x°,
The connected components of X~ " are Kéhler hence algebraic submanifolds of X. Let
r € im(J); then J=1(r)/S' = X, is called the Marsden-Weinstein reduced space at
r. If the action is semi-free, then, for any regular value 7, the reduced space X, is
a smooth symplectic manifold; for a singular value r, for X of arbitrary dimension
it is not clear whether or not X, is a smooth manifold. However, for a Fano 3-fold
X (it has real dimension 6), the fixed point sets are the minimum, the maximum
or of index 2 or co-index 2. By [GS89], all the reduced spaces (including those on
critical levels) are smooth symplectic manifolds. Moreover, when the index 2 and co-
index 2 fixed point sets consist of surfaces, the reduced spaces are all diffeomorphic.
The natural diffeomorphism between the reduced spaces is induced by the gradient
flow of the Morse function, hence there is a well defined diffeomorphism between
the reduced spaces. Note the circle action is the restriction of the holomorphic C*-
action; the Marsden-Weinstein reduced spaces X, are Kahler manifolds by [HL94].
Since X is a Fano 3-fold, X, are also Fano surfaces by [Ft87]. Therefore all X,
are del Pezzo surfaces. As a result, if there are index 2 and co-index 2 isolated
fixed points, the transformations of diffeomorphic type of the reduced spaces are
compositions of blow ups or blow downs between del Pezzo surfaces. In section 5, we
prove that on a pointwise fixed complex algebraic surface the moment map will take
maximum or minimum; and if C' is a pointwise fixed complex algebraic curve on it
and the moment map takes maximum or minimum, then C is a rational curve. These
observations provide enough information for the computations of the contributions
of fixed submanifolds in the holomorphic Lefschetz fixed point formula and Atiyah-
Bott-Berline-Vergne localization formula, and make it possible for us to study the
classification problem case by case, since Fano manifolds of complex dimension no
more than two have very few possibilities.

The fixed points where the moment map does not take maximum or minimum
are called interior fixed points in this paper. In section 3 the connected components
of interior fixed points are classified into three types: fixed curves, isolated fixed point
of isotropic weight type (1,2), isolated fixed point of isotropic weight type (2,1). In
this paper we will give a classification of Fano 3-folds with semi-free C*-actions which
have no interior isolated fixed points. In a following paper we will deal with the other
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cases, i.e., the actions that have at least one interior isolated fixed point.

THEOREM 1.1. Let X be a Fano 3-fold equipped with an effective, semi-free, and
algebraic C*-action. Suppose that the fized point set X has no interior isolated fized
points. If X© has two connected components, then X is listed in Table 5; if XC has
at least three connected components, then X is P1 x P* x P',  P'x P2, or a possible
one in the rest cases in Table 6.

The paper is organized as follows. In Section 2 we introduce some basic notions
of algebraic transformation group, and display the relations among ruled manifolds,
Fano manifolds and algebraic manifolds with C*-actions. In Section 3, using the
isotropic representation, we give a classification of the types of the fixed point sub-
manifolds of algebraic threefolds with semi-free C*-action. In Section 4, we prove that
the homology and cohomology groups with integer coefficient of a Fano 3-fold X with
C*-actions are torsion free, and that the fixed surfaces are del Pezzo surfaces. We give
the expression of the Hodge numbers of X from those of its fixed submanifolds. In
Section 5, we compute the contributions of the fixed submanifolds of different types
to the holomorphic Lefschetz fixed point formula and Atiyah-Bott-Berline-Vergne lo-
calization formula. In Section 6, we give a classification of Fano 3-folds with semi-free
C*-actions whose fixed point set has only two connected components. Finally in Sec-
tion 7, we give a classification of Fano 3-folds with semi-free C*-actions whose interior
fixed point set consists of algebraic curves.

2. C* actions on general projective 3-folds. Let G be an algebraic group
and X an algebraic variety. A group action ¢ : G x X — X is called an algebraic
action if o is a morphism between algebraic varieties. Usually we denote o(g,z) = g-x
for brevity. Then g- (h-x) = (gh) -z and 1 -z = x for any g,h € G and x € X. Here
“1” denotes the unit of G. The action is called effective if g - x = x for all x € X then
g = 1. Throughout this paper we only study effective group actions. For any =z € X,
the closed subgroup G, = {g € G|g-x = x} is called the isotropy group at x and there
is a naturally induced linear representation of G, on the tangent space T, X, called
isotropic representation. Let C* be the multiplicative group of complex number field
C, it is the simplest reductive algebraic group. In this paper we will only consider
algebraic C*-actions on complex algebraic varieties if without special explanations.

A C*-action on an complex affine variety V' = Spec(A) is equivalent to a grading
of the ring A. If A is graded ring we can find homogeneous generators of the C*-
algebra A, say x1,---,2,. The homomorphism ¢ : C[Xy,---,X,] — A defined by
¢(X;) = x; defines an embedding of X in C". Let m; be the degree x;. Then define
an action of C* on C™ by

(21,0, 2n) = (t™ 21,0t 2y). (1)

This action on C™ leaves V invariant. The following Lemma was also used in [OW77].

LEMMA 2.1. Suppose that C* acts effectively on an affine variety V. Then there
ezists an affine variety W and a Zariski open subset U of V' such that U is equivari-
antly isomorphic to W x C*, where C* acts on W x C* by translations on the second
factor.

Proof. Firstly assume that V' = C" is a complex vector space, and the action is
given as (1). In this case, we take

U= {(Zla"' ,Zn)|21 #07 y Zn #0} - Spec(@[zl,--- 727,,,21_1,"' 72771])'
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Define a grading of A = C[zy,-++ ,2,,2] -+, 2, '] by degree z; = m;. Let R be the
subalgebra consists of elements of degree zero and W = SpecR. Since the action
is effective, g.c.d(mq,---,m,) = 1. Hence there exist integers ay,--- ,a, such that
aimy + - +apmy, = 1. Let Z = 2{* -+ 2% then A = R[Z, Z~!], hence U = W x C*
in this case.

In the case of general affine variety V', by the embedding theorem of Sumihiro
[Sun74], there is a Zariski open subset which is equivariantly embedded in C™. So
we may assume V C C" is an affine subvariety cut out by an ideal I C R[Z, Z~1].
Naturally it has grading, and I = ®;ezl; = ®jezloZ?. Let W = Spec(R/Ip), then
V=WxC*.0O

THEOREM 2.2. Suppose that X is nonsingular 3-fold equipped with an algebraic
C*-action. Then there exist a smooth projecitve surface S, a 3-fold Y with an algebraic
C* action, and equivariant morphisms @1, P2,

l p2
Y1
f

X > S x P!

such that
(A) the C*-action on S x P is given by t - (y,[z0 : 21]) = (y, [tz0, 21]);
(B) @1 is composed of blow ups whose centers are the fized points or invariant
curves of the C*-action.

Proof. By Lemma 2.1, there is an open invariant subset U C X equivariantly
isomorphic to Sy x C*, where Sy is a smooth surface. Therefore there is an open
embedding f : U — S x P!, where S is a smooth completion of Sy. Hence f defines
a dominant rational map f : X --» S x P! which is equivariant relative to the C*
action. The set I(f) of points of indeterminacy of f is an algebraic subset of X of
codimension at least two, hence I(f) is the union of finite number of points and finite
number of curves. If € I(f) is an isolated point then it is a fixed point, otherwise f
is defined at x by formula f(z) =t~ f(t-2). If x € C C I(f) where C is curve, by the
same reason that ¢-o € C| hence C' is invariant. Note that the singular points are also
fixed, therefore we may assume that C' is smooth. Let Xy = X. Define inductively
fi + X; — X,;_1 to be the blow ups along the fixed points and invariant curves located
in the indeterminacy of fo fjo---o f;_1. By Hironaka’s theorem on resolution of the
indeterminacies of rational maps [Hir64], there is an integer k such that X}, is smooth
and fo fio---o fi is defined on Xj. Let Y = Xy, o1 = f1o---0 f and @2 = fo ;.
Note f; and f are equivariant and hence so are 1 and ¢o. O

PROPOSITION 2.3. Let X be nonsingular projective 3-fold which admits an effec-
tive C*-action, then there is a rational curve though a general point of X.

Proof. By Chevalley’s theorem, the orbit C* - x at any point x € X is a con-
structible set, hence the closure C - x is an algebraic subset. Now assume x is not a
fixed point. Then C-z — C - x is a C*-invariant subset consists of lower dimensional
orbits, therefore the algebraic subset C-x — C - x is a finite set and it is pointwise
fixed by C*-action. We claim that the limits lim;_,o ¢ -  and lim;_, o ¢ - £ must exist.
In fact, the action morphism C* x X — X yields an algebra homomorphism:

C[X] — C[C* x X] = C[C*] ® C[X],



ON FANO THREEFOLDS WITH SEMI-FREE C*-ACTIONS, I 279

for f € C[X], we may write
ft-m) =" dilt)pi(w),
i=1

where ¢1,- -+, ¢, € C[C*] and ¢y, - -+ , 1, € C[X]. If one of the limits lim; ¢ ¢z and
lim;_, » t -  does not exist, then there exist series {t!}, {t?} C C* with lim;_,o. t} =
lim; s oo tf, but the limits lim;_, t} - and lim;_s o tz2 - are different. Since C-x—C-x
is a finite set, there exist ¢y > 0 such that

lim |f(t}-2) — f(t7 - x)| > €0,

1—00

but
lim | 2 (on(t1)i(x) — on(t)vi(2))] = 0,
k=1

this is a contradiction.

Hence C - z is isomorphic to a rational curve if 2 is not a fixed point. Since the
fixed point set XC" is an algebraic subset of X and the action is effective, X is a
proper algebraic subset of X. Hence there is a rational curve passing through a general
point of X. O

Recall that a projective variety X of dimension n is called ruled (resp. uniruled) if
there is a variety Y of dimension n—1 and a birational (resp. dominant rational) map
Y x P! --» X. By definition a projective variety is uniruled then there is a rational
curve through a general point. If X is irreducible and X — X© is a finite union of
C*-invariant affine open subsets, by Luna’s slice theorem, each invariant affine open
subset is ruled and hence X is ruled. We conjecture that any nonsingular projective
variety equipped with an effective C*-action is ruled.

A projective manifold X with ample canonical line bundle Kx is of general type,
it admits no effective C* actions since its automorphism group is a finite group. If
the anticanonical line bundle of X is ample, it is called a Fano manifold. A projective
variety is called rationally connected if there is rational curve through a general pair of
points. Kollar, Miyaoka, Mori [KMM92] and Campana [C92] proved that nonsingular
Fano varieties are rational connected, in particular they are uniruled. However not
every Fano manifold admits an effective C*-action. Fano surfaces have the following
complete lists: (1) P?; (2) Analytic P! bundles over P!; (3) (Denoted by S,) The
blow up of P? at 9 — n points (1 < n < 7) in general positions. Clearly the first two
classes and S7 in the case (3) admit effective C* actions. However when n < 6, the
automorphism groups Auts(S,) = 1, in particular S,, have no nontrivial C*-actions
when n < 6.

It is an interesting problem to classify those Fano manifolds which admit effective
C*-actions. Since on the one hand it is very hard to classify all fano manifolds as
the dimensions increasing, those have continuous symmetry naturally deserve more
attentions; on the other hand the study of C*-actions on Fano manifolds give us
numerous examples which are urgently needed in the study of Hamiltonian actions
on symplectic manifolds. In the rest of this paper we will only consider the semi-free
actions of C* on Fano 3-folds.
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3. Types of fixed points for a semi-free C* action on a threefold. Assume
X is a Fano 3-fold with an effective semi-free (free outside fixed point sets) C*-action.
Fix a circle subgroup S* of C*, and choose a S'-invariant Kihler structure on X (it
is always possible since S! is compact). Since X is simply connected we may further
assume that S'-action is Hamiltonian. Then it admits a moment map J : X — R!
which is S'-invariant and a perfect Bott-Morse function [Fr59],[At82]. The critical
points of .J are exactly the fixed points sets X " = X©". The connected components of
X5 are Kihler hence algebraic submanifolds of X. Let {F; } be connected components
of X and X]i = {z € X|limy_ot* -z € F;}. Then we have X = UX;r (resp. UX, ),
called Bialynicki-Birula plus (resp. minus) decomposition of X [BB73]. The stable
(resp. unstable) submanifolds of F; defined by the gradient flows of J coincides with
XJT" (resp. X; ).

