Fujimoto, Y.
Osaka J. Math.
55 (2018), 195-257

ETALE ENDOMORPHISMS OF 3-FOLDS. |

Yosuaio FUIIMOTO

(Received April 11, 2016, revised November 14, 2016)

Abstract
This paper is the first part of our project towards classifications of smooth projective 3-folds
X with k(X) = —oo admitting a non-isomorphic étale endomorphism. We can prove that for

any extremal ray R of divisorial type, the contraction morphism 7g: X — X’ associated to R
is the blowing-up of a smooth 3-fold X’ along an elliptic curve. The difficulty is that there
may exist infinitely many extremal rays on X. Thus we introduce the notion of an ‘ESP” which
is an infinite sequence of non-isomorphic finite étale coverings of 3-folds with constant Picard
number. We can run the minimal model program (‘MMP’) with respect to an ESP and obtain the
‘FESP’ Y, of (X, f) which is a distinguished ESP with extremal rays of fiber type (cf. Definition
3.6). We first classify Y, and then blow-up Y, along elliptic curves to recover the original X.
The finiteness of extremal rays of W(X) is verified in certain cases (cf. Theorem 1.4). We
encounter a new phenomenon showing that our étaleness assumption is related with torsion
line bundles on an elliptic curve (cf. Theorem 1.5).
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1. Introduction

1.1. Main results. We work over the field C of complex numbers. An endomorphism of
a projective variety X means a morphism (holomorphic map) from X to itself. The study
of surjective endomorphisms of a given variety X, such as the complex projective space
P" or a K3 surface, is a chief concern of study in complex dynamical systems. On the
other hand, it is also related to the classification of projective manifolds X admitting a non-
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isomorphic surjective endomorphism, which is our deep concern. This is the first part of a
series of articles which study structures of smooth projective 3-folds X with negative Kodaira
dimension admitting a non-isomorphic étale endomorphism. The main purpose of this paper
is to develop a strategy for classifications of such 3-folds X; i.e., the application of the
MMP to endomorphisms (cf. Proposition 1.1, Corollary 1.2), finiteness of extremal rays (cf.
Theorem 1.4), and clarifications of new phenomena in the case of x(X) = —co (cf. Theorem
1.5, Remark 1.3).

Our slogan towards classifications is to apply the minimal model program (‘MMP’ for
short) to the ‘ESP’ and construct its ‘FESP’ which is the counterpart of the minimal model
in the case of k(X) > 0. Compared with the case of x(X) > 0, an extremal ray R of ﬁ(X)
may not necessarily be preserved by a suitable power f* (k > 0), which is one of the serious
troubles. We first explain the notions of an ESP and an FESP (cf. Definitions 2.3, 2.4, and
3.6). Let us consider the following infinite sequence; Z, = (v,,: Z, — Z,+1)nez such that

e any Z, is a smooth projective variety,
e any v, is a non-isomorphic finite étale covering, and
e the Picard number p(Z,) is constant.

Then we say that the above sequence Z, is an étale sequence of constant Picard number
(ESP, for short). A variety Z, appearing in an ESP Z, has strong conditions. For example:
* x(Oz,) = Xiwop(Zy) = Kgimz" = 0 for any n (cf. Lemma 2.1).
o If Z, = P¢, (&,) for a vector bundle &, on an elliptic curve C, for any n, then &, is
semi-stable (cf. Proposition 4.1).

Furthermore, we say that an ESP Y, = (g,,: Y,, = Y,41), 1s an ESP of fiber type (FESP,
for short) if any Y, (n € Z) is a smooth projective 3-fold with an extremal ray of fiber type.
Even if we consider a non-isomorphic étale endomorphism, it is more natural to consider an
ESP, on which the MMP works well. Thus we introduce a new notion. We say that an ESP
(resp. an FESP) Y, = (g,,: Y, = Yu11)n 18 @ ‘constant ESP’ (resp. ‘constant FESP’) if there
exists a non-isomorphic étale endomorphism g: ¥ — Y such that ¥,, = Y and g,, = g for any
n (cf. Definitions 2.4, 3.6). We denote it by Y, = (Y, g).

Now we state one of our main results.

Proposition 1.1. Let Y, = (f,,: Y, = Yyu11)n be an ESP of smooth projective 3-folds Y,,.
Suppose that the canonical bundle Ky, of Y is not nef. Let Ry be an extremal ray of NE(Yy)
such that the contraction morphism ng := Contg,: Yo — Zy associated to Ry is a birational
morphism. If we put R; := (fi-10---0 fo).(Ro) and R_; := (f-1 0--- 0 f_;))*Ry for each i > 0,
then the following assertions hold for any integer n:

(1) R, is an extremal ray of ﬁ(YH) and the contraction morphism n,, := Contg,: ¥, —
Z, associated to R, is a divisorial contraction, and is (the inverse of) the blowing-up
of a smooth projective 3-fold Z,, along an elliptic curve C,, on Z,,.

(2) There exists an ESP Zy = (gn: Z, — Zu11)n 0of smooth projective 3-folds Z,, and a
Cartesian morphism mte := () : Yo = Zo, I.€., Ty1 © f = gy © Wy

3) g;l(Cn+1) =Cpand Co = (gylc,: Cpn = Cyu1)n is an ESP of elliptic curves.

(4) The normal bundle N, of C, in Z, is a semi-stable vector bundle of rank 2 and
degree 0. Moreover, Ny, = (gulc,)* N+
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Fig.1. FESP

Corollary 1.2 (Construction of an FESP). Let X, = (f,: X, — Xu+1)n be an ESP of
smooth projective 3-folds X,, with k(X,,) = —co. Then there exists a Cartesian diagram as in
Figure 1 which satisfies the following conditions:

(1) Forall 0 <i <k, the i-th row X% = (f?: X% - Xi’il)n is an ESP.

(2) Forallnand 1 <i <k 7% ": XUV = X is (the inverse of) the blowing-up along
an elliptic curve C on X,(j).

3) (FHUCY ) = CY forallnand | < i < k. That is, C) := (f{": C — €Y ), is
an ESP of elliptic curves and the inclusion ¥ — X is a Cartesian morphism.

(4) The normal bundle N, ,1([) of C, D in Xf,') is a semi-stable vector bundle of rank 2 and
degree 0. Moreover, ( f(i)|c(:)) (N (l)l) ~ N,". %

(5) On the bottom k-th row X(k) = f(k) X(k) - X(k)l)n, all the extremal rays of

n+

NE (X,(,k)) are of fiber type. In particular, X® is an FESP (cf. Definition 3.6).

In Corollary 1.2, we call the vertical sequence

X, 25— X(l) X(l+1) —_— e — X(k)

a sequence of blowing-downs of an ESP. Furthermore, X is called an FESP constructed
from X, by a sequence of blowing-downs of an ESP (cf. Definition 3.7). In this paper, by an
extremal ray R of a smooth projective variety X, we always mean a Ky-negative extremal ray
of NE(X). Furthermore, F, denotes a unique indecomposable vector bundle of rank r and
degree 0 on an elliptic curve E with ['(E, F,) # 0 (cf. Theorem 4.11). We are particularly
interested in the case of r = 2. We call the P'-bundle Pz(F>) over E associated with F,
the ‘Atiyah surface’ and denote it by S (cf. Definition 5.1). It is worthwhile to note that we
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can construct an example of a non-isomorphic étale endomorphism f: X — X of a smooth
projective 3-fold X with x(X) = —oo such that the following hold (cf. Remark 8.3);

e There exists an extremal ray R of NE(X) such that the exceptional divisor of the
contraction morphism Contg: X — X’ is isomorphic to S.

e No finite étale covering X of X is isomorphic to the product of a uniruled surface
and an elliptic curve.

Thus in the case of a non-isomorphic étale endomorphism f: X — X with x(X) = —co, the
same conclusion as in the case of k(X) > 0 (cf. [9], [13]) does not hold. This is one of the
new phenomena appearing for an étale endomorphism in the case of x(X) = —co.