For a fixed point x in F};, we consider the isotropic representation on the tangent
space T, X. It is a complex representation, and splits into direct sum of one dimensional
irreducible representations. The tangent vectors of T}, F}; are exactly the fixed vectors
of the isotropic action (weighted zero vectors of the isotropic representation). The
vectors in the normal bundle Ng, in are spanned by all vectors v € T, X such that
for t -v = tTv (weighted +1 vectors of the isotropic representation). Let u;-) denote

the complex dimension of F}; and V;t denote the complex rank of Np, X ]i, then
0 + - _
vi +vi+vg =3

We call (v}, I/;r) the weight type of Fj.
If 1/;r =3 or v; =3 then z € Fj is called an elliptic fixed point; if both 1/;r and

v; are nonzero then x € Fj is called a hyperbolic fixed point; if VJQ > 0 and one of
V;T, vy Is zero then = € Fj is called a parabolic fixed point. 2v; s called index of J
as a Morse function at Fj. Clearly the possible indices of the parabolic fixed points
are 0,2,4. Hence the level sets J~!(v) is connected [At82] and J has a unique local
minimum and a unique local maximum.

Let Fy (resp. F_) denote the connected component F; with V;L = 0 (resp.
v; = 0), and denote its weight type by (n—,0) with (resp. (0,m4) ). Then on F_, F}
the moment map .J take minimum and maximum respectively. Write C* = S! x R,
then the moment map is S*-invariant and an increasing function along the R>q-orbits
[Y08, the proof of Proposition 4.1]. Hence the points in the other components of X c*
are all consisted of hyperbolic fixed points. In particular each connected component
of X€ \ {F_UF,} is either an isolated point or a smooth algebraic curve.

Let {Cklk =1,--- ,a} denote the set of fixed curves locating in X \ {F_UF,},
they are called interior fized curves since on them the moment map take values be-
tween maximum and minimum. Then all points in the interior fixed curves {C%} have
indices 2, hence their weight type is (v=,v") = (1,1). The isolated fixed points locat-
ing in X© \ {F_UF,} are called interior fired points, and they are decomposed into
two classes. One class consists of points with indices 2, denoted by {z;|i = 1,---b, }.
The other class consists of points with indices 4, denoted by {y;|j =1,--- ,c}. Hence
{x;} have weight type (v~,v") = (1,2) and {y;} have weight type (v~,v") = (2,1).

To sum up, we have

PROPOSITION 3.1. The fized points set X has the following decomposition

a b c
X =r (JryuJioru YLz v UL
k=1 k=1

k=1
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where on F_ and Fy the moment map take minimum and mazimum respectively, F_
has weight type (0,m4) with my = 1,2 or 3 and Fy has weight type (n_,0) with
n_ = 1,2 or 3; the interior fixed curves {Cy} has weight type (1,1); the interior fized
points {x;} and {y;} have weight type (1,2) and weight type (2,1) respectively.

4. The Hodge numbers of the fixed submanifolds for a semi-free C*
action on a Fano 3-fold . Let X be a Fano 3-fold with a algebraic C*-action, as
studied in Sect. 3. Write its p-th homology group as a sum of free subgroup and
torsion (finite) subgroup: H,(X,Z) = Z’ & T,, where b, is the p-th Betti number
and T, is the torsion part of H,(X,Z). From the universal coefficient theorem we have
HP(X,Z) = 7Zb @ T,_,. Applying Poicaré duality we have b, = bs_,, and T}, = T5_,,.
Clearly by = bg = 1,0y =bs =0 and Ty =15 =11 =T, = 0,15 = T5. Therefore the
integral cohomology of X is decided as the following if we know the its 2-homology
group and 3-th Betti number:

HY(X,Z)=HSX,Z) =7, HYX,Z)=H*X,Z)=0,
HX(X,Z)=7%, H3(X,Z)=7%®T,, HYX,Z)=7"a&T,.

ProproOSITION 4.1. Let X be a Fano 3-fold equipped with algebraic C*-action such
that the restricted circle subgroup action is Hamiltonian, then To = 0. In particular,
all homology and cohomology groups with integer coefficient of X are torsion free.

Proof. In traditional Morse theory, X is built up by attaching negative normal
bundles of critical submanifolds, which is equivalent to give X a Bialynicki-Birula
minus decomposition. In [CS79] and [Fu79] the authors used Bialynicki-Birula plus
decomposition to study the geometry of C*-manifolds. In this paper we use minus
decomposition for notation convenient, though using either plus or minus decomposi-
tion cause no essential difference. Let {F;} be the connected components of the fixed
point of the C*-action with weight type (l/; , V;r) Carrell and Sommese [CS79] proved
that there are isomorphisms of homology

DH, o, (F,7) — Hy(X,7),
J
for any integer p. Using the notions of Proposition 3.1, we have
H2(X7 Z) = @ H2(Ck7 Z) D Zb
k=1

is torsion free. Therefore To = 0. O

The following theorem give a diffeomorphic classification of some special 6-
dimensional manifolds by their numerical invariants.

THEOREM 4.2 ([Wa66, Theorem 5]). If two simply-connected 6-dimensional sym-
plectic manifolds have no torsion homology, and if their second Stiefel-Whitney classes
weo vanish and they have the same cohomology ring and the same first Pontryagin class
p1, then they are diffeomorphic.

Since —K x is a positive line bundle, by Kodaira’s vanishing theorem,

HY(X,0x)=H* =~ Hg* =0, k=1,2,3.
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By Hodge decomposition theorem and Serre duality theorem, the Dolbeault cohomol-
ogy groups and de Rham cohomology groups are respectively given by

H1,3 — H3,1 — H2’3 — H3’2 =0
H?(X,C)=HY', H3X,C)=H“?@H>»'| HYX,C)=H>?~H"!

Therefore

by =h"', by =2n"2

PROPOSITION 4.3. Suppose that a connected component S of X© is a surface,
then it is a Fano surface. Moreover the moment map takes mazimum or minimum on
S. In particular, the number of complex 2-dimension components in X© is not more
than 2.

Proof. The second claim is clear since the normal bundle of S is a complex 1-
dimensional representation of C*, its weight is either positive or negative. Without
loss of generality we assume on .S the moment map takes minimum and we can further
assume the minimum is 0.

By the equivariant Darboux theorem [At82], there is a local holomorphic coordi-
nate (21, 22, z3) around a point x € S such that S is defined by z5 = 0, the action is
given by

t- (217 22, Z3) - (217 22, tz3)7
and the moment map J has the following local expression
J(x) = |z5]* + o(r?),

where 72 = |21]? + |22]2 + |23]%. Let € be a sufficiently small positive number. Then
J71(e) is a circle bundle over S = Py = J~1(0), and P, = {z € X|J(z) < ¢} is a
complex line bundle over Py whose fibres are exactly the orbits of the induced C*-
action. If we contract the fibres of P.. — P, along the C*-orbits, the quotient space
is exactly Pp. Let

P = {z € P [T w07 (e) # 0}

denote the semistable set. Note P’* = P, since each C*-orbit intersects with the
level set J~!(e) if € is sufficiently small. On the other hand by the main theorem in

[HL94] we know the Marsden-Weinstein quotient is isomorphic to the GIT quotient
IS = P2 T = Pe /[T

Hence J~1(e)/S! is holomorphicly isomorphic to P. By the main theorem in the
Futaki’s paper [Ft87], J~1(¢)/S! is a Fano manifold if X is Fano. Therefore S = P,
is a del Pezzo surface. O

PrOPOSITION 4.4. Let X be a Fano 3-fold with semi-free algebraic C*-action,
and notion Fy,F_ Cy,a,b,c defined as in the paragraph ahead of Proposition 3.1.
Then

(A) If mazimum component Fy (resp. minimum component F_) is a curve, then

it is a rational curve;
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(B) We could read Hodge numbers of X form the fized point data:

pbt = plmnelmre(Fy) 4+ RYY (D) 4 a+ b
= W22 (RO + R (Fo) +a+¢
2= T g

where n_ denote the number of negative weights of isotropic representation
of C* at the points in Fy and gy, is the genus of the fived curve Cj.

Proof. Carrell, Sommese [CS79] and Fujiki [Fu79] proved that there are isomor-
phisms of Dolbeault cohomology groups

@B ar T (Fy) — HPA(X),
J

for all p, q. Hence

HM(X) = plm-l-n(F)e HYY(F.) o @, H*°(Cy) ® Zb;
H*2(X) = H* =20 (Fy) @ H*X(F-) & @,_, H"(Cy) & Z¢
H'Y2(X) = H'"2"(Fy) @ HY2(Fo) o @, _, H%N(Cy).

From the first two equations we have the first part of (B). By the same reasoning, we
have

H"?(X)=H""(F_)=0, forp=1,2,3.

Hence if F_ is a curve then F_ = P'. Note F; and F_ have symmetric positions
(if we turn the manifold X upside down along the direction where the moment map
increases, then F; and F_ will exchange positions), so F, = Pl if it is a curve. By
Proposition 4.3, Fly, F_ are del Pezzo surfaces when they are surfaces. Therefore we
always have

HPU(F) =HPI(F_) =0, ifp#q

whenever they are points, curves or surfaces. Hence H2(X) = @¢_ H*!(Cy), we
get the second part of (B). O

5. Computations for the holomorphic Lefschetz fixed point formula
and equivariant localization formula. By Atiyah and Bott’s Lefschetz fixed point
formula [AB67] together with Atiyah and Singer’s index theorem [AS68] we have the
following holomorphic Lefschetz fixed point formula:

THEOREM 5.1. Let X be a compact complex manifold, E a holomorphic vector
bundle over X, and G a compact Lie group. Suppose that g € G is a holomorphic
automorphism of pair (X, E). Let {F;} be the connected components of the fized point
of g and suppose they are smooth submanifolds. The normal bundle N, of F; under
action of g is split into direct sum of line bundle Nr, = ®;L;, where g acts on L;
by multiplying t™ and denote the first Chern class of Lj by x;. Then the Lefschetz
number

Z(_l)iTr(mHi(Xﬁ(E))) = ZL(Fuﬁ(E))a (2)

i
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where the contribution of the component F; is computed as

—Tjong -1
ch(B|r)IL, () td(F)
L(F,, 0(E)) = /

, 3
. dot(1 — gl ) )

where ch(E|g,) is the Chern character of E|r, and td(F;) is the total Todd class of
Fy.
The following proposition is special case of Lemma 3.1 of [TWO00], where it is

proved in another way. Here we use Theorem 5.1 and our proof is very simple.

PROPOSITION 5.2. Let X be a Fano-n-fold equipped with a semi-free circle action
with isolated fixed points. Let Nj denote the number of fived points of index 2k for
0<k<n. ThenNk:ﬁik)!.

Proof. 1If x is a fixed point of index 2k, then L(x,Ox) = m Note
H'(X,0x) =0 for i > 1 hence Y ,(—1)"Tr(g|mi(x,0x)) = 1 for any biholomorphic
map g. By the holomorphic Lefschetz fixed point formula (2) we have

1=20 (17t)’“(1N—kr1)"*’€ = (1—1t)” Do Ne(=t)" 7", (4)

holds for any ¢ € C*, hence Ny, =

n!
k!'(n—k)!" o

By [TWO00, Theorem 1.1 and Theorem 1.2], X and (P')" (the product of complex
projective line) have the same cohomology rings and the same Chern classes. When
n = 1,2 it is easy to see they are biholomorphic isomorphic by classifications of
curves and surfaces, but for n > 3 we don’t know whether they are biholomorphic
isomorphic. Using Wall’s Theorem 4.2 and the classification of Fano 3-folds we know
they are biholomorphic isomorphic when n = 3 :

COROLLARY 5.3. If X be a Fano-3-fold equipped with a semi-free circle action
with isolated fized points. Then X = (P')3.

Proof. By [TW00, Theorem 1.1 and Theorem 1.2], X and (P!)? have the same
cohomology ring and equivariant cohomology ring, and they both are homology tor-
sion free by Proposition 4.1. In particular they have the same Chern classes c1, ¢2, 3.
Hence they have the same Stiefel-Whitney classes wo = ¢ymod2 and Pontryagin class
p1 = ¢ —2¢y. By Theorem 4.2, X is diffeomorphic to (P!)3. Since X is Fano, it is easy
to see X = (P1)? by [MM81, MMO03] Mori-Mukai’s classification of Fano 3-folds. O

In the rest of this section we assume X is a Fano 3-fold with a C*-action and
write X© = Fy UF_ U, CpU{z,,y]1 <i<b,1<j<c}asin Section 3. The
contributions of isolated fixed points to the Lefschetz fixed point formula are given by

1 S
L@, 0x) = apa—7 = ap
L(y;: Ox) = Gopri—e = a3

The normal bundle of the interior fixed curve Cj, splits as
Ne, =L} & L,

where C* acts on L] (resp. L) by positive (resp. negative) weight. Let ci(Li)
denote the first Chern class of L. Since Ch(Ox|c,) = 1 and Td(Cy) = 1+ LQC’“),
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by formula (3),

F1(Ck)

_ 1+
L(Ck,ﬁx) - ka (17te—c1(L ))(1715 1e—c1(L;r))

(5)
Using Taylor expansion of the exponential functions in the denominator of the integral
(note it suffices to expand it to the linear terms since the integrated is over a curve):

1+Cl(ck)

L(Cy, Ox) = fck (A—t(—er (L) (A—t—*(1—c1 (L))" (6)

Rewrite two terms in the denominator of the integral as

{ L-tl—a@p) = (1-9(+2Ed),

c et
1=t =y (L) = (1—t Y1+ 2ty
Taking (7) into (6) we get
Cl(ck)

Lo L _
(Ck, Ox) = t) —t l)fck (1;152”)(1+C1§letfl) )

We have the following Taylor expansion of the reciprocal of the denominator of the
integration of left hand side of (8) as a power series of variable of ﬁ,

1 _ er(L)—ei (L)t
C1(LI>t*1)_1+4k1_t i o 9)
1—t—1

cl(L )t

I+ —=£=) 1+

note here it suffices to expand it to the linear term since the integration in (8) is on
a complex curve. By (8) and (9) we have

c cr(Li)—c1 (L)t
L(Cy, Ox) = (17t)(17t71) ka <c1( k) + =2 — tl ) (10)

Note by Riemann-Roch Theorem for curve we have | o, €1(Ck) = 2x(Cy). For brevity

throughout of this paper we also use cl(Lf) to denote the first Chern number
fc c1(L;), then we may rewrite (10) as

L(Cy, O) =~ O e i)t (11)

To sum up we have

PROPOSITION 5.4. For the interior fized curve Cy with normal bundle N¢, =
L;r ® Ly, the contribution L(Cy, Ox) in the Lefschetz fized point formula is computed
as

L(Ck,ﬁx) = —t- t) ((Cik)t)igak *Dék t)t7

where oif denote the Chern number ka al(L).

For the maximum and minimum fixed point components F; and F_, we use Np,
to denote their normal bundles in X. We still don’t distinguish the Chern class and
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Chern number. For example, if F is a surface, ¢}(Np,) also denote the integral
fF+ C%(NF+).

PROPOSITION 5.5. For the mazimum and minimum fixed point components F
and F_, the contribution L(Fy, Ox) is computed as in Table 1.

Proof. F1 may be isolated points, rational curves or Fano surfaces. Here we only
give the computations when F; is a surface, the other cases are simpler and follow in
the same way.

On F the moment map J takes maximum and the C*-action on its normal bundle
Np, has a unique weight which is negative. Since Ch(Ox|r,) = 1 and Td(Fy) =

1+ 61(5” + C%(FJr)lng(F*), by formula (3),

PG F(F ) +ea(Fy)
2 12

+
—c1(Np)

F+7ﬁX fFJr (12)

1—te
Using Taylor expansion of the exponential function in the denominator of the integral

01(F+)+02(F+)

Cl(NF+>:| ’ (13)

C1(F+)

+

F+,ﬁx fF+

1— t[l Cl(NF+)

Rewrite the denominator of the integral of the left hand side of (13) as

c2(Ng,) tei(Np, ) tc?(Np, )
11—t 1*61(]\/*F+)+ - 2F+ } :(1*t)[1+ 11—1? - 21(1_1145 } (14)
(& C2
We have the following Taylor expansion of the reciprocal of 1 + ! lgt&r) . 21((1]\1 %)
as a power series of the variable % :
1 o tcl(NF ) (1+t)tCQ(NF )
te1(Np,) tc%(NF+) =1- 1—t+ 2(1—1t)2 - Tty (15)

-t~ 21—t

note here it suffices to expand it to the quadric term since the integration in (13) is
on a complex surface. By (13), (14) and (15) we get

2
(1+c1(p+>+c%(F+)l+;2(F+))(1_f01<NF+> (t+1)tef (Np, )

= T -
L(F_;,_,ﬁx) _ f 2 — 2(1—¢)2 )' (16)

Fy

Note Fy is a Fano surface, hence x(0F, ) = fF+ % = 1. Therefore

27 C C C
L(Ey, 0) = 220t E)a e ) HITOANE,), (17)

|

Another important tool is the Atiyah-Bott-Berline-Vergne localization theorem
[Au9l]:

THEOREM 5.6. Let X be a compact symplectic manifold equipped witlh a Hamil-
tonian action of S' and denote {F;} the connected components of X° . Let a €
H%, (X,Z), Then

|
f aiz fF esix(;F

i
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’ Cases H point \ line \ surface
.3 (1=t 2%c1(Nr_) —2t(1—1)°~t(1—tci(F_)cai(Np_)—t(14+t)cANr_)
(F-0x) || i e } PIEEDE -
(17t)461(NF )t 2(1715) 7t(17t)61(F+)01(NF )—H,(l+t)c (NF )
L(F—&-aﬁX) (1_115)3 [(E=DE + 2(1=1)3 + : +
TABLE 1

Computations of L(Fy,Ox)

where N, is the normal bundle of F; and eSI(NFi) 15 its equivariant Euler class.

PROPOSITION 5.7. For the equivariant cohomology classes ¢ (X) and (¢3' (X))3
integrate at the interior fived curve Cy in the Localization formula is computed as

;-
f 1 — %% % .
Ck 65 (N¢y,) AS

f c? (X)Ic,c _ —c1(Ney,)—c1(Ck) |
Ck eS (Nc - A2 !

f §lx)? 7 (X)’ley, 0

Ck es (New)

Proof. We only give a proof of the second equation, the rest are proved in the
same way. Since the normal bundle N¢, = LZ ® L, and C* acts on LkjE with weights
+1, the equivariant Euler class N¢, is €5’ (N¢,) = (—A+ 1 (L)) (A +ei(Ly)). Since
Txlc, = Tc, ® Ng,, and C* acts trivially on the tangent bundle T, and on the
normal bundle N¢, with weight (—1,1), the equivariant Chern class SN(X Ve, =
c1(Ck) + c1(Nk). Therefore

f c1(Cr)+c1(Ng)
Cr (=M e (L) (M ter (L))

c - c -
=~ fo e (Ch) + a())A+ 2y - 2lw))

—c1(Ng,,)— 01(Ck)
>\2

I 5 (Oley
C 851 Nc )

0

PROPOSITION 5.8. At the mazimum and minimum fized point components F

and F_, the integral of the equivariant cohomology classes 1,¢5 (X) and (¢§ (X))3
in the Localization formula are computed as in Table 2—4.

Proof. We only give the proof when Fy are curves or surfaces in Table 4. The
rest cases in Table 3 and Table 2 are simpler and proved in the same way. If F. are
rational curves, split Np, = LT @ LT such that C* act on Np_ with weight (1,1)
and on Np, with weight (-1, —1) respectively. As the proof of the second equation
in Proposition 5.7, we have

I (cfl<X>>3\Fi
Fe  eSY(Np,)

f (c1 Fi)$2>‘+C1(NFi))
TP (Fatea (L) (FAta (L))

= [ 4120 () + 1 (Ve )1 241 2 260
- b R b (0¥, )1 28
= f 1261 Fi +401(NF1>]
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’ Cases H point \ line \ surface ‘
1 1 c1(Np_) C%(NF_)
fF,esl(NF_) A3 T3 \3
f 1 _ 1 CI(NF+) _C?(NF+)
e (N b e 3
TABLE 2
; -1
Computations of fFi PO

’ Cases H point \ line \ surface ‘
f (X)Nr_ 5 | aF)—a(Nr) | —er(F)e(Ne )
Jr. e | ¥ 2 e
T (X) |y 3 ca(Fy)—ci(Nry) | —a(Fy)a(Ne,)
fF+ esl(NF ) 2z A2 A2
TABLE 3
f (X)|py

Computations of [Fi m

If Fy are Fano surfaces, then C* act on Np, with weight 1 hence

cf (X)lFi

fFi eST(Nry)
61(Fi):F>\+Cl(NFi)
B fFi (FA+er(Nry))

1(N 2(N
= ¥ Je, le1(Fe) FA+ e (Npy)I[1 £ ei( Fi) n q(;i)]
(1 (Fe)+er(Nrg )er(Nry) e (NF )
::FXfFi .. £ F 5
_ c1(Fx)er(Nry )
D
Fyi esl(Npi)
_ f (c1(F1)FA+e1(Npy))?
- Jry (FrA+ei(Nry)) 2
1(V 2(N
F3 Jr, (1(Fe) FA+ 1 (Npy))[1 £ ¢ ()\Fj:) n cl(vm]

T3 S, AP 4302 (c1 (Fa) + e1(Nry)) F 3A(e1(Fi) + e1(Nry))?
NI )

S [ (NEy) = 3ei(NpL) (1 (Fi) + e1(Npy)) + 3(ei (Fie) + e1(Npy))?]
3¢i(Fi) + 3(Npy ) + 3c1(Fi)er (Npy ).

|

As in the last section, we may consider X as a Kéhler manifold with an algebraic
C*-action such that the circle subgroup S'-action is Hamiltonian with moment map
J. Denote the level set J~1(r) by P,. If r is a regular value of the moment map
J, by [HL94] the C* act freely on X (r) := {z € X|C*-2 N P, # 0} and the GIT
quotient X (r)//C* is isomorphic to the Marsden-Weinstein quotient X, := P,./S!,
and it is a Kéhler manifold. Hence P, is a circle bundle over the Kéhler manifold X,
we denote its Euler class by e(P,.) € H*(X,,Z). Assume that ¢ > 0 is small enough
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’ Cases H pt \ line \ surface ‘

c X))
Jr. <;sf(NF') 27 | 121(FL) +4ei(Np) | BE(FL)+E(Np ) +3e F)er(Nr)

(5 ()Y
fF+ o1 (NF 1;‘+ 27 1261(F+) —|—461(NF+) 30%(F+) +C%(NF+) +361(F+)61(NF+)

TABLE 4 )
(ef (X)) Fy

Computations of fFi T ey

such that ¢ is the only critical value in [c — €, ¢ + €]. Using symplectic cutting [Y08]
we get a 6-dimensional Kihler manifold XS¢ with semi-free C*-action, which is a
C*-equivariant Kéhler compactification of J=1((c — €, ¢+ ¢€)). The fixed points of the
C*-action on the cutting space X£+§ consisting of three parts: X._., the connected
component where the moment map takes minimum; X.., the connected component
where the moment map takes maximum; and those fixed point in the critical level set

J1(e).