Let f: X — X be a non-isomorphic étale endomorphism of a smooth projective 3-fold X
with k(X) = —co. Then we can apply Corollary 1.2 to a constant ESP (X, f) and construct
an FESP Y,. Let R be the set of extremal rays of X. If R is a finite set, then we can take
Y, as a constant FESP (Y, g) induced from a non-isomorphic étale endomorphism g: ¥ — Y
(cf. Proposition 3.8). The difficulty is that R may be an infinite set and it is not clear if
one of them is f-invariant. Thus the MMP does not necessarily work compatibly with étale
endomorphisms (cf. Remark 3.9). Thus we shall introduce the notion of an ‘FESP’ and
study the structure of an endomorphism f: X — X through its FESP Y,. The notions of
an ESP and an FESP first appeared in [9], [10]. In particular, the author [10] studied the
structure of an ESP X, = (f,: X, = X,+1), of smooth projective 3-folds X, with x(X,,) = 2,
in which a counterpart of an FESP was called a ‘modified minimal reduction’. M. Aprodu,
S. Kebekus and T. Peternell [1] also tried to study a constant ESP (X, f) induced from a non-
isomorphic étale endomorphism f: X — X of a 3-fold X with x(X) = —co. In our Corollary
1.2, the condition (4) is new (cf. Proposition 8.4 and Remark 8.3). Notably, if X, = (X, f)
is a constant ESP induced from a non-isomorphic étale endomorphism f: X — X, then we
can say more. It is one of the charateristic features of étale endomorphisms.

Remark 1.3. (1) In the assertion (4) of Corollary 1.2, let Ef,i) be the ﬂs_')—exceptional
divisor. Then each E,(f) is isomorphic to either the Atiyah surface S or P(O & E,(f)), where Eﬁf)
is a line bundle of degree zero on Cf,i).

(2) Furthermore, suppose that X, is a constant ESP (X, f) induced from a non-isomorphic
étale endomorphism f: X — X of a smooth projective 3-fold X with x(X) = —co. Then,
each £ is a torsion line bundle on C. In particular, let R be an arbitrary extremal ray
of divisorial type on X and Ef the exceptional divisor of the contraction morphism 7z :=
Contg: X — Z associated to R. Then Ey is isomorphic to either the Atiyah surface S, or
Pc(O @ L) for a torsion line bundle £ on an elliptic curve C.

It is remarkable that Remark 1.3 (2) holds even if the set R of extremal rays of ﬁ(X)
is an infinite set. It will be proved in our subsequent Part III article as an application of
Theorem 1.5 below.

The following theorem describes the finiteness of R in certain cases:

Theorem 1.4. Let X, = (f,: X, = Xu+1)n be an ESP of smooth projective 3-folds X,
with k(X)) = —c0o and Ye = (g,: Y, = Y1), an FESP constructed from X, by a sequence
of blowing-downs of an ESP. Let R, be an extremal ray of fiber type on NE(Y,) such that
(gn)«R;, = Ry41 for any n and set Ry := (R,),. Suppose that (Y., R,) is of type (Cy) or (Cy).
Then for any n, there exist at most finitely many extremal rays of divisorial type on NE(X,,).
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Now, we shall explain briefly our terminology. Let X, = (f,,: X,, = X,+1)» be an ESP of
smooth projective 3-folds X, with x(X},) = —co. Then there exists an FESP Y, = (g,,: ¥, —
Y1), constructed from X, by a sequence of blowing-downs of an ESP (cf. Corollary 1.2).
Take an extremal ray Ry of fiber type on NE(Y,) arbitrarily. For each n > 0, we set R, :=
(gn-10---09gp)«(Rp) and R_,, := (g_1 o --- 0 g_,)*(Rg). Then, any R, is an extremal ray of
fiber type on Y,. Furthermore, with the aid of classifications of extremal rays of 3-folds due
to Mori [29], we see that any R, is of the same type C or of the same type D in the sense of
[29].

Note that an FESP Y, is not uniquely determined for a given étale endomorphism f: X —
X (cf. Remark 8.3). Let R, = (R,), be the set of extremal rays of fiber type on ﬁ(Y,). Let
(Y., R,) be the pair of Y, and R,. Then we say that the FESP (Y., R,) is of type (C) if the
extremal contraction ¢, := Contg, : ¥, — S, associated to R, is a conic bundle over a
smooth algebraic surface S, (cf. Definition 3.6) for any n. Then by Propositions 3.1, 6.4
and Lemma 7.1, we see that a suitable finite étale covering S, of S, is isomorphic to one of
the following:

e the direct product B X E of a smooth curve B of g(B) > 2 and an elliptic curve E
(i.e., the FESP (Y., R,) is called of type (C))), or

e an abelian surface (i.e., the FESP (Y., R,) is called of type (Cy)), or

e a P!-bundle over an elliptic curve C associated to a semi-stable vector bundle of
rank two on C (i.e., the FESP (Y,, R,) is called of type (C_.)).

Next, we say that the FESP (Y., R,) is of type (D) if for any n, the contraction morphism
¢, = Contg, : ¥, — C, associated to R, is a del Pezzo fiber space over a curve C, (cf.
Definition 3.6). Then in this case, ¢, is smooth and C, is an elliptic curve for any n (cf.
Proposition 7.3).

Now we shall state another main result concerning forsion line bundles on an elliptic
curve.

Theorem 1.5 (Torsion theorem. I). Let f: X — X be a non-isomorphic étale endomor-
phism of a smooth projective 3-fold X with k(X) = —oo. Let Yo = (g,: Yy — Yui1) be an
FESP constructed from the constant ESP (X, f) by a sequence of blowing-downs of an ESP.
Let R, be an extremal ray of fiber type on NE (Y,) such that (g,),R, = R+ for any n and
set Ry = (R,),. Suppose that the FESP (Y,,R,) is of type (C_-), i.e., each Y, is a conic
bundle over an elliptic ruled surface S ,. Furthermore, suppose that any S ,, is isomorphic to
a P'-bundle Pc(O¢ @ €,) for a line bundle €, of degree 0 on the Albanese elliptic curve C of
X. Then ¢, € Pic’(C) is of finite order for any n.

Theorem 1.5 shows that the base surface S, of the conic bundle Y, is of very limited type;
A suitable finite étale covering S, of S, is isomorphic to either the Atiyah surface S over
C or the direct product C x P!, where C is the Albanese elliptic curve of X (cf. Corollary
10.6). Note that the above fact does not hold without the assumption that the non-isomorphic
endomorphism f: X — X is étale (cf. Remark 10.5). Furthermore, it does not hold if we
replace the étale endomorphism f: X — X by the general ESP X, = (f,,: X,, = X,+1), (cf.
Remark 3.2). Though Theorem 1.5 seems to be very technical at first glace, it distinguishes
the structure of an FESP obtained from a non-isomorphic étale endomorphism f: X — X
from an FESP obtained from a general ESP X,. Using Theorem 1.5, we can study the
structure of a non-isomorphic étale endomorphism f: X — X and especially the set R of
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extremal rays of NE(X) through its FESP Y, in great detail.

Now, we go back to the construction of an FESP. Let f: X — X be a non-isomorphic
étale endomorphism of a smooth projective 3-fold X with k(X) = —oco. If there exist at most
finitely many extremal rays, then we can replace f by its suitable power fX(k > 0) so that
f.R = R for any extremal ray R of NE(X). Thus the MMP works compatibly with étale
endomorphisms and by a succession of equivariant blowing-downs 71, : Xo = (X, f) = Y, =
(Y, g), we obtain a constant FESP Y, induced from a non-isomorphic étale endomorphism
g: Y — Y. For example, this holds true in the case where there exists an FESP of type
(Cy) or of type (Cp) constructed from f: X — X by a sequence of blowing-downs of an
ESP (cf. Theorem 1.4 and Corollary 8.1). Furthermore, even if there exist infinitely many
extremal rays of NE(X), it is sufficient to find an extremal ray R such that (f*),R = R for
some k > 0. Running the MMP again by the same method as above, we obtain a constant
FESP Y, = (Y, g). Fortunately, in most cases, these nice conditions concerning extremal rays
are satisfied; Actually applying Theorem 1.5 to the case where there exists an FESP (Y., R.,)
of type (C_o) or of type (D), we can show the following:

Fact: Let f: X — X be a non-isomorphic étale endomorphism of a smooth projective
3-fold X with x(X) = —co. Then we can find a f*-invariant extremal ray R of NE(X) for some
k > 0 and run the MMP compatibly with étale endomorphisms except the following case:
There exists a finite étale covering X — X of X such that X is isomorphic to the product
S X E of arational surface § and an elliptic curve E.

We shall show this in our subsequent articles. In summary, our strategy is as follows:

(1) (Construction of an FESP): Using Corollary 1.2, we shall first construct an FESP
Y, of a non-isomorphic étale endomorphism f: X — X by a sequence of blowing-
downs of an ESP.