PROPOSITION 5.9. Let € > 0 be small number such that c is the only critical value
in [c —€,¢+ €. Assume there are k fized points in J~1(c) whose wights of isotropic
representation are (—1,—1,1) and | fized points in J~*(c) whose wights of isotropic
representation are (—1,1,1), and there are m fized curves Cy,- -+ ,Cy, in J~1(c) with
normal bundles N¢, = L} & L; fori=1,--- ,m. Then

€(Pore) — 2(Pos) = k— 1+ X (er(Lf) — en(L7)). (18)

If ¢ is a minimum or a maximum of J then J~'(c) is connected, in this case we have
e?(Petc) = 1 when J~1(c) is point, and €?(P.1.) = —c1(N¢) when J=1(c) is a curve
C.

Proof. On the cutting space, integrate 1 € Hg, (XSt 7Z) via using Theorem 5.6,
then

1 1
Ix._. st +fxc;f . w—

k [ 1 _
+ omtow i e sraaycoaacy =

expanding it we get (18). We consider the cutting space XS if ¢ is a minimum and
the cutting space X¢ . if ¢ is a maximum, integrate 1 on these spaces we get the
second part of Proposmon 5.9. 0

6. Classification when X© has exactly two connected components and
examples for general C*-actions.

THEOREM 6.1. Suppose that X has exactly two connected component Fy and
.

(A) If both Fy and F_ are isolated fixzed points, such a Fano 3-fold X does not
exist;

(B) If both Fy and F_ are fized surfaces, then Fy is biholomorphic to F_ and X
is a P! bundle over F,;

(C) If one of Fy and F_ is a fized surface and the other is an isolated fized point,
then X = P3;
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(D) If one of Fy and F_ is a fixed curve and the other is an isolated fized point,
such X does not exist.

Proof. (A). The moment map J is a nondegenerate Morse function, it is well know
in this case that X is diffeomorphic to S, but S° is not even a symplectic manifold.
(B). Since the the Marsden-Weinstein reduced space X, = J~!(r) will not change
diffeomorphism type if J does not cross its critical value, we denote the Marsden-
Weinstein reduced space by X,..q. From the proof of Proposition 4.3, both F and
F_ are isomorphic to the Marsden-Weinstein reduced space X,..q and the C*-action
induces a holomorphic P! bundle structure of X. (C). Assume that J(X) = [0, h],
and without loss of generality we assume J~1(0) is a point and J~1(h) is a surface.
For a sufficiently small positive number ¢ < h, we know X, = J~!(¢)/S! is P2
Hence X, =2 X,.q = P? and X is obtained by attaching a cell of index zero to P?,
therefore X = P? U -1(;,_¢ D° = P3. (D). Near one vertex of the interval J(X), the
Marsden-Weinstein reduced space X,eq is isomorphic to P? and near the other vertex
of the interval J(X), the Marsden-Weinstein reduced space X,..q is a holomorphic P!
bundle over P'. It is impossible since P? is not diffeomorphic to the P! bundle over
P'.0O

EXAMPLE 6.2. Clearly P? admits semi-free C*-actions whose fixed points X =
P2 U pt or P' U P!. For example for the action

t'[Z()I,Zl 222223]: [tZOIt,Zl 222:23},
has a moment map

_ |20/ + |21 |2
202 + 2112 + | 22| + |23

J([Zo 1212 33])

Clearly J(P?) =[0,1] and X¢ = P' U P,

EXAMPLE 6.3. For the semi-free C*-action on P? with two fixed lines P' U P!, If
we blow up one of the fixed line, then we get a Fano threefold with semi-free C* action
whose fixed point set still has two connected components, one is a line the other is a
ruled surface.

EXAMPLE 6.4. Let X = Proj(Op> ® Op2(k)), a P! bundle over P? with Euler
number k; or X = Proj(Tp:), the projective tangential bundle of P2. Let C* act on
the P2 by t - [2°, 21, 2%] = [tzo, 21, 22, then the action is semi-free, it induces natural
action a the algebraic vector bundles E and so does on the projective bundle Proj(E).
The fixed points points have two connected components, one of them is P! and the
other is a P! bundle over P!. If E = Tp2 or Op> ® Op:(k) with k # 0 then the induce
actions on the projective bundle Proj(F) is not semi-free. When F is a trivial bundle
clearly there is an induced semi-free action on Proj(FE).

EXAMPLE 6.5. Let C* acts P? by

t- ([x1,x2,$3,$4]) = ([t$17x2,1‘3,$4}).

The blow-up space X of P? along the fixed line {[z1, 22, 23, 4] € P3|z = x5 = 0} is
defined by

{([w1, 72, 73, 4], [Y1,y2]) € P? X Pi|z1y2 = 2201}
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There is a lifted semifree action on X

t- ([.731,332,563,]}4], [ylva]) = ([xla tl‘g,t$3,t$4], [ylaty2])

with moment map

J([z1, z2, 23, 24], [Y1, ¥2]) = 2o |? + |23|? + [za]? lya]?
1 y 3 ) ’ |x1|2—|—|562|2+|1'3|2+|174‘2 ‘y1|2+|y2|2.

The fixed point set X€" has three connected components: the maximum component
{([0, 2, 23, 24][0,1])} = P2, an interior fixed rational curve {([0, 0, z3, z4][1,0])} = P!,
the minimum component is an isolated fixed point {([1,0,0,0][1,0])}.

EXAMPLE 6.6. Let C* acts P? x P? by

t- ([w1, @2, 23], [y1, Y2, y3]) = ([w1, w2, 3], [tys, tya, ys])

Let X be the divisor of bidegree (1,2) of P? x P? defined by z1y? + w23 + 2395 = 0.
The fixed points are two rational curves. But this action is not semi-free.

EXAMPLE 6.7. SLy(C) acts on the polynomial ring R = k[z,y] by z — ax +
cy,y — br+dy for s = [Z Z} € SLy(C). Let R,, C R denote the vector space of the

homogeneous polynomials of degree n. Then R, is the irreducible S Lo (C)-module of
degree n+1. Let f(z,y) = X7, Cia;z" Iyl be a non-zero homogeneous polynomial.
We take (ag,a1,,- - ,ayn) as homogeneous coordinates on Proj(R,,) on which there is
an induced SLy(C) action. Take fg = zy(z* — y*) and fio = xy(2'® + 1125y 4 ¢10).
The Mukai-Umemura Fano 3-folds [MUS83] are defined by X5 = SLs(C)- fg and
X192 = SLy(C) - fi2, the closers of the orbits passing through fs and fi5 respectively.
Then there is naturally induced C* actions on X5 and Xss. But these actions are not
semi-free since they are the restrictions of the action ¢ - [ag : a1 : -++ : a,] = [t ™ap :
t="*2qy . ... 1 t"a,] on Proj(R,) with n =5 and n = 12 respectively.

PROPOSITION 6.8. Let Y be a 3-fold with a semifree C*-action and C C Y a
smooth C*-invariant curve. Let X be the blow-up of Y along C' with exceptional
divisor E. Then there is a semifree action of C* on X such that E is C*-invariant.
If C is point-wise fized then E is point-wise fized or the C*-action on E has exactly
two fized curves isomorphic to C. If C' is not point-wise fived then the C*-action on
E has only isolated fixed points or fixed curves.

Proof. Let N¢o be the normal bundle in Y then E is isomorphic to the projective
bundle Proj(N¢). If C is point-wise fixed then the induced action of C* on the tangent
bundle of C' must have weight 0. Since the action on X is semifree, the induced action
on the normal bundle No must have nonzero weight. Hence it acts on the normal
bundle N¢ with weights (£1,+1) or (0,1). In the former case E is point-wise fixed,
in the later case the C*-action on E has exactly two fixed curves, both of them are
isomorphic to C. Similarly if C' is not point-wise fixed and the C* acts on the fibre of
N¢ with two different weights, then the C*-action on F has only isolated fixed points;
if C' is not point-wise fixed and the C* acts on the fibre of N with the same weights,
then the C*-action on F has only fixed curves. O

REMARK 6.9. Let Y be a 3-fold with a semifree C*-action and X is the blow-up
of Y along a fixed point or an invariant curve C' with exceptional divisor E. If E is



292 Q. YANG AND D. ZAFFRAN

not point-wise fixed then there are isolated fixed point or fixed curve on E which are
interior isolated fixed point or interior fixed curve of X.

We take the curve blow up as an example. Suppose the curve C' is a fixed curve
of the C*-action on Y. Take holomorphic local coordinate (y1,y2,ys) of Y such that
C is locally given by y; = yo = 0. Let U be a C*-invariant tubular neighborhood of
C in Y. Then there is a neighborhood V' of C' in X which is equivariant isomorphic
to V= {(y1,92,93; [21, 22]) € U x Pt|z1y2 = 2991 }. Since E is not point-wise fixed,
the C*-action is given by

C* x (Ux PY) = Ux Pt (y,[z1,2]) = (t- v, [tT 21, 2]).

Suppose J is the moment map for S action on Y, then near C' the moment map of
St action on V is given by

Ty len, ) = Iy = — AL

Put .J(C) = a. Then on the exceptional divisor E = Proj(N¢), the moment map .J
takes values a £ 1 at the curve {z3 =0} N E. If @ is minimum (resp. maximum) of .J
then J takes values a + 1(resp. a — 1) at the curve {z2 = 0} N E; if C' is an interior
fixed curve of Y then {z; = 0} N E or {23 = 0} N E is an interior fixed curve of X.
Hence there is always a fixed curve of F which is an interior fixed curve of X.

If the curve C is invariant but not point-fixed and F is not point-wise fixed, we
could prove in the same way that there is at least one interior isolated fixed point of
X lying inside E.

PROPOSITION 6.10. Suppose that algebraic manifold X admits an algebraic C*-
action, and has a blowing down map f: X — Y along an exceptional divisor E, then
E is C*-invariant. Therefore, if the blowing up center f(E) is a curve of genus g > 1,
then there is a descent action of C* such that f(E) is fized.

Proof. Otherwise there exists ¢ € C* such that E' :=t- E # E. Take a rational
curve C'in E, then the intersection number E-C = deg(0g(—1)|c) = —1. But clearly
E-C =F-C =0, a contradiction. If f(FE) is a curve with genus g > 1, then the
induced C*-action on f(F) is trivial. O

THEOREM 6.11. Suppose that X©  has exactly two component F, and F_.
(A) If Fy, = F_ = P! | then X is P3;
(B) If Fy is a surface and F_ = P!, then X = P! x P2

Proof. (A). From (B) of Proposition 4.4 we know h'! = 1 and h'? = 0. Using
the Lefschetz fixed point formula in Theorem 5.1 and the data in Table 1, we have

(1—t)t?>+t%c1(Np_) (1-t)—c1(Np, )t
(1—0)3 (1—1)3 )

1=

hence we have ¢i(Ng,) = c1(Np_) = 2. Using localization Theorem 5.6 and data
computed in Table 4, we have

K%} = [ (¢f (X))? = 12c1(Fy) +4eri(Np,) + 12¢1(F_) +dei(Np_) = 64.

By the classification for Fano threefolds with Picard number p = h'! =1 and K% =
64 in [IP99, Appendix, Table §12.2], P? is the only possibility.
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X(C* H Rl ‘ hi2 ‘ X
two points 0 0 not exist
a point and a line 1 0 not exist
a point and a Fano surface 1 0 p3
two lines 1 0 p3
a line a Fano surface 2 0 P x PZ blow up ofP3along a line
two Fano surfaces 1+d | 0 Ps,(F)

(Remark: E is rank 2 vector bundle on the Fano surface S; of Picard number d)

TABLE 5
Case a=b=c=0

(B). Using the Lefschetz fixed point formula in Theorem 5.1 and the data in Table
1, we have

(=) +t%c1(Nr_) n A1-)*t(1—tei(Fe(Ne H(1+0)ci(NE,)

L= (1-1)3 2(1—1)3 )
we get
(a2 )
2¢1(Np_) + c1(Fy)e(Np,) + cf(Ng, ) = 2.
Hence we have ¢1(Fy)ci(Np,) = ¢i(Np,) + 2 and ¢i(Np) = —c}(Nr,). Integrate

(ci91 (X))? on X via using localization Theorem 5.6 and data computed in Table 3,
we get

— K% =12e1(F_) +4er(Np_) + 3¢ (Fy) + ¢} (Np, ) + 31 (Fy)er (N, ),
note F_ = P! and F, is a ruled surface hence ¢;(F_) = 2 and ¢?(F,) = 8, thus
—K% =48 +4c1(Np_) 4+ t(Np, ) + 3c1(Fy)er (Ng, ) = 54.

By the classification for Fano threefolds with Picard number p = At = 2 and K% =
54 in [IP99, Appendix, Table §12.3], there are two such Fano 3-folds, P* x P? and
the blow-up of P? along a line. Note we have realized such actions as in Example 6.3
and 6.4. O

REMARK 6.12. By the classifications of Fano threefolds [IP99, Table §12.2], there
are only four of them with Hodge number hbt =1 amd h'? = 0, they are P3, quadric
Gre(R%), Mukai-Umemura Fano manifolds X5 and Xao. There are many examples
[IP99, Table §12.3] of Fano 3-folds X with A1 (X) = 2, hA12(X) = 0, most of them are
obtained from the blowing up of those Fano 3-folds Y with A»1(Y) = 1,h12(Y) =0
along curves. By Proposition 6.8 and 6.10 they are excluded. The rest cases [IP99,
Table §12.3]: a divisor on P? x P? of bidegree (1,2), the projective tangential bundle
Proj(Tp2) of P2, or Proj(Op: ® Op2(k)) as a P! bundle over P? with Euler number
k=0,1,2.

7. Classification where X has no interior isolated fixed points but
at least one interior fixed curve. Let X be a Fano 3-fold with an algebraic C*-
action such that the circle subgroup S!-action is Hamiltonian. We denote the level
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set J71(r) by P,.. If r is a regular value of J then the Marsden-Weinstein reduced
spaceX, := P"/S' is a smooth surface and P, — X, is a principle circle bundle. In
[Ft87] Futaki proved that X, is a Fano surface when r is a regular value. We denote
the Euler class of the circle bundle by e(P,) € H*(X,.,Z).

Let ¢ be a critical value of J, and suppose C4,---,C, C P. are all algebraic
curves locating inside P, that fixed by the C*-action and there is no other fixed
points. Assume that € is small enough such that ¢ is the only critical value in [¢c —
e,c+ ¢€|. By [GS89], X._. is diffeomorphic to X.i.. Therefore if the fixed point set
XC has no interior isolated fixed points, then the Marsden-Weinstein reduced spaces

have the same diffeomorphism type, let’s denote it by X,.q. Moreover C1,--- ,Ck
are embedding Ké&hler submanifold of X,.;. We denote the dual class of them by
[C4],- -+, [Ck], then the Euler classes of the circle bundles vary by

e(Pete) = e(Pe—e) + [Ch] + -+ + [Ci]. (20)

Let N¢, x (resp. Ng¢,x,.,) denote the normal bundle of C; in X (resp. X,cq). Then
N¢,|x has a decomposition N¢,|x = Li@L;,andon L; (resp. L; ) the C*-action by
positive (resp. negative) weight. N¢,|x, ., is isomorphic to Li®L; . Let af: = cl(L;t)
denote the first Chern numbers of L;*L. Then

c1(Ney x,.q) = of +ay :/ [Ci]?, i=1, k. (21)
Xred

Since we assume X has no interior isolated fixed points in this section, i.e., all
other connected components in XC are algebraic curves except the maximum and
minimum components. Then the diffeomorphism type of Marsden-Weinstein reduced
spaces X, := X,..q4 does not depend on r [GS89] and is a Fano surface. In the following
we will detect the structure of X by analyzing the variation of the Euler class of circle
bundle P, — X,..q as r varies from the minimum to the maximum. We denote e(P,)
by e_ if r is near the minimum and by e, if r is near the maximum.

THEOREM 7.1. Suppose that there is a semi-free C*-action on a Fano 3-fold X
such that there is no interior isolated fixed points, and at least one interior fived curve
(i.e., a > 1), then the possible X are listed in Table 6. (Note we have realized such

actions for (P*)? and P* x P2 in the proof).

Proof. By Proposition 4.3 and Proposition 4.4, if F_ and F are not isolated
fixed points then they are Fano submanifolds. Moreover the reduced space X,..q4 is a
del Pezzo surface and will not change its diffeomorphic type. The del Pezzo surfaces
are listed as: P2, P! x P!, the blow-up Sq of P? at 9 — d points in general positions
for 1 < d < 8. We will give the proof according to the types of the Marsden-Weinstein
reduced spaces. Note if the Picard number of X is bigger than 6, then X is of form
P! x Sy, actually we only needed to consider the following 8 cases:

Case 1. Both Fy and F_ are isolated fixed points. Integrate (¥ (Tx))? €
H¥,(X,Z), via using Theorem 5.6 and the data in Table 4 we get

~K% = 54.

Note in thise case X,eq = P?. Let u = ¢1(Op2(1)), then c¢1(X,eq) = 3u. If 7 is near
the minimum (resp. maximum) then P, — X, is a Hopf fibration S! — §° — P?
whose Euler class is e = —u (resp. e = u) by Proposition 5.9. Suppose C1,- - ,C,
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[ KR [T [ A2 [ ] X

43 2 0 |1 Proj(Tp2)

48 3 0 |2 (PYHY? or P! x P2

46 2 0 1 The blow up of P? along a line

46 3 0 1 The blow up of P? along a line and a point

40 3 0 1 The blow up of P' x P? along a conic in ¢ x P?

38 4 0 |1 The blow up of (P1)3 along a tridegree (0,1,1) curve

36 4 0 1 The blow up of Proj(Tpz) along two lines

36 5 0 2 The blow up of Y along two exceptional curve,
where Y is the blow up of P? alone two lines

32 4 0 | 1| The blow up of P x P? along a (2,1) and a (1,0) curve

24 4 1|1 A divisor of degree (1,1,1,1) in (P!)?

TABLE 6
Casea>1,b=c=0

are all interior fixed algebraic curves, and suppose [Cj] = zu, note that x; > 0 since
C} is an embedded Kéhler submanifold. Hence

—U+ T1U + ToU + -+ + T = U.

Hence we have a = 1 or a = 2. On the other hand, by the adjunction formula

/z(xku)Q—S/zxkzﬂ = 2g, — 2,
P P

ie.,
3 =3z, +2=2g;, k=1,2,---,a. (22)

By Atiyah and Bott’s Lefschetz fixed point formula in Theorem 5.1, via using the
local data computed in Proposition 5.4 and 5.5 we get

43 a  —t(1—t)x(Cr)—(af —a; t)t
L=t mr T8 —
Hence
D (@ +X(Cr) =Y (a +X(C)) = 3. (23)
k=1 k=1

We have following cases:

Subcase 1. a = 1. By Proposition 4.4 the Hodge numbers of X are given by
htt = 1,ht2 = 0. By (22) we have x; = 2,91 = 0, there is only one fixed rational
curve Cy. Hence af = a; = 2. By the classifications of Fano threefolds [IP99, Table
§12.2], the only Fano threefold with h''! = 1,12 = 0 and —K% = 54 is a smooth
quadric @ C P*. Hence we have the following two exact sequences:

0—Tx — Tps — Opa(2) — 0, 0—Tc, - Tx|le, & Ney X — 0

Since T, = Op1(2) and ¢1(No, X) = a] + o =4, by the second exact sequence we
have ¢1(Tx|c,) = 6. However, by the Euler exact sequence 0 — Ops — Ops(1)P° —
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Tps — 0 we have ¢ (Tp1|c,) = 5 and hence by the first exact sequence we have
c1(Tx|e,) = 3, it is a contradiction, hence this case is impossible.

Subcase 2. a = 2. By Proposition 4.4 the Hodge numbers of X are given by
htt =2 h12 = 0. By (22) we have 2; = 25 = 1 and g; = go = 0, there are exactly
two fixed rational curves Cy and Cj. Note that x(C1) = x(C2) = 1 and by (23)
of +af = 2. By the classifications of Fano threefolds [IP99, Table §12.3], the Fano
threefolds with h''! =2, A1? = 0 and —K% = 54 are P! x P? and the blow-up of P?
along a line.

The blow-up of P? along a line is clearly impossible. Firstly, the blowing up
center line is clearly invariant but not point-wise fixed, otherwise there is a fixed
surface. Since the induced action of C* on the blowing up center line has exactly two
fixed point, after blowing down the exceptional divisor, it will means that there is a
semi-free C* action on P? whose fixed point set is two points, three points or four
points, they are all impossible by Corollary 5.3.

The case X = P! x P? is neither possible. Otherwise we have the exact sequences

O_>TCi_>TP1><P2|Ci_>NCi_>Oa 1=1,2.

Since af + oét = 2 we have ¢1(N¢,) + ¢1(N¢,) = 4. Therefore ¢y (Tprxp2|c,) +
c1(Tpiyxpzlc,) = 8. Write Tplxp2|ci = Op1(2) ® Opi(a;) ® Op1(b;), by the Euler
sequences for P? we have a; + b; = ¢; (Tp2) = 3. Tt is clearly impossible. Hence this
subcase is impossible.

To sum up, the case 1 is impossible.

Case 2. Both F, and F_ are rational curves. Then the Marsden-Weinstein
reduced space X,.q is a P' bundle over P'. Since X,.q4 is a Fano surface hence
Xyrea = P x Pl or P2 = Ppi(0 @ 0(—1)), the blowing up of P? at one point.
Both of them are S? bundle over S2. Let u, v be the dual class of the fiber and base
respectively.