(2) (Classifications of an FESP): Using results in Section 7, Theorems 1.5, 10.1 and
Corollary 10.6, we shall study the structure of the FESP Y, roughly according as the
type of the pair (Y., R.).

(3) (Finiteness of extremal rays of ﬁ(X)): Applied Theorems 1.4, 1.5 to the FESP
(Y., R,), we shall find a f*-invariant extremal ray R of ﬁ(X) for some k > 0. This
is possible in most cases as stated in the above Fact. For example, in the case where
(F., R,) is of type (C}) or (Cy) (resp. type (C_«)), we can apply Theorem 1.4 (resp.
Theorem 1.5).

(4) (Construction of a constant FESP): If (3) holds true, then we shall again run the
MMP compatibly with étale endomorphisms and obtain another constant FESP
(Z,v) induced from a non-isomorphic étale endomorphism v: Z — Z.

(5) (Study the structure of a constant FESP): We shall again study the structure of the
constant FESP (Z, v) according as its type.

(6) (Blowing-ups of an FESP): Using Lemma 3.3, we shall find a v-invarant elliptic
curve E on Z and perform an equivariant blowing-ups along E to recover the original
endomorphism f: X — X. The structure of X can be studied in great detail.

In this Part I article, we shall mainly focus our attention to the topics (1),(2). The other
topics (3), (4), (5), (6) will be studied in our subsequent articles.

1.2. Announcement of results in our subsequent articles. Now we shall announce the
main results of our subsequent articles.
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Classification results:

Let X be a smooth projective 3-fold with x(X) = —oco admitting a non-isomorphic étale
endomorphism. Then up to finite étale covering, X satisfies one of the following 6 condi-
tions:

(1) X =S x E for an elliptic curve E and a uniruled algebraic surface S .

(2) X is a P'-bundle over an abelian surface.

(3) X is obtained by a succession of blowing-ups along elliptic curves from a P'-bundle
Y over the product S := C X E, where C is a curve of genus g(C) > 1 and E is an
elliptic curve.

(4) X is a P2-bundle over an elliptic curve C.

(5) X is a P! x P!-bundle over an elliptic curve C.

(6) The Albanese map a: X — C is a fiber bundle over the Albanese elliptic curve C of
X whose fiber is a blown-up of a Hirzeburch surface.

To be more precise, ‘up to finite étale covering” means the following; There exist a finite
étale covering X - Xof Xanda non-isomorphic étale endomorphism ]7 X — X whichisa
lift of some power f*(k > 0) of the original non-isomorphic étale endomorphism f: X — X
such that X satisfies one of the 6 conditions listed as above.

We note that these 6 classes are not necessarily mutually disjoint from each other. For
example, the product of the Hirzebruch surface [F; and an elliptic curve satisfies both of the
conditions (1) and (6). Comparing with classification of 3-folds with non-negative Kodaira
dimension admitting non-isomorphic étale endomorphisms (cf. [9], [13]), our classifica-
tion is not so simple and not strong enough. We mainly give a necessary condition for the
existence of such varieties and state a sufficient condition in some special cases. As an ap-
plication, combinig Theorem 1.5 with our classification result, we shall prove the fact stated
in Remark 1.3.

Contents of Part II: Applied Corollary 1.2 and Theorem 1.4, we can run the MMP
compatibly with étale endomorphisms. We shall study the structure of X satisfying the
condition (2) and (3) as above:

Classification in the case (3): In this case, there exists an FESP (Y,, R,) of type (C;) or
(Cp) constructed from X by blowing-downs. Theorem 1.4 shows that there exists at most
finitely many extremal rays of NE(X). Thus if we replace f by its suitable power f* (k > 0),
we can choose Y, as a constant FESP (Y, g) induced from a non-isomorphic étale endomor-
phism g: ¥ — Y of a smooth projective 3-fold Y with «(Y) = —co. Applied the results in
Sections 4,7,9, we shall first study the structure of Y. Next, performing a succession of
equivariant blowing-ups of Y along elliptic curves (cf. Lemma 3.3 and Corollary 7.9), we
shall recover the original endomorphism f: X — X from its FESP Y. Thus, up to finite étale
covering, X satisfies one of the following conditions:

(i) X is isomorphic to the direct product of a uniruled surface and an elliptic curve.
(ii) X ~ Y and X is a P'-bundle over an abelian surface.
(iii) Y is a fiber bundle over a smooth curve B of genus g(B) > 1 whose fiber is the
Atiyah surface S over an elliptic curve E.
(iv) There exists a smooth morphism ¢: Y — B such that
e the general fiber of i is isomorphic to the Atiyah surface S over an elliptic
curve E and,
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e the special fiber of ¢ is isomorphic to the direct product E x P!,

Furthermore, in both cases (iii) and (iv), X is a fiber bundle over E.

Contents of Part III:

Combining Theorem 1.5 with Atiyah’s theory of vector bundles on an elliptic curve
(cf. [2]), we shall study the structure of X in the case where there exist an FESP (Y., R,)
of type (D) constructed from X by a sequence of blowing-downs of an ESP. Then up to
finite étale covering, we can choose the FESP Y, = (g,,: ¥;, = Y,41)n as a P2-bundle, or a
P! x P'-bundle over the Albanese elliptic curve C of X. Applying Theorems 1.5 and 10.1,
we can show:

(i) If Y,, is a P?>-bundle over C, then Y, =~ Pc(&,) for a semi-stable vector bundle &, of
rank 3 on C. Furthermore, &, is isomorphic to one of the following; a stable bundle, 7, @ P,,
or Oc ® M, ® N, where P,, M,, and N,, are all torsion line bundles on C. We show that
up to finite étale covering, X satisfies the condition (4), (6) or (1) respectively.

(i) If Y, is a P' x P!-bundle over C, then up to finite étale covering, Y, is isomorphic to
one of the following; C x P! x P!, S x P!, or S X¢ S for the Atiyah surface S.

From these data, we can always find a f*-invariant extremal ray R of NE(X) for some
k > 0 and run again the MMP compatibly with étale endomorphisms except only two cases
where Y, =~ Pc(Oc & M,, ® N,) or f/;l ~ C x P! x P! for a suitable finite étale covering Yn
of Y,,. Then after a succession of equivariant blowing-ups along elliptic curves (cf. Lemma
3.3, Corollary 7.9 and Proposition 7.10), we can recover the structure of the original endo-
morphism f: X — X. We show that X satisfies the condition (1), (4), (5) or (6) respectively.

What is new in this article: Although our techniques of studying ESPs are new, many
arguments appearing in the proofs of the various classification results have already appeared
in our older papers on endomorphisms of threefolds and surfaces (cf. [9], [10], [12], [13],
[14]). Since our new results seem to be hidden behind these classical arguments, we shall
briefly describe ‘what is new in this article’.

e (Construction of an FESP): Proposition 1.1 and Corollary 1.2 have been already
stated implicitely (cf. [9], [13]) in the special case where X, = (X, f) is a constant
ESP introduced from a non-isomorphic étale endomorphism f: X — X. The as-
sertions in Proposition 1.1 (4) and in Corollary 1.2 (4) are new which relate with
Propositions 4.1 and 6.8.

e (Classifications of an FESP): In Propositions 7.3, 7.5, and 7.8, classifications of
an FESP of 3-folds with negative Kodaira dimension are treated. Its proofs are
built upon classifications of an ESP of smooth algebraic surfaces in Section 6 which
essentially appeared in [9], [10]. On the other hand, some of its proofs are simplified.

o (Finiteness of extremal rays): Theorems 1.4 and 8.6 show finiteness of extremal rays
in certain cases.

e (New phenomena): Theorems 1.5, 10.1, Corollary 10.6, Remark 1.3 and Proposition
3.4 are related with torsion line bundles on an elliptic curve and distinguish an FESP
constructed by an étale endomorphism from that of a general ESP. Propositions 6.2,
8.4 and Remarks 8.3, 8.5 are related with the Atiyah surface S in the ESPs.

Organization of this article. In Section 2, we recall fundamental facts and techniques
concerning endomorphisms. Moreover, we introduce the notions of an ESP (cf. Definition
2.3) and a constant ESP (cf. Definition 2.4). We show that very strong conditions are
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imposed on such varieties appearing in an ESP (cf. Lemma 2.1 and Proposition 2.2).

In Section 3, we shall prove Proposition 1.1 which summarizes fundamental results of
extremal rays on smooth projective 3-folds X appearing in an ESP. In Definition 3.6, we
shall introduce a notion called an FESP. Applying Proposition 1.1, we shall give a proof of
Corollary 1.2 which shows the existence of an FESP Y, constructed from the given étale
endomorphism f: X — X by a sequence of blowing-downs of an ESP (cf. Definition 3.7).
Furthermore, we show that if there exist finitely many extremal rays of NE(X), then we can
take Y, as a constant FESP (cf. Proposition 3.8). Remark 3.9 (3) shows that the FESP Y, is
not uniquely determined.

In Section 4, we study the structure of an elliptic ruled surface admitting a non-isomorphic
étale endomorphism. Proposition 4.1 shows that for a vector bundle £ on an elliptic curve
C, if Pc(&) appears in an ESP of projective bundles, then £ is semi-stable. Furthermore, we
recall Atiyah’s vector bundle 7, on an elliptic curve (cf. [2]) and study the structure of its
associated projective bundles from the viewpoint of an ESP (cf. Proposition 4.13).

In Section 5, we consider the structure of surjective morphisms between elliptic ruled
surfaces which are not necessarily endomorphisms. Proposition 5.10 gives the structure of
elliptic ruled surfaces appearing in an ESP. Proposition 5.5 describes endomorphisms of the
Atiyah surface S. Proposition 5.16 is applied to the proof of Theorem 10.1.

In Section 6, we first recall basic facts about elliptic fibrations and abelian fibrations.
In Proposition 6.4, we shall study the structure of an ESP of algebraic surfaces. Next, we
consider a pair of ESPs (C,, Z,) such that C, is an ESP of elliptic curves and the inclusion
map i,: C, — Z, is a Cartesian morphism of ESPs. Proposition 6.8 shows that the normal
bundle of each elliptic curve appearing in the ESP C, is a semi-stable vector bundle of
degree zero. Proposition 6.9 classifies such a pair (C,, S,) in the case where S, is an ESP
of algebraic surfaces. Proposition 6.2 (cf. Remark 8.5) treats some new phenomenon of a
non-isomorphic étale endomorphism f: X — X with x(X) = —co such that X has no Seifert
elliptic fiber space structure.

In Section 7, we shall classify the FESP (Y., R.) constructed from an ESP X, of smooth
projective 3-folds with negative Kodaira dimension. They are classified into two types ac-
cording as the extremal contraction of R, gives a conic bundle structure (type (C)) or a del
Pezzo fibration (type (D)) (cf. Proposition 7.3). Corollary 7.9 and Proposition 7.10 describe
the blowing-up centers when we recover the original endomorphism f: X — X from its
FESP Y, by a sequence of blowing-ups of an ESP.

In Section 8, we shall prove Theorems 1.4 and 8.6 concerning finiteness of extremal rays
on an ESP of 3-folds in certain cases. In Remark 8.3, we shall give an example of a non-
isomorphic étale endomorphism f: X — X such that an FESP (Y, R,) of type (C;) or (Cy)
is not uniquely determined. Proposition 8.4 and Remark 8.5 describe a new phenomenon
concerning extremal rays.

In Section 9, we shall prove some technical lemma (cf. Theorems 9.3, 9.5 and 9.6) in
the case where there exists an FESP (Y., R,) of type (C) constructed from an endomorphism
f: X — X. We introduce a method for reducing the FESP Y, of conic bundles to an FESP
of P!-bundles over smooth algebraic surfaces.

In Section 10, based on the results of Sections 5 and 9, we shall prove Theorems 10.1 and
1.5 which are one of our main results.
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Section Dependency. The contents of each section are related in the following diagram;

9 10

2. Preliminaries

2.1. Notation. In this paper, we work over the complex number field C.

A variety means a reduced and irreducible complex algebraic scheme. A projective va-
riety is a complex variety embedded in a projective space, and a quasi-projective variety
is a Zariski open subset of a projective variety. By a smooth projective n-fold, we mean a
nonsingular projective variety of dimension n. By an endomorphism f: X — X, we mean a
morphism from a projective variety X to itself.

The following symbols are used for a variety X.

K the canonical divisor of X.

Tx: the tangent bundle of X.

x(X): the Kodaira dimension of X.

¢;(X): the i-th Chern class of X.

b;(X): the i-th Betti number of X.

x(Ox): the Euler—Poincaré characteristic of the structure sheaf Oy.

Xuwp(X): the topological Euler characteristic of X.

Sing(X): the singular locus of X.

Aut(X): the algebraic group of automorphisms of X.

Aut’(X): the identity component of Aut(X).

Ni(X):= ({1-cycles on X}/=)®z R, where = means a numerical equivalence.

N'(X):= ({Cartier divisors on X}/=)®z R, where = means a numerical equivalence.

NE(X): the smallest convex cone in N;(X) containing all effective 1-cycles.

ﬁ(X): the Kleiman-Mori cone of X, i.e., the closure of NE(X) in N{(X) for the metric
topology.

Nef(X): the smallest closed convex cone in N'(X) containing all nef divisors.

p(X) := dimg N;(X), the Picard number of X.

[C]: the numerical equivalence of a 1-cycle C.

cl(D): the numerical equivalence class of a Cartier divisor D.

~q: the Q-linear equivalence of Q-divisors of X.

g (C): the genus of a smooth curve C.

Homgoup(C, C7): the set of group homomorphisms from an elliptic curve C to C’.

For an endomorphism f: X — X and an integer k > 0, f* stands for the k-times composite
ko---o fof f.

Extremal rays: For a smooth projective variety X, an extremal ray R means a Kx-
negative extremal ray of E(X), i.e., a 1-dimensional face of ﬁ(X) with KxR < 0. A
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extremal ray R defines a proper surjective morphism with connected fibers Contg: X — Y
such that, for an irreducible curve C C X, Contg(C) is a point if and only if [C] € R. This is
called the contraction morphism associated to R.

Fibrations: A proper surjective morphism : X — S is called a fibration or a fiber space
if X and S are normal projective varieties and 7 has a connected fiber. The closed subset
Ax := {s € S| is not smooth at some point of 7~!(s)} is called the discriminant locus of 7.

Elliptic fibrations: A fibration f: X — § is called an elliptic fibration or an elliptic fiber
space if the general fibers of f are elliptic curves.

ESP: An étale sequence X, = (f,,: X, = Xy+1)nez of constant Picard number (‘ESP’, for
short) is an infinite sequence

. _>Xn—l £>)(n i>)(n+1 —>
of smooth projective varieties X,, such that each f, is a non-isomorphic finite étale covering
and each Picard number p(X,) is constant. For simplicity, we often omit the subscript n € Z
and denote it by X, = (f,: X;y = Xps1)n-
P!- fiber space: A fibration g: ¥ — T is called a P'-fiber space if the general fibers of ¢
are isomorphic to the complex projective line P'.

2.2. Basic facts and techniques. In this section, we invoke some fundamental facts and
techniques related with finite étale coverings and étale endomorphisms which will be fre-
quently used in later Sections. For the proofs, the reader can consult [9].

Lemma 2.1. Suppose that there exists an infinite sequence

b o —x B X, —

of smooth projective k-folds such that each f,, is a non-isomorphic finite étale covering. Then
X(Ox,) = xiop(Xn) = (Kx,)* = 0 for any n.

The existence of a non-isomorphic étale endomorphism imposes on the variety X strong
conditions as the following proposition shows.

Proposition 2.2. (¢f. [9, Lemma 2.3, Proposition 2.6]) Let f: X — X be a surjective
endomorphism of a smooth projective m-fold X. Then,
(1) f is a finite morphism.
(2) Ifk(X) = 0, then f is an étale endomorphism.
3) If k(X) = dim X, then f is an automorphism.
(4) If f is a non-isomorphic finite étale endomorphism, then
e x(Ox) :Xtop(X) = K;’? = 0 and,
o the fundamental group m\(X) of X is an infinite group.

Now we introduce an important notion called an ‘ESP’ which includes as a special case
the non-isomorphic étale endomorphisms.

DEeriniTion 2.3. Let Xo = (f,: X, = X,+1), be an infinite sequence of finite coverings
between smooth projective k-folds X,,. Then we say that the sequence X, is an étale sequence
of constant Picard number (‘ESP’ for short) if the following conditions are satisfied:

(1) The Picard number p(X,,) is independent of n.
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(2) Any f, is a non-isomorphic finite étale covering.

DeriniTion 2.4, Let Xo = (f,: X, — X,+1), be an ESP of smooth projective varieties.