Subcase 1. The Marsden-Weinstein reduced space X,.q = P! x P'. Note
c1(Xyed) = 2u+ 2v. Let [Ck] = xpu + ypv and ey = zyu + y1v, then xp > 0,y > 0
and xj + yi > 0. By the adjunction formula

Jpiypil(@e = 2)u+ (yx — 2)v](zhu + yrv) = 295 — 2,
i.e.,
(xg—Dye — 1) =gr, k=1,2,---,a. (24)

Note near the minimum of J, the restriction of circle bundle J=(r) — X,.q to the
fibre of sphere bundle of X,.q — P! is a Hopf fibration S* — S3 — S%2. We may
agsume e_ = —u + y_v, and e = u+ y4v or e; = xyu £ v. On the other hand, the
Euler number of the normal bundle Np_|x __, is

ca(Np.) = [pru= [pi, pru? =0,

and by the same reason we have ¢, (N, ) = 0. Integrate (cfl(TX))3 € Hy (X, 7Z), via
using Theorem 5.6 and the data in Table 4 we get

K% =12(c1(F-) + e1(Fy)) +4(ei(Ne_) + e1(Ngy ) = 48,

By Proposition 5.9, we have

Jpixpr € = [piypr el =0.
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Hence we have y_ =2z, =y, =0 and thus e_ = —u or e = u or +w.
Using the Lefschetz fixed point formula in Theorem 5.1 and the data in Proposi-
tion 5.4 and 5.5, noting that ¢;(Np, ) = ¢1(Np_) = 0, we have

_(1—t)t? (1—1t) a —t(1—=t)x(Cr)—(a)f —a; t)t
1 =" + (=5 T k=1 S —

hence

Yo +X(Ck)) = Yoy (o, +x(Ck)) = 2. (25)

Since e— + >y (zpu + ygpv) = e4 and x> 0,y > 0,01 > 0 and zp, + yi > 1.
We have only the following two cases:

(i) a = 1. If gy > 1 then x; > 2,y; > 2 which is impossible. Hence g; = 0 and
Cy =u+wvby (24) and e- = —u,e; =v. Hence h'' =2, b2 =0 and af =a] =1.
By the classifications of Fano threefolds [IP99, Table §12.3], the only Fano threefold
with At =2 h1? =0 and —K% = 48 is Proj(Tpz).

(iil) @ = 2. Then Cy = Cy = wor C; = u,C3_; = v for i = 1,2. We have g1 =
g2 = 0 by (24) and h''! = 3, h12 = 0. Suppose now J(C;) # J(Cs). By Proposition
5.9,0f = a; and of = a;. By (25) we have af + af = a; +a; = 0. Hence we
have af = a; = ag = a; = 0. By the classifications of Fano threefolds [IP99, Table
§12.4], there are two Fano threefold with h'' = 3, h1? = 0 and —K% = 48, they are

P! x P! x P! and P! x P2, On P! x P! x P! such semi-free C*-action is realized by
t([zn, @2), [y1,y2], [21, 22]) = ([twr, 22], [tyn, y2l, [21, 22]).

On P! x P2. such semi-free C*-action is defined as the following: Let C* act on P?
by

t- ([21, 22, 23]) = ([tz1, 22, 23]),

blowing up the fixed point we get an semi-free action on P2 with two fixed lines. Let
C* act on P! by t - ([z1,22]) = ([tz1,x2). Then there is a natural product action on

P! x P2 which is semi-free and with required properties.
Subcase 2. The Marsden-Weinstein reduced space X,.q = P? = Ppi (0@ 0(—1)).

Let u,v € HQ(ﬁ,Z) be a basis which are dual classes of the fibres and the zero
section P! respectively. Then

flg‘éu?:O, flgﬁ/lﬂ:fpl/u:_l? fﬁuv:]_

Let ex = z1u+y+v. Since the restriction of circle bundle ¢! (a) — X,..q on the fibre
of X,eq — P! is a Hopf fibration, we have

c(Np ) = ffibm e =(r_u+ty_vu=-—1,
a(Np) = [ppreer = (@rutysv)u=1.
Therefore y_ = —1 and y,. = 1. Integrate (¢ (Tx))3 € H%, (X, Z), via using Theorem

5.6 and the data in Table 4 we get

—K% =12(c1(F_) + 1 (Fy)) + 4(cr(Np_ ) 4 e1(Ng, ) = 48.
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By Proposition 5.9, [5e* =1, [5el =—1. Thusz_ =0,z =1 and

a

k=1

k=1

Using the Lefschetz fixed point formula in Theorem 5.1 we have

43 a  —t(1—t)x(Cr)—(af —a t)t
L= o + o + Zien EN( Ca—
hence
> (o +x(Cr) = (g +x(Ck)) = 3. (27)
k=1 k=1

By formula (21), we have
2okyr —Yp = +a;, k=12, a. (28)
On the other hand, by the adjunction formula
Jeel(@ru + yrv) — (Bu + 2v)](zpu + yrv) = 295 — 2,
i.e.,
Que— Dy — D+ 1=yp+2g0, k=12 ,a. (29)

From (29) we know if x; = 0 then y, = 1,gx = 0; if yp = 0 then a2 = 1,95 = 0.
By(26) in the rest cases we have 1 < xp, yx < 2. Again from (29) we have (xg, yr, gx) =
(1,1,0),(2,2,0) or (2,1,0). So g = 0 in every possible case. But from (26) to (29)
we have

a

a
2—2a =) [(2wrye —¥7) —yk — 225 =2 (g5 — 1) = —2a,
k=1 k=1

which is a contradiction. Hence this subcase is Air/npossible.

To sum up, in Case 2, X are (P1)3, P' x P2 or Proj(Tp2).

Case 3. F and F_ are P? and an isolated fixed point. Without loss of generality
we may assume that F; = P2 and F_ is an isolated fixed point. Note the Marsden-
Weinstein reduced space X,..q = P2, the Hodge number A''! =14 ¢a and h'? = > ok
by Proposition 4.4. Let [Cy] = x,u with a2 > 1. By Proposition 5.9 we may assume
e = fu. Let e} = zyu, then ¢;(Fy)c1(Np, ) = 3z4, and ¢f(Np, ) = 2. Using the
Lefschetz fixed point formula in Theorem 5.1

43 a  —t(1—t)x(Cr)—(af —a; t)t
s T 2 D
+2(1—,5)2—3t(1—t)z++t(1+t)mi —1

2(1—1)3

we get

3a)

{ o} —3ry =23 (aff +x(Cr)) = —2
3p)

2 + 3wy +2300 (o +x(Cr)) = 4.

—_—
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By formula (21), o) + o, = 7. Note in (30) the equation (3,) — (3,) is

a
3y + Y (2} + 2x(Ci)) = 3. (31)
k=1
On the other hand, by the adjunction formula we have

r3 =31, +2x(Cx) =0, k=1,2,--- ,a. (32)

By (31) and (32) we have

Ty Y ap =1 (33)
k=1
Note z; > xz— > —1 and x; > 1. Hence we have e. = —u,z;y = 0 and a = 1.

Integrate (¢f (Tx))? € H%,(X,Z), via using Theorem 5.6 and the data in Table 4 we
get

—K% =27+ 3¢(Fy) + ¢ (Np,)) + 31 (Fy)er(Np, ) = 54+ a2 + 924, (34)

hence —K% = 54. By Proposition 4.4 the Hodge numbers of X are given by hl'l =
1+ a = 2. By (32) we have h’»?2 = g; = 0. By the classifications of Fano threefolds
[IP99, Table §12.3], X is P! x P? or the blow-up of P3 along a line.

For X = P! x P?, consider the exact sequence

0— TC1 — TPIXPQ‘CI — NCIX — 07

since ¢1 (N, X) = af +a; = 1 we have ¢, (Tp1y p2|c,) = 3, therefore C; C P2. Hence
Pl x (P? — C;) = P! x C? is C*-invariant and P? C P! x C? is a C*-fixed complex
submanifold. This is clearly impossible since Tp2 g Tp1 x C2.

To sum up, in Case 3, X is the blow-up of P? along a line and such a semifree
action is given in Example 6.5.

Case 4. Fy and F_ are P! x P! and a rational curve. Without loss of generality
we may assume that F; = P! x P!, F_ = P!, Note the Marsden-Weinstein reduced
space X,eq = P! x P'. We may assume e_ = +u + y_v. From Proposition 5.9 we
have

/ 2 = e1(Np ) =0,
Plxpt

hence y_ = 0 and e_ = +u. Therefore y, > 0. Let [Cy] = zpu+ypv and ey =z u+
y4+v. Then xj, > 0,y > 0 and ¢; (Fy )y (Np, ) = (2u 4 2v)(v1u + y4v) = 2(x4 + y4)
and ¢(Np, ) = 24 y4. By Lefschetz fixed point formula in Theorem 5.1

(-ne2 e —t(1—t)x(Cr)) = (o) —ay t)t

(1-t)3 (1-t)3
(102 —t(1=0) (v tys)Ft(1+0asys _
+ §EE =1
we get
{ Typys — T — Yt — 22:1(02 +x(Cr))) =1, (4a) (35)
Tyt + 24 Hyr + 3 (o +x(Cr))) = 1. (4p)
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Hence z4y4 = > p_,(a)f —ay ). On the other hand, by formula (21) we have o +a;
2z,yk. In (35), the equation (4p) — (4,) is

a
Ty +ys+ Y (@ryk + x(Cr)) = 0. (36)
k=1
By the adjunction formula
$kyk—$k:—yk+X(Ck):0> k:1727 , A. (37)

By (36) and (37) we have

zyyy+ Y (n+ue) =0. (38)
k=1
Hence we must have e_ = —u and x4 > 0 and thus > ;_, (z + yx) = 0. It is clearly

impossible since zp + yr > 1.

Hence the Case 4 is impossible.

Case 5. Fy and F_ are P2 and a rational curve. Without loss of generality
we may assume that Fy = P2 ,F_ = PL. Note the Marsden-Weinstein reduced space
Xyed = P2, Let u,v € HQ(P2 7Z) be a basis which are dual classes of the fibres and the
zero section P! respectively. Then [5;u® =0, [50v° = [pv=—1,and [5uw = 1.
The restriction of circle bundle ¢ ~!(a) — X,.q on the fibre of X,.q — P is a Hopf
fibration with Euler class v. We may assume e_ = +u + x_v. On the other hand,
by formula (21), ¢;(Np_) f pv = —1, Note they are exactly the Euler numbers of
the normal bundles Np|x, _,, hence by Proposition 5.9, fﬁ €2 = 1. Hence z_ = +1.
Thus e = —u—wv or e = u+ v. Let [Cx] = xpu + yrv and e; = xiu + yyv.
Note ¢ (Fy) = 3u + 2v. So ¢1(Fy)c1(Nr, ) = (3u+ 2v)(v4u + y4v) = 224 + y4 and
A(Np,) =22y — 3.

(1— t)t2—t2 rye —t(1—t)x(C)— (o) —ay t)t
(1—¢)3 k=1 1—1)3
+2(1 t)2*t(1 8) (24 +y )+t (14+t) (224 y4 —y7 ) —1
2(1-1)3 -

we get

{ (2z4ys —y3) — oy +yg) — 235 (o + x(Cr)) 2, (5q) (39)

) = —
Quyyy —y3) + Qg +yp) + 2355 (o +x(Cr)) =4 (5)
n (39), the equation (5) — (5,) is
(24 +y4) + 2k (0 + oy +2x(Cr)) = 3. (40)
From the formula (21) we have
2y — Y =of +o;, k=12 ,a (41)
On the other hand, by the adjunction formula for curves Cj we have

2xryk — yi — 22, —yr +2x(Cx) =0, k=1,2,--- a. (42)
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By (41) and (42) we have

21, +yy + Y (2w +yk) = 3. (43)
k=1
Hence we must have e. = —u —v and x_ = y_ = —1. Since 1 = >z — 1 and

Y+ = . yr — 1, we have

a

> Q@ak +yx) =3. (44)

k=1

Hence 1 <a < 3.

Subcase 1. a = 1. Then 1 = y; = 1 or 1 = 0,y; = 3. The genus of interior
fixed curve C is g; = 0. The Hodge numbers of X are given by h''! =2+ a = 3 and
h'2 = 0. Integrate (¢ (Ty))® € H%,(X,Z), via using Theorem 5.6 and the data in
Table 4 we get

—Kg’( = 12¢1(F-)+4cr(Np_) + c%(Nﬂ)) +3c1(Fy)ei(Nry)
= 20+ 274y — Y3 + 3224 +y4)

If z; = y; = 1 then —K% = 20. If z; = 0,y; = 3 then z; = —1 and y, = 2, hence
—K% = 12. By the classifications of Fano threefolds with h''! = 3 in [IP99, Table
§12.4], this subcase does not exist.

Subcase 2. a = 2. Without loss generality, we assume x; > xo. If ;1 = 1 then
xo =0 and y; + y2 = 1. Hence x4 = 0 and y; = 1 and we have

—K% =20+ 2z,y+ —y3 + 3224 +y4) = 22.

The Picard number of X are given by h''! = 2+ a = 4. By the classifications of Fano
threefolds with hb! = 4 in [IP99, Table §12.5] and [MMO03], this subcase does not
exist.

Subcase 3. a = 3. Then v1 = x9 =23 =0 and y; = y» = y3 = 1. Hence x, = —1
and y4 = 2 and we have

—K% =20+ 22,9y —y} +3Q224 +yy) = 12.

The Picard number of X are given by hl'! = 2+ a = 5. By the classifications of Fano
threefolds with A1 = 5 in [IP99, Table §12.6], this subcase does not exist.
To sum up, the Case 5 does not exist.

In the rest of this proof, we consider the cases where both F; and F_ are Fano
surfaces. Suppose C1,--- ,C,, are all fixed curves. By Lefschetz fixed point formula
in Theorem 5.1

s —t(1—t)x(C1)—(af—a; Ot I —2t(1—1)> —t(1—t)e1 (Fp)er (Nry ) —t(148)c (Nr, )
i=1 a-0s° 2(1-1)3

2(1—t)>—t(1—t)er (F_)er (Np_ ) +t(1+t)cf (Np_)

+ 21—1)7 =

Comparing the coefficients of t* for k = 0,1,2,3 we get

{(c%(Nm)—c%(NF))—(C1(F+)cl(NF+)+cl(F-)C1(NF))—2 YSimler +x(C1) = 0; (a)
((Np,) —ANp )+ (cr(F)eNe) + el F)eNe ) +2 30 (o +x(Ch) = 0. (b)
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By (a)+(b) and (a)-(b), we have

{ c%(NF+)—C%(NF7) = Zi(a?__ai_)§ (C) (45)
(ci(Fy)ei(Ne) +er(Fo)er(Np ) = =3 e +a; +2x(Ch).  (d)

Integrate (cfl(TX))?’ € H% (X, Z), via using Theorem 5.6 together with Proposition
5.7 and 5.8 we get

—K% = 3(G(Fy) + i (F-)) + F(Npy) + £ (Nk,) (46)

+3(c1(Fy)er(Nr, ) + ei(F-)er (NF_)).

Case 6. Both Fy and F_ are P2. Note the Marsden-Weinstein reduced space

Xyeq = P?. Assume ey = xyu and [Cy] = xpu. Note zp > 0 and ¢ (Fy) = 3u. So
c1(Fy)er(Np,) = 3z4 and ¢ (Ng, ) = 2. By the adjunction formula

(xp — 3z =29, — 2, k=1,2,--- a. (47)

Since h''! = 2+4a, if a > 3 then X = P! x S, and it very easy to check it is impossible.
Hence it suffices to consider a = 1,2 and a = 3.

Subcase 1. a = 1. In this subcase we have h'! = 3 and h1? = g;. By (d) of (45)
we have

v + 30 = —(af +a7 +2x(C1)) = —27 + 21 — 2, (48)
hence 624 — 31 = —z% + 291 — 2. By (47) we must have z, = 0. By (c) of (45) we
have af —a] = —a2, since af + a; = 2% we must have of = 0,a; = z?. By (46)
we have

~K% =54+23 +2% +9(v4 +2_) =54+ 27 — 921.

By the classifications of Fano threefolds [IP99, Table §12.4], the Fano threefolds with
! = 3 must have g1 = h"? < 8, hence x% —3x1 < 14 and thus 1 < 1 < 6. Using the
classifications in [IP99, Table §12.4], case by case check, it is easy to see only x1 = 1,2
are possible and when 1 = 1 we have gy = 0 and —Kg( = 46, when 1 = 2 we have
g1 =0 and —K% = 40.

Subcase 2. a = 2. In this subcase we have h''! =4 and h'? = g; + go. By (d) of
(45) we have

2
Bz +3x_ =—> (af +a; +2x(Ci)) = —af — 23+ 291 + 292 — 4,  (49)
=1

hence 6z — 371 — 3wy = —2% — 23 + 2g1 + 2g2 — 4. By (47) we must have z, = 0.
Therefore (46) we have

—K% =54+a2% +22 +9(z4 +2_) =54+ (21 + 22)° — (31 + 2).

By the classifications of Fano threefolds [TP99, Table §12.5], the Fano threefolds with
h'! =4 must have h'2 =0 or 1.

If K2 =1, then g; + g» = 1. Without loss of generality we assume ¢g; = 0 and
g2 = 1. Then 2y = 1 or 2 and x5 = 3. Ounly (z1,z2) = (1, 3) and (2, 3) are possible, and
in these cases —K% = 24. By the classifications in [IP99, Table §12.5] and [MMO03],
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X is a divisor on P* x P! x P! x P! of multi-degree (1,1,1,1). Hence we have the
following two exact sequences:

0—-Tx — T(p1)4 — ﬁ(p1)4(1,1,1, ].) — 07 0— TC’1 — TX|C’1 — NC’1X — 0.

Since ¢1 (N, X) = 22, by the second exact sequence we have ¢ (Tx|c,) = 2+ 27 > 2.
However by the first exact sequence we have ¢1(Tx|c,) < 2 since T(p1ys = Op1(2) @
Op1(2) ® Op1(2) ® Op1(2), it is a contradiction, hence this case is impossible.

If h'2 =0, then g1 = go = 0. Then x; and x5 are equal 0 or 3. In these cases we
have —K3% = 36. By the classifications in [IP99, Table §12.5] and [MMO3], X is the
blow-up of Proj(Tp:z) along a disjoint union of two curves.

Subcase 3. a = 3. Just as in Subcase 2, we have v = 0 and

—Kg( =54+ (JJ1 + 19 + $3)2 — 9(3?1 + 2o + 1‘3).

Since h'' = 5 we have h'2 = 0 and thus g; = g2 = g3 = 0. Hence x;, = 1 or 2 for
1 <k < 3 and hence —K3% = 36 or 24. By the classifications in [IP99, Table §12.6], the
possible X is the blow-up of Y along two exceptional lines of the blowing up Y — P3
along two lines. This is impossible, otherwise there is a semifree C*-action on Y
whose maximum and minimum component are P? and whose interior fixed points is
a rational curve, it is impossible by analysis in Subcase 1. Hence the Subcase 3 is
impossible.

To sum up in the Case 6 we have only the following possibilities:

(1). —K3% = 40, the Hodge number A" = 3 and h'? = 0. X is the blow up of
P! x P? along a conic on t x P2,

(2). —K3% = 46, the Hodge number h'! = 3 and h'? = 0. X is the blow up of
P3 along a disjoint union of a line and a point.

(3). —K3% = 36, the Hodge number h''! = 4 and h'? = 0. X is the blow-up of
Proj(Tp2) along two curves.

LEMMA 7.2. There is no semifree C*-action on the smooth quadric QQ C P*.

Proof. Since the Picard number of ) is 1, the connected component of the fixed
point set where the moment map takes maximum or minimum is a line or an isolated
point by Proposition 4.4. If both of them are isolated point then there is exactly
one interior fixed rational curve, which is impossible by analysis in Case 1. If both
of them are lines then there is no interior fixed points and it is neither possible by
our classification in Table 5. If one of then is a line and the other is an isolated
point, without loss of generality suppose F'. is a rational curve and F_ is a point.
Hence b = 1 and ¢ = 0. Integrate 1 € H,(Q,Z) we get ¢(Np,) = 0; integrate

5 (TX)? € HE (Q,Z) we have
—K} =12¢1(Fy) +4ei (Np, ) + 27 — b — ¢ = 50,

however it is well known that —Ké =54.0

Case 7. Both Fy and F_ are P! x P!. Note the Marsden-Weinstein reduced space
Xyeqa = P x PY and h'' = 3+a. If @ > 2, by the classifications of Fano threefolds in
[IP99, Table §12.6], —K% = 28 or 36, or X is of form P! x Sj, with k < 6, where Sy, is
the blow up of P? at 9 — k distinct general points. The last case is clearly impossible
since there is no semi-free C* action on P? whose fixed point set consisting of more
than two isolated fixed points and a fixed line. If —K% = 28 then X is the blow-up of
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Y along the three exceptional lines of the blowing up Y — @, and Y is the blow-up of
the smooth quadric @ along a conic. It is possible, otherwise we will obtain a semifree
C*-action on the quadric @ after blowing down, which will contradict to Lemma 7.2.
Hence the only possibility is —K% = 36 if a > 2.

In the following proof of Case 7, we assume a = 1.

Let u,v € H?(P! x P',Z) be a basis which are dual classes of the fibres and the
zero section P! respectively. Assume er = xiu + y+v, and [C1] = z1u + y1v. Note
c1(Fy) = 2u+ 2v. So ¢1(Fy)e1(Npy) = 2x4 + 2yy and ¢f(Np,) = 2z1y+. On the
other hand, by the adjunction formula

Ty — 21—y = —x(Ch). (50)

By the classifications of Fano threefolds [IP99, Table §12.5] and [MMO03], the Fano
threefolds with A" = 4 must have 24 < —Kg( < 46 and h'2 =1 or 12 = 0. Note
A (Fy) = c3(F_) =8, by (46) we have

~K% =48 +2(x yy +x_y_ ) +6(xy +y. +x_+y). (51)

Subcase 1. h*? = 1. Then by (50) we have (x;—1)(y;—1) = 1, since xy > 0,51 > 0
and x1 +y1 > 1 we must have 1 = y; = 2. Since af‘ + oy = 2x1y1, by (d) of (45) we
have

20z +ys +a- +y-) = —(af +ay +2x(C1)) = -8 (52)
hence x4 + y;+ = 0. by (51) and (52) we have
~K% =24 227 —2(v4 — 2)(24 +2) =32 — 422

hence —K% = 24 or 28.

If —K% = 28, by the classifications of Fano threefolds [[P99, Table §12.5] and
[MMO3], X is the blow up of the cone over a smooth quadric S C P? along a disjoint
union of the vertex and an elliptic curve on S. Clearly both exceptional divisors are not
point-wise fixed. Since there is no interior isolated fixed points we may assume there
are at least one fixed curve on each exceptional divisors which are not the blowing
up center by Proposition 6.8. Hence the C*-action on X has at least 2 interior fixed
curves, which is a contradiction.

Subcase 2. h'? = 0. Then by (50) we have (z; — 1)(y1 — 1) = 0. Without loss of
generality we assume 1 = 1. Then af +aj = 2y; > 0. By (d) of (45) we have

2@ +ys+ oo +y-) = —(af +ay +2x(C1)) = 21 +y1) (53)
hence
i +yy =0. (54)
By (51) and (52) we have

-K% = 48—22% +2(zq —1)(—zy —y1) —6(1+ 1)
= 42— 430?F +2x:(1—y1) — 4y
=323 — [zy — (1—y1)]* + (47 — 6y1 +43).