(1) If there exists a smooth projective variety X such that X,, = X for any n, then we say
that X, is a ‘stable ESP’.

(2) Furthermore, if X,, = X and f,, = f for any » for a non-isomorphic étale endomorphism
f: X — X of a smooth projective variety X, then we say that X, is a ‘constant ESP” induced
by f: X — X and denote it by X, = (X, f).

DeriniTiON 2.5, Let X = (f,: X, — Xpv1)p and Yo = (g, Yy, — Y1), be ESP’s. Then
by a Cartesian morphism ¢, = (¢,),: Xo¢ — Y., we mean that the following Cartesian
diagram holds for any n:

f;l
Xn — Xn+l

‘Pnl l¢11+1

Yn S Yn+1 .
gll
The next lemma, which is stated implicitly in the papers [9] and [13], will provide the key
to many of the results in later Sections.

Lemma 2.6. Let A: V — S andv: W — T be fiber spaces between normal varieties, i.e.,
A and v are proper surjective morphisms with connected fibers. Furthermore, suppose that
g: Vo> Wandu:S — T are finite surjective morphisms with the following commutative
diagram:

v 2w

/ll l
S — T.

Suppose that g~'(B) = A for irreducible subvarieties A(C V) and B(C W). If the above
commutative diagram is Cartesian, then A(A) = u~'(v(B)).

Proof. By definition, we have u(A(A)) = v(g(A)) = v(B). For the inverse image I" of v(B)
by u, let us consider the fiber product r:=r X7 B. Since u(I') = v(B), by the universality,
there exists a morphism o: T — V such that

e g o o = p, for the second projection p;: I - B, and

e lo o = p; for the first projection p; : I ->T.
Again, by the universality, there exists a morphism p: T — V Xy B such that the following
commutative diagram holds:
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V Xw B VXwB —— B

dl ! !

—~ o g

r —_— Vv G — W
| b
r —— s 5T

Hence, I is contained in the image of the composite map V Xy B — V 4 S. Note that by
construction, the image of the natural projection V xw B — V is g”!(B) = A. Hence we infer
that I' C A(A). ]

3. Extremal contractions and a construction of an FESP

In this section, we shall apply the minimal model program (MMP) to a non-isomorphic
étale endomorphism f: X — X of a smooth projective 3-fold X with x(X) = —co. One of
the serious troubles is that there may exist infinitely many extremal rays of divisorial type
on X. Compared with our previous results [9], [13], it is unknown whether there exists
an extremal ray R of NE(X) which is preserved by an endomorphism f of X. Hence, in
general, we cannot run the MMP compatibly with étale endomorphisms. Thus, even if our
concern is the study of endomorphisms, it is necessary to consider an ESP of 3-folds all
of which are birationally equivalent to X. Using Proposition 1.1 and Theorem 3.10, we
shall apply the MMP to a non-isomorphic étale endomorphism f: X — X and reduce the
study of f: X — X to that of an ESP of fiber type (called an ‘FESP’ for short) which is not
necessarily an endomorphism. We shall explain this reduction. Actually, we will consider a
slightly more general set-up and give a proof of Corollary 1.2.

First, we recall some basic properties of non-isomorphic surjective endomorphisms from
[9]. We shall use the standard terminology and results of the MMP as in [29] and [21]. We
have proved the following results related to the extremal rays in [9].

Proposition 3.1. (c¢f. [9, Proposition 4.2 and 4.12]) Let f: Y — X be a finite surjec-
tive morphism between smooth projective n-folds with p(X) = p(Y). Then the following
assertions hold:

(1) The push-forward map f.: N1(Y) — Ny(X) is an isomorphism and f*ﬁ(Y) =
NE(X).

(2) Let f.: N'(Y) — NY(X) be the map induced from the push-forward map D + f.D
of divisors D. Then the dual f*: Ni(X) — Ny(Y) (called the pullback map ) is an
isomorphism and f*ﬁ(X) = NE(Y).

(3) If f is étale and the canonical divisor Kx is not nef, then there is a one-to-one
correspondence between the set of extremal rays of X and the set of extremal rays of

Y under the isomorphisms f. and f*.

(4) Under the same assumption as in (3), let ¢: X — X' be the contraction mor-
phism Contg associated to an extremal ray R ¢ NE(X) and let ¢: Y — Y’ be
the contraction morphism associated to the extremal ray f*R. Then there exists a
finite surjective morphism f': Y — X' and the Cartesian diagram below such that

[ (Exc(g)) = Exc(y) and f'~'(¢(Exc(¢))) = y(Bxc(y)):
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f

Yy — X

1] Jo

Y’ #X’.

Moreover, ¢ is a birational (resp. divisorial ) contraction if and only if ¥ is a bira-
tional (resp. divisorial ) contraction.

Proposition 3.1 is applied to the following fundamental result on extremal rays of a
smooth projective 3-fold, which is proved in [9] except the assertion (4).
Proof of Proposition 1.1. By Proposition 3.1, for any n,

e R, is an extremal ray,
o there exists a finite morphism g, : Z, — Z,+; such that ,,1 o f, = g, o 7, and,
e f~I(E,) = E, for the exceptional divisor E, of 7,.

In [29], extremal divisorial contractions of smooth projective 3-folds are classified into
5 types. In our situation, we shall exclude 4 cases where a prime divisor is contracted
to a point. Suppose that E, is contracted to a point by m, := Contg, for some n > 0.
Then by [29], E,, is isomorphic to P2, P! x P!, or a singular quadric surface and is simply-
connected. Since (f,_1)"'(E,) = E,_; and f,_; is a non-isomorphic étale covering, E,_ is
not connected. Thus a contradiction is derived. Hence r,(E)) is not a point for any n. Thus
by [29], n: Y,, — Z, is the (inverse of the) blowing-up of a smooth projective 3-fold Z, along
a smooth curve C, for any n. By the purity of branch loci, g, is also a finite étale covering
and hence Y, = Y41 Xz, Z, and degg, = deg f, > 1 for each n. Thus, by Porposition 3.1,
g;l(C,H 1) = C,, for any n. Thus there is induced an ESP C, = (w,: C,, = C,+1), of smooth
curves C,, where we put w, := g,lc,. Hence C, is an elliptic curve for any n.

Finally, we shall prove the assertion (4). It is sufficient to show the claim for n = 0. First,
we show that deg Ny = 0. For the defining ideal Z,, of C,,, we have g;",(Ir{H) = I,{ for any j
and n, since g, is étale. Hence there exists an isomorphism (w,)* N, = N,, for the normal
bundle N, of C, in Z,. Since Kz, ~ g,Kz ., by the projection formula we have

12

(KZ,,’ Cn) = (KZ,,H > (gn)*(cn)) = (deg gn) (KZ,HI 5 Cn+1)

for any n. Hence for any n > 0,
n—1
(Kz>Co) = (Kz,,Cy) | | degg;
i=0
Then (Kz,, Co) = 0, since it is divisible by infinitely many positive integers. Hence, deg Ny
= ~(Kz, Co) = 0.

The semi-stability of Ny will be proved by contradiction. Suppose that Ny is unstable.
Since (w,)* N,s1 = N, any N, is unstable. Since N, is an unstable vector bundle of degree
zero on an elliptic curve C,, N, =~ L, ® V, for line bundles £, of degree d,, > 0 and V, of
degree —d,, < 0 on C,,. Since Ly = (w,-; o --- o w;y o wy)*L,, we have the following equality
forn > 0:

n—1

dy=dy | |degu.
i=0
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Since degw; = degg; = deg f; > 2 for all i, we see that 0 < d,, < 1 for a sufficiently positive
integer n. This contradicts the fact that d,, € Z. Hence N is semi-stable. O

Remark 3.2. Let E, be the exceptional divisor of m,. Then, by Proposition 1.1, (4)
and Atiyah’s classification (cf. [2]), E, is isomorphic to either the Atiyah surface S or
Pc,(Oc, ®¢,) for some line bundle ¢, of degree zero on C,. In fact, all these types can occur.
However, in the case where Y, is a constant ESP (Y, f) induced from a non-isomorphic étale
endomorphism f: Y — Y, the case where ¢, € PicO(Cn) is of infinite order cannot occur (cf.
Theorems 10.1 and 1.3). We shall prove these facts in our subsequent article; Part III.

The following asserts the existence of ‘Cartesian blowing-ups’.

Lemma 3.3. Let Vo, = (g,: V, = Vyi1)n be an ESP of 3-folds V,,. Suppose that there
exists an ESP Co = (gnlc,: C — Cpy1)n of elliptic curves on V, such that the inclusion
morphism i,: Co — V, is Cartesian. Let r,: W, := Bl¢, (V,) — V), be the blowing-up of 'V,
along C, for any n. Then there is induced an ESP W, = (f,,: W,, = W, ), of W, such that
e = (My)n: We — V, is a Cartesian morphism.

Proof. By the universality of the blowing-up, there exists a unique morphism f,: W, —
W41 such that . o f,, = g, o m, for any n. Since g,‘l](C,Hl) = C,, wesee that f,E,.| = E,
for the m,-exceptional divisors E, for any n. Hence Ky, ~ f, Ky, and f, is a finite étale

covering. Since p(W,) = p(V,) + 1 is constant, W, := (f,,: W, = W,41), is also an ESP of
W,,. By construction, r, is a Cartesian morphism. |

The following is concerned with some new phenomenon related with Remark 1.3.

Proposition 3.4. There exists an example of an ESP Xo = (f,,: X, = Xui1)n of 3-folds X,
with extremal rays Ry = (R,), of NE(X,) such that the following hold:

(1) R, is of divisorial type and (f,).R, = R,+1 for any n.

(2) Let D, be the exceptional divisor of the contraction morphism Contg,: X, — Y,
associated to R, and Do := (fylp,: Dy — Dys1)n an induced ESP of D,. Then any
D, is isomorphic to the elliptic ruled surface P(Op & M?‘l) associated to a line
bundle M, € Pic’(E) of infinite order on a fixed elliptic curve E.

3) X, # X, for any n # m. In particular, X, is not a constant ESP induced from a
non-isomorphic étale endomorphism.

Proof. Step 1: Let E be an elliptic curve and we fix two line bundles £, M on E. Suppose
that both £ and M are of infinite order in Pic’E = E and there exist no pair of integers
(m,n) # (0,0) such that £ = M®". We fix a positive integer k > 1. Note that Pic’E
is divisible by any positive integer. Thus there exists a sequence {L,}, (resp. {M,},) of
line bundles of degree zero on E such that £, = £ and ek~ (resp. My = M and

n+l =
Mfljl =~ M,) for all n. For any n, let &, := O & L, ® M, be the decomposable vector
bundle of rank 3 and degree O on E. Let a,: Y, := Pp(&,) — E be the associated P2-
bundle over E. For the multiplication map u: E — E by k, there exist isomorphisms

ULy = Effjl = L, and pp My = Mffjl =~ M,. Hence there exists an isomorphism

Ut Yy = Ypp1 = Yo XE . E.
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Let p,: f/;, — Y, be the first projection. Then the composite map g, := pp+1 ° ¥,: Y, —
Y,+1 is a non-isomorphic finite étale covering of degree k*(> 4) for all n. Thus we have
constructed an ESP Y, = (g,,: Y;; = Y,41), Of P2-bundles over E. Note that Y, # Y, for any
g > p as an abstract variety.

(The reason is as follows: Suppose the contrary that there exists an isomorphism v, ,: Y,
~ Y,. Then the composite map v, , © g,-1 ©---g,: ¥, — Y, gives a non-isomorphic étale
endomorphism of Y,. Then applying Proposition 4.7 and Remark 1.3, we see that both
L,,M, € Pic’(E) are of finite order. Thus a contradiction is derived. The details will be
given in our subsequent part III article.)

Step 2: Let s,: E — Y, be a holomorphic section of «, corresponding to a surjection
&, —» L,and put C, := s,(E). Letm,,: X, := B¢, (Y,) — Y, be the blowing-up of ¥, along
C,. Since g;'(CnH) = C, by construction, C, = (gylc,: C — Cy41)n 1s an ESP of elliptic
curves such that the inclusion morphism i,: C, — Y, is Cartesian. Hence by Lemma 3.3,
there exists an ESP X, = (f,;: X, = X,+1), such that 7, = (1,),,: Xe — Y, is the Cartesian
blowing-up along C,. Then the normal bundle N¢, /vy, = O & M, is a decomposable,
semi-stable vector bundle of rank 2 and degree O on E. By construction, we see that the
n,-exceptional divisor D, is isomorphic to the P!-bundle Pz(Or & M®!) over E, where
M, € Pic’(E) is of infinite order for all n. By applying the same argument as in the proof of
Theorems 1.5, 10.1 and Remark 1.3, we see that X,, # X,, for any n # m. (The details will
be proved in our next article, Part III). m|

We will now apply Propositions 3.1 and 1.1 to a non-isomorphic, finite étale endomor-
phism f: X — X of a 3-fold X with x(X) = —oco.

Proposition 3.5. Let Y, = (g,: Y, — Y,1)n be an ESP of smooth projective 3-folds Y,
with negative Kodaira dimension. Then the following are equivalent:

(1) For any integer n, there exist no extremal rays whose contraction morphisms are
birational.

(2) For some integer n, there exist no extremal rays whose contraction morphisms are
birational.

(3) For any integer n, there exist no extremal rays whose contraction morphisms are
birational and contract an irreducible divisor to an elliptic curve.

(4) For any extremal ray R, of ﬁ(Yn) such that (g,),R, = R,+1, the contraction mor-
phism ¢, := Contg, : ¥, — W, induces a Cartesian morphism @, = (¢y)n: Yo — W,
such that either of the following hold.

® , is a conic bundle over a smooth algebraic surface W, for any n.
e ¢, is a del Pezzo fibration over a smooth curve W, for any n.

Proof. (1) = (2): Trivial.

(2) = (1) follows immediately from Proposition 3.1.

(1) = (3): Trivial.

(3) = (1) follows immediately from Proposition 1.1.

(4) = (1): Trivial.

(1) = (4): Any Y, is not a Fano manifold, since Fano manifolds are simply connected
and g, is a non-isomorphic finite étale covering. Hence the assertion follows immediately
from Proposition 3.1 (4) and the classification of extremal rays of smooth projective 3-folds
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by Mori [29]. m]

Accordingly, we make the following definition:

DEFINITION 3.6. (1) Let Yo = (gn: Yy = Yui1), be an ESP of smooth projective 3-
folds with negative Kodaira dimension. Then Y, is called an ESP of fiber type
(‘FESP’ for short), if there exists an extremal ray R, of fiber type on any NE(Y,),
that is, the contraction morphism Contg, : ¥,, — W, associated to R, is a Mori fiber
space, i.e., dim W,, < dim Y,, for any n.

(2) Let Xo = (f: X,y = X,+1), be an FESP of smooth projective 3-folds X, with x(X},) =
—oo. Let R, = (R,), be an extremal ray of fiber type on ﬁ(Xn) such that (f,).R, =
R, for any n. Then

e the pair (¥,, R.) is called of type (C) if ¢, := Contg, : X, — §, 1s a conic bundle
over a smooth algebraic surface S, and,

e the pair (Y., R,) is called of type (D) if ¢, := Contg, : X, = C, is a del Pezzo
fibration over a curve C,,.

(3) Let Yo = (gy: Y, — Yu41)n be an FESP. Suppose that there exists a non-isomorphic
étale endomrphism g: ¥ — Y of a smooth projective 3-fold Y such that ¥, = Y and
gn = g for any n. Then we say that Y, is a ‘constant FESP’ induced fromg: ¥ — Y.
We denote it by Y, = (Y, g).

Using Proposition 1.1, we are ready to prove Corollary 1.2.