By the classifications of Fano threefolds [IP99, Table §12.5] and [MMO03], if h*! = 4
and h'? = 0 then 26 < 42 — 42? + 224 (1 — y1) — 4y1 < 46, equivalently

(—da? +2z4) —4 < y1(2z4 +4) < (—42% + 224) + 16, (55)
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in particular 2 # —2 since if 2, = —2 we have —K% = 22. In the following we will
consider cases x4 > —2 and x4 < —2 respectively
. —4z2 42
If v < —2, since % =—2x,+5— 2:6 +4, by (55) we have
Y 5 Sy o, 45— (56)
x - x -
+ 2$++4_y1_ + 2$++4

Note if x4 < —5 then 2z +5— 2; +4 < 0, contradict to that y; > 0. Hence xy > —A4.
If z; = —3 then —K% = 2y; If vy = —4 then —K% = 4y; — 30. Since —K% > 30, we
must have y; > 15. Hence ¢1(Ng, X) = 221y > 30. However, by the classifications
in [IP99, Table §12.5] and [MMO3], each X is obtained from several blowing-ups from
PlxP'x P! P1xS, P? or obtained from several blowing-ups from divisors (with small
bidegree (1,1)) in P? x P2, hence ¢1(Tx|c,) < 6. (We give an example to indicate it.
For example, the blow up of P? along two disjoint lines, after the blowing up the first
line, the obtained threefold is denoted by X;. Let E7, E5 be the exceptional divisors,
then 0 =+ Tp, =+ Tx, - N, X; - 0and 0 = T, - Tx — Npg,X1 — 0. Hence
a(Tx) < e1(Tr,) <a1(Tx,) < ea1(Tr,) < ¢1(Tps) = 4). But by the exact sequence
0— To, = Tx|lc, = NeyX — 0, we have ¢1(Tx|c,) = 2+ c1(Ney X) > 32, it is a
contradiction. Hence the case x4 < —2 is impossible.

In the following we assume x4 > —2.

If 24 = —1 then —K% = 36 — 2y;. If y; > 3 then by the classifications in
[IP99, Table §12.5] and [MMO3], we may have —K% = 26,30 and X is the blow-up
of P! x P! x P! along a curve of tridegree of (1,1,2) or (1,1,3), neither of them
are possible just for the similar reasoning as the proceeding paragraph:c;(Tx|c,) =
24+ ca(NeyX) = 24 2xy1 = 8, but c1(Txle,) < aa(Tpixpixpilc,) < 6. Hence
— K% =36,34,32.

Now we assume z > —1. Since % =—2xy+5~— +4, by (55) we have
2 1<2xy+5 <y <2z +5-— 4 (57)
Ly S a4 2y +4° Y1 T+ 2 S 14’

since y; is an integer we have 2z, — 1 < y; < 2z + 4. If y1 = 224 — 1 then
—K% = 46 — 823 — 4w since z; > 0 we have —K% = 46,34 for z, = 0,1. If
y1 =2x4 + k for 0 < k <4 then

—K% = 42—42% 422, (1 — 224 — k) — 4224 + k)
< 42 — 81’1 — 6£l7+

and it will be less than 42 — 32 — 12 = -2 if x; > 2, if 2y = 1 then —K% = 28 — 6k.
Hence by the classifications in [IP99, Table §12.5] and [MMO03], we must have 2z, =0
and

~K% =42 —4a% + 22, (1 — 224 — k) — 42z + k) = 42 — 4k,

hence —Kg’( =42,38,34,30 for y; = 2x4,2x4 + 1,224 + 2,22, + 3 respectively.

To sum up, if b2 = 0 then the possible values of — K% are 36, 34, 32,46, 42, 38, 30.
We will exclude —K3% = 42 and 46. If —K3 = 32, it will have two possibilities, we
will exclude one case of them.

If —K% = 32, then X has two possibilities by the classifications in [IP99, Table
§12.5]. In the first case X is the blow-up of Y along a proper transformation of a
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conic passing through two point p,q and Y is the blow-up of a quadric @ at p,q. In
the second case, X is the blow-up of P! x P? along two curves of bidegree of (2,1) and
(1,0)-respectively. The first case is impossible since otherwise we will get a semifree
C*-action on the quadric @ after some equivariant blow downs, which will contradict
to Lemma 7.2.

If —K% = 46, by the classifications of Fano threefolds [IP99, Table §12.5], X is
the blow-up of Y along the two exceptional lines of the blowing up ¥ — P3, and Y
is the blow-up of P3 along a line. We claim it is impossible via using Proposition 6.8.
If both exceptional divisors of the blow up X — Y are point-wise fixed, then after
blowing down we get a semifree C* action on Y whose fixed point set consists of three
rational curves which is impossible by Case 2. If both exceptional divisors of the blow
up X — Y are not point-wise fixed, then the C* action on X will have more than
2 interior fixed curves or at least one interior isolated fixed point. If one exceptional
divisor of the blow up X — Y is point-wise fixed and the other is not, then the C*
action on X will also have more than 2 interior fixed curves or at least one interior
isolated fixed point.

If —K% = 42, by the classifications of Fano threefolds [IP99, Table §12.5], X =
P! x S;, where S; is the blow-up of P? at two distinct points. It is clear impossible
since there is no semi-free C* action on P? with two isolated fixed points and a fixed
line.

The cases —K% = 30 and 34 are impossible. We take —K% = 30 as an example
and the case —K% = 34 is proved in the same way. If —K% = 30 then the possible
X is the blow-up of (P1)? along a curve C of tridegree (1,1,2). The blow up center
curve C' must be point-wise fixed. If C is not point-wise fixed, then the restricted
action of C* on C have isolated fixed points, the fixed point set of the induced C*
action on (P!)? has exactly two connected components and both of them are surfaces
isomorphic to P! x P!, and C is a curve connected these two surfaces(otherwise the
C*-action on X has interior isolated fixed points) since the moment map is strictly
increasing along the C*-orbits. Since the C*-action on X has no interior isolated
fixed points, by Proposition 6.8, the C*-action on X has at least two interior fixed
curves, a contradiction. Hence C is point-wise fixed. Moreover after blow-down
we get a semifree C*-action on (P')? whose fixed points are exactly two surface both
isomorphic to P! x P! and C is a curve located in one of these fixed surfaces. However
it will contradict to the fact that C' is curve of tridegree (1,1,2).

To sum up in the Case 6 we have only the following possibility (but we don’t how
to realize the corresponding semi-free C*-actions).

(1). —K3% = 38, the Hodge number h''! = 4 and h'? = 0. X is the blow-up of
(P1)? along a curves of tridegree (0,1, 1);

(2). =K% = 36, the Hodge number h'' = 4 and h'? = 0. X is the blow-up of
Proj(Tp=) along two lines;

(3). —K3% = 32, the Hodge number h''! = 4 and h'? = 0. X is the blow-up of
P! x P? along two curves of bidegree (2,1) and (1,0);

(4). —K% = 24, the Hodge number ! = 4 and h'? = 1. X is a divisor of
multidegree (1,1,1,1) in P! x P! x P! x PL.

Case 8. Both F and F_ are P2. Note the Marsden-Weinstein reduced space
X,eq = P? and A = 3+ a. Let u,v € H2(P?, Z) be a basis which are dual classes of
the fibres and the zero section P! respectively. Then [5;u* =0, [mv? = [pv=
—1, and fl’;é uv = 1. Assume [C;] = x;u+y,;v, where 2; > 0 and y; > 0 and 2;+y; > 0.
Note ¢1(F1) = 3u+ 2v. So ¢1(Fy)e1(Np, ) = 224 +yx and 3 (Np, ) = 2z1ys — yi.



ON FANO THREEFOLDS WITH SEMI-FREE C*-ACTIONS, I 307

By the adjunction formula for curve C; we have (—c(Fy) + [C;])[Ci] + 2x(C;) = 0,
ie.,

2wy — Y3 — 22 — y; + 2x(C;) = 0. (58)
Note ¢?(Fy) = c3(F_) = 8, by (46) we have
~K% =48+ (2v4y4 —v3 +22_y- — %) + 32z +yy +22- +y-). (59)

By (d) of (45) we have

a

2y +yy 22y =—Y (of +o; +2x(Ch), (60)

i=1

since 224 +y4 +20_ +y_ =224 +y4) — >y 2z +ys) and of +; = 22y — Y2,
we have 2z +y4 = 0.
Subcase 1. a = 1 and h''? = 1. By the classifications of Fano threefolds [IP99,
Table §12.5], the Fano threefolds with h'"' = 4 must have —K% > 24. Then by (58)
— @+l
we have x1 = 21(y11—1) ,
If y9 > 4 then 21 = 1+ yz—l + ﬁ is not an integer. Hence y; = 2 or y; = 3 and
(z1,y1) = (3,2) or (3,3). Hence o] + aj = 2x1y;1 — y? = 8 or 9. By (d) of (45) we
have

since 1 > 0,y1 > 0 and 21 + y1 > 1 we must have y; > 2.

204 +yy +22- +y- = —(af +ay). (61)
If (z1,91) = (3,2), use (59) we get
~K% =24+ (-82% +2(z4 — 3)(y+ — 2) — (y+ — 2)?) = 32 — 1627
hence x4 = 0 and —K% = 32. If (z1,y1) = (3,3), then
—K% =21+ (—8z% +2(z4 — 3)(—2z4 — 3) — (—224 — 3)%) = 30 — 1627 — 6z,

therefore z = 0 or =1 and —K% = 30 or 18.

However, by the classifications of Fano threefolds [IP99, Table §12.5], the Fano
threefolds X with A' = 4 and h"? = 1 must have —K% = 24 or 28, hence this
subcase can’t happen.

Subcase 2. a = 1 and h*? = 0. Then by (58) we have x; = %, since
x1 > 0,y1 > 0 and 1 +y; > 1 we must have y; > 2. If yy; > 6 then 21 = 1—#%4—%2_1
is not an integer. Hence 2 < y; < 5. In order that both x; and y; are integers, it
is easy to check that (x1,y1) = (4,2) and (z1,y1) = (4,5) are only possibilities. If
(z1,y1) = (4,2) then by (d) of (45) we have

224 +yy +22- +y- = —(af +a; +2x(C1)) = ~14. (62)
By (59) and (64) we have
~K% =6—823 —2(v; —4)(224 +2) — (224 +2)® = 18 — 1622 + 4.
Hence —K% < 22.If (z1,y1) = (4,5) then then By (d) of (45) we have

204 +yp +22_ +y_ = —(af +a7 +2x(Cy)) = —17. (63)



308 Q. YANG AND D. ZAFFRAN

By (59) and (64) we have

~K% = —3-82% —2(z; —4)(2v4 +5) — (224 +5)?
= 12-162% — 14,

hence —K3% < 12. However, by the classifications of Fano threefolds [IP99, Table
§12.5] and [MMO3], the Fano threefolds X with h'' = 4 and h"? = 0 must have
—K3% > 26, hence this subcase can’t happen.

Subcase 3. a = 2. In this case we must have ht'! = 5 and A2 = 0. Just as Subcase
2, we must have (z;,vy;) = (4,2) or (4,5). Assume there are k-pairs (4,2) and 2 — k
pairs (4,5). Then

2w, +y, +20_ +y_ =—14k —17(2 — k) = 3k — 34. (64)

Note z_ = x4y —8 and y_ = —2x, — 2k — (2 — k)5 = —2x, + 3k — 10. Hence

~K3 48 4 3(3k — 34) — 822 — 2(z4 — 8)(224 — 3k + 10) — (224 — 3k + 10)?
48 + 3(3k — 34) — 16(3k — 10) — (3k — 10)? — 162% + (18k — 28)x

= 6+ 21k — 9k* — 162% + (18k — 28)x .

By the classifications of Fano threefolds with h''! =5 in [IP99, Table §12.6], we must
have —K% = 28, 36. However, if £ = 0 then —Kg’( =6— 16xi — 28z, hence we must
have 24 = —1 and —K% = 34. If k = 1 then —K% = 18 — 1622 — 1024, hence we
must —K% <12. If k = 2 then —K% =12 — 16273 + 8z, hence we must —K% < 12
Hence the Subcase 3 is impossible.

Subcase 4. a > 3. By the classifications of Fano threefolds in [IP99, Table §12.6],
X is of form P! x S; with k < 5, where S, is the blow up of P? at 9 — k distinct
general points. Since the exceptional lines are invariant under C*-action, it means
the fixed point set XC have more than 9 — 5 = 4 connected components, hence this
subcase is also impossible.

To sum up, the case 8 is impossible. O
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