Proof of Corollary 1.2.  Since k(Xp) = —oo, Xj is uniruled and Ky, is not nef by the
3-dimensional abundance theorem (cf. [19], [26], [27]). Hence there exists an extremal
ray. Suppose that there exists no extremal ray of divisorial type on NE (X,). Then X, itself
is already an FESP and there is nothing to prove. Hereafter, we may assume that there
exists some extremal ray Ry of divisorial type on NE (X;). Let us choose such a ray Ry
arbitrarily and put R, := (f,—1 0 --- o fy)«Rp and R_,, := (f_y o --- o f_,)*Ry for any n >
0. Then, by Proposition 1.1, any R, is also an extremal ray of divisorial type on NE (X,)
O .= Contg,: X, — X'V is the blowing-up of a smooth
projective 3-fold XM along an elliptic curve cP(c xi"). Moreover, it induces the ESP

X (f“) (1) - X(l)l),, of smooth projective 3-folds X(l) such that

(0) of = f(l) ° 71.5!0) nd,
(f,i“) cl=c.
Namely, there exists a Cartesian blowing-up a2 x0 - xV along an ESP cV .=
( fnl)IC; b C,(ql) — Cflljl),, of elliptic curves.
If there exists no extremal ray of divisorial type on X(()l), then we stop here. Otherwise, we

and the contraction morphism 7,

repeat the same procedure as above. We again apply Proposition 1.1 to the new ESP X" and

. x5 Xflz). In this way, for each positive integer

consider the contraction morphism 7,
n, we have successive contractions of extremal rays X := X,(f’) — X,(ll) — Xf,z) — --- with a
strictly decreasing sequence p(X) > p(Xfl')) > ... of Picard numbers. Note that no flipping
contractions can occur in our situation and Xf,i) is nonsingular for all n and 0 < i < k. Thus,
there exists some positive integer k such that X(k) has no extremal rays of divisorial type for

any n. Furthermore, they form an FESP X(k) = (f, . 1 X, w5 x (k)l)n
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To sum up, we have the Cartesian diagram in Figure 1 such that the following hold;
e Foreachnand 1 < i < k, ng_l): X,(f_l) - ij') is (the inverse of) the blowing-up
along an elliptic curve Cc% on x?.
o For0<i<k X" :=(f": X - X ), is an ESP.
o (f7NCY ) =) forall 1 <i < k. Thatis, CY := (f)"|co: ) — CU) ), is an

ESP of elliptic curves and the inclusion CP — X" is a Cartesian morphism.

e The bottom row Xﬁk) =( fn(k): X,(Qk) - X,(l]i)])n is an FESP.
Thus, after finitely many divisorial contractions, we have obtained an FESP Y, = (g,,: Y,
— Y,41)n, Where we put ¥, = Xf,k) and g, := f,fk) for any n. All the assertions except (4)

follow by construction. The assertion (4) follows from Proposition 1.1 (4). O

DerintTion 3.7. In Corollary 1.2, the vertical sequence

(0)

X, I, _’X;(;) ”_”>X’(1’+1) — ... _)Xr(lk)

is called a sequence of blowing-downs of an ESP. Furthermore, we call X the FESP con-
structed from X, by a sequence of blowing-downs of an ESP. In other words, X, is recon-
structed from the FESP X% by a sequence of blowing-ups of an ESP.

In particular, we consider the special case where f: X — X is a non-isomorphic étale
endomorphism of a smooth projective 3-fold X with «(X) = —oo. First, suppose that the
constant ESP X, := (X, f) is already an FESP, i.e., for some extremal ray R of X, the con-
traction morphism 7 := Contg: X — X’ is not birational. Then we do not need to consider
the reduction any more. By Proposition 3.1 and [29], the FESP (X., R,) is of type either (C)
or (D). By Theorem 3.10, (f*).R = R for some positive integer k. Thus, if we replace f
by the power f¥, we may assume that f,R = R. Hence by Proposition 3.5, if (X, R,) is of
type (C) (resp. (D)), then the conic bundle 7: (X, f) — (S, g) (resp. the del Pezzo fibration
m: (X, f) — (C, h)) gives the Cartesian morphism of constant ESPs. Thus in this case, the
MMP works compatibly with étale endomorphisms.

Next, suppose that X, = (X, f) is not an FESP, i.e., for any Kx-neative extremal ray R of
X, the contraction morphism Contg: X — X’ is birational. Then we can apply the above
procedure to the constant ESP X, := (X, f). Thus, by Corollary 1.2, after finitely many
blowing-downs of an ESP, we can obtain an FESP Y, = (g,: Y, — Y,.1), as above. The
following proposition gives a sufficient condition for the existence of a constant FESP (cf.
Definition 3.6).

Proposition 3.8. Let f: X — X be a non-isomorphic étale endomorphism of a 3-fold
X and X, = (X, f) a constant ESP. Suppose that there exist finitely many extremal rays
of divisorial type on X. Then by replacing f by a suitable power f*(k > 0), there exist a
constant ESP Y, = (Y, g) and a Cartesian morphism n,: Xo — Y, induced from a divisorial
contractionm: X — Y.

Proof. By Proposition 3.1 (3), f induces a permutation of the finite set R consisting of
extremal rays of divisorial type. Hence replacing f by a suitable power f*(k > 0), f induces
an identity permutation of R. Thus applying Proposition 1.1, the proof is finished. m|
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Suppose that there exist finitely many extremal rays of divisorial type on Y. Then applying
Proposition 3.8 again to the constant ESP Y,, we can obtain a constant ESP Z, = (Z, h) and a
Cartesian morphism 7, : Y, — Z, induced from a divisorial contraction n’: ¥ — Z. If there
exist only finitely many extremal rays of divisorial type in each ESP, we can continue this
procedure and eventually obtain a constant FESP W, = (W, v) induced by a non-isomorphic
étale endomorphismv: W — W.

Remark 3.9. (1) Suppose that f: X — X is a non-isomorphic étale endomorphism of a
smooth projective 3-fold X with k(X) > 0. Then there exist only finitely many extremal rays
of NE (X). Hence by Proposition 3.8, there exists a constant FESP Y, = (Y, g). Furthermore,
Y is a smooth and a unique minimal model of X. Y, is called a minimal reduction in [9],
[13].

(2) On the contrary, in the case where k(X) = —oo, the trouble is that there exists a smooth
projective 3-fold X with infinitely many extremal rays of divisorial type and admits a non-
isomorphic étale endomorphism. For example (cf. [15], Remark A.9), let S be a rational
elliptic surface with global sections whose Mordell-Weil rank is positive. It is obtained as 9-
points blowing-up of P?. We regard S as an elliptic curve Cx defined over the function field
K of the base curve. Since S is relatively minimal, the translation mapping Cx — Ck given
by the non-torsion section y induces a relative automorphism g: S =~ § over C, which is of
infinite order. Let X := § X E be the product variety of S and an elliptic curve E. Since y is
a (—1)-curve of S, the curve y X {o} for a point 0 € E spans the extremal ray R of divisorial
type. If we denote by u;: E — E multiplication by & > 1, then the product mapping
f =g Xu: X — X gives a non-isomorphic étale endomorphism of X. By construction,
(f%).R # R and (f*)*R # R for any positive integer k. Furthermore, we can take an FESP
of the constant ESP X, = (X, f) as Yo = (gu: Yy — Y1), where Y, =~ P2 x E for any
n. However, the étale endomorphism ¢, depends on n, since the contraction morphism
m,: X — Y, depends on n. Thus Y, is not a constant FESP, but is a stable FESP (cf.
Definition 2.4).

3) If f: X — X is anon-isomorphic étale endomorphism with x(X) = —oco, then an FESP
Y, of the constant ESP (X, f) is not uniquely determined (cf. Remark 7.14).

The following theorem is useful for studying the structure of an étale endomorphism of a
smooth projective variety which has a structure of a Mori fiber space.

Theorem 3.10 (Fujimoto, Nakayama [15]). Let X be a normal projective variety defined
over an algebraically closed field of characteristic zero such that X has only log-terminal
singularities. Let R c NE(X) be an extremal ray such that KxR < 0 and the associated
contraction morphism Contg is a fibration to a lower dimensional variety. Then, for any
surjective endomorphism f: X — X, there exists a positive integer k such that (f*).(R) = R
for the automorphism (f*), : N{(X) = N (X) induced from the power f* = fo---o f.

Remark 3.11. Theorem 3.10 holds for any positive dimensional log terminal variety X
and for any surjective endomorphisms f including automorphisms and finite ramified cov-
erings of X. However, we cannot allow the case where Contg, is a birational morphism. An
easy counterexample is given in [15], Remark A.9.

In proving theorems concerning finiteness of extremal rays, the following fact is often
useful.
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Lemma 3.12. Let ¢: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X. Suppose that there exists a finite étale covering p: X' — X. Then

(1) for any extremal ray R of divisorial type on X, there exists some extremal ray R’ of
divisorial type on X' such that p.R’ = R.

(2) Furthermore, suppose that there exists a non-isomorphic étale endomorphism
¢ X' — X" such that p o ¢' = ¢ o p. Then the contraction morphism Contg : X' — W’ is
(the inverse of) the blowing-up of a smooth projective 3-fold W' along an elliptic curve C’
on W',

Proof. Let R(C NE(X)) be any extremal ray of divisorial type and 7 := Contg: X — Y
the contraction morphism associated to R. Then by Proposition 1.1, & is the inverse of the
blowing-up of Y along an elliptic curve. Let e be any extremal rational curve on X whose
numerical class [e] spans R. Let ¢’ be one of the connected components of p~!(e). Since
Kx ~ p*Kx, we infer by the projection formula that (Kx-,e’) = (Ky,e) = —1 < 0. For an
ample divisor H' of X’, we take a sufficiently small positive real number € > 0 such that
(Kx» + €H, ') < 0. Then, by the cone theorem [29], we have: NE (X’) = ﬁkx,quo X" +

"1 Rj, where R; is an extremal ray spanned by a numerical equivalence class [e;] of an
extremal rational curve e; on X’. Hence ¢’ = ¢’ + Z;-:l ajej, where [¢'] € ﬁKx/+eHZO(X,)’
and a; > O for any j. By construction, we have a; > 0 for some i. Lety :=nmop: X' =Y
be the composite map. Then 0 = Y.’ = .c’ + Z;zl ajy.e;. Hence yr.(e;) = 0. Thus the
curve p(e;) on X is contracted to a point by 7: X — Y, hence its numerical equivalence class
[p(e;)] spans the extremal ray R on X. Thus p.R; = R. We set R’ :=R;.

Next, we show that the extremal ray R’ is of divisorial type. Assume the contrary. Let
' X" — Y’ be the contraction morphism. Then there exists a finite morphism p’: ¥ — Y
such that p’ o’ = mop. Since dim Y’ < 2, this contradicts the finiteness of p’. Hence R’ is of
divisorial type and the assertion (1) has been proved. The assertion (2) follows immediately
from the assertion (1) and Proposition 1.1. O

4. Projective bundles over an elliptic curve

In this section, we shall study projective bundles X over an elliptic curve C which admit
non-isomorphic étale endomorphisms f: X — X. We can show that such X is associated to
a semi-stable vector bundle on C. A key ingredient is the following Proposition 4.1 which
relates the semi-stability of vector bundles on an elliptic curve with the existence of non-
isomorphic étale endomorphisms of associated projective bundles. As an immediate appli-
cation, we shall relate torsion line bundles on an elliptic curve with an elliptic ruled surface
admitting a non-isomorphic étale endomorphism (cf. Proposition 4.8). Furthermore, using
Atiyah’s vector bundle 7, ([2] ) on an elliptic curve, we shall construct concrete examples of
such projective bundles (cf. Proposition 4.13). We also remark that the étaleness assumption
is essentially used in our paper (cf. Remark 4.3).

Proposition 4.1. Let r > 1 be a fixed integer. For each integer n, let £, be a vector bundle
of rank r on an elliptic curve C, and ¢,: X,, := Pc,(&,) — C, the associated P '-bundle.
Suppose that there exists an ESP Xy = (f,: X, — Xui1)u of X,i. Then &, is semi-stable for
all n.
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Proof. By considering the following truncated sequence

X,y 2 Xy 25
starting from X,, for each n, it is sufficient to show that & is semi-stable without loss of
generality. Assuming that & is unstable, we derive a contradiction. Since ¢, gives the
Albanese map of X,,, there exists a unique finite étale covering h,,: C,, — C,41 with h, 0, =
@ns10f;, for each n. Since f;, is étale and P"~! is simply connected, f; is of degree one on each
fiber of ¢, and deg h, = deg f,, > 1. Thus, there exists the following Cartesian morphism of
ESPs;

Po = (Qon)n: X, - C, = (hn: C,— Cn+1)n .

In particular, there exists an isomorphism #,&,.; = &, ® ¢, for some line bundle ¢, on C,.
Since the semi-stability of a vector bundle is preserved after taking a tensor product with a
line bundle or pulling-back under a finite étale base change, &, is unstable for all n > 0. For
a sufficiently large positive integer n, take a maximal destabilizing subbundle G, of &, with
r’ :=rank G, < r. Then there exists an isomorphism & = (h,-10---0hy)*E, ® L) ! for some
line bundle £, on C. Now we take a coherent subsheaf Gy := (h,-1 0 -+ 0 ho)*G, ® L Uof
&y. Then

n—1
p(Go) +deg Lo = u(Gy) - | | deghy,
i=0

for the slope u(Go)(:= deg Go/r’). Similarly,

n—1

p(Eo) +deg Lo = (&) - | | degh,
i=0

for the slope u(&p) of £&. Hence, we have an equality:

n—1

1(Go) = p(Eo) = (u(Gy) — (&) - | | degh:.
i=0

Since u(G,) > u(&,), Go is unstable. Furthermore, due to the uniqueness of the Harder-
Narashimhan filtration, Gy is also a maximal destabilizing subsheaf of & and does not de-
pend on the choice of n. By definition, the positive rational number u(G,,)—u(&,) is uniformly
bounded below by the constant (r')~! > r~2, which is independent of n. Since degh; > 2
for each i, we have the following inequality for n > 0;

w(Go) — (&) = 2" /r* .

Thus a contradiction is derived. O

The following corollary is obtained immediately.

Corollary 4.2. Let So = (f: S = Sp+1)n be an ESP of relatively minimal elliptic ruled
surfaces S ,. Suppose that S, = Pc, (Oc, ® L,) for an invertible sheaf L, on an elliptic curve
C, for each n. Then deg (L,) = 0 for any n.
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REMaARrKk 4.3. (1) Proposition 4.1 does not hold if we consider an infinite sequence of

bounded above
..._>Xnﬁ”_,Xn_1 — X EL,XO

of non-isomorphic finite étale coverings of projective bundles over elliptic curves.
We shall give such an example. Let C be an elliptic curve with o € C as the identity
element and uy : C — C the multiplication map by an integer N(> 1). Let O¢([o])
be the invertible sheaf associated to the prime divisor [o] consisting of 0. Then
unOc([o]) = Oc([0])®N *If we put £, := (u.n)*O([0]), then the direct sum &, :=
Oc®L, is an unstable vector bundle on C and uy &, = &,11. Let S, := P(&,) be a P!-
bundle over C, := C associated to &,. Then for each n, there exists an isomorphism
Sne1 = 8, Xc, uy C and the natural projection g,,: S,+1 — S, gives a finite étale
covering of degree N2(> 1).

(2) Proposition 4.1 does not hold without the assumption that f;, is finite étale. In fact,
by [38, Propsition 5], any P'-bundle over an elliptic curve admits non-isomorphic
surjective endomorphisms. In particular, let S := P¢(€) be a P!-bundle associated
with an unstable vector bundle £ on an elliptic curve C. Then S admits a surjective
endomorphism f: S — S which is a finite ramified covering. Thus, there exists an
infinite sequence of non-isomorphic finite ramified coverings between elliptic ruled
surfaces:

ERERT NN JER

The follolwing result will be used later.

Proposition 4.4. (cf. [39], [44], [46]) Let m: X = Pc(E) — C be a P'-bundle over an
elliptic curve C associated to a stable vector bundle £ of rank two. Then the following hold:

(1) The anti-pluricanonical system | — 2Kx| is base point free and defines a Seifert elliptic
fibration (cf. Definition 6.1) ®: X — P! such that Ox(-2Kx) ~ ®*O(1). Furthermore, ®
has three multiple singular fibers of type 1 1.

(2) Let 1 : C — C be a multiplication mapping by two. Then the pull-back X Xc , C is
isomorphic over C to the trivial P'-bundle P' x C.

We recall the following theorem due to Miyaoka concerning a numerical characterization
for a semistable vector bundle on curves.

Theorem 4.5 (Miyaoka [25]). Let € be a vector bundle of rank two on a smooth projective
curve C and m: X 1= Pc(E) — C the associated P'-bundle. Then the following conditions
are equivalent:

(1) & is semistable.

(2) The relative anti-canonical divisor —Kxc := —Kx + n* K¢ is nef.

(3) Nef(X) = Ryo[—Kx/c] + Rxo[F], where F is a fiber of .

(4) NE(X) = Ryo[-Kx/c] + Rxol[F].

(5) Every effective divisor on X is nef.

Now, we need the following preliminary result.
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Lemma 4.6. Let ¢: Y — X be a surjective morphism of normal projective varieties X
and Y. Suppose that ¢* L = Oy for a line bundle L on X. Then L is of finite order in Pic(X).
Furthermore, if ¢ is generically finite, then ord(L)|deg ¢.

Proof. With the aid of the Stein factorization, the claim can be reduced to the following
two cases:

e The case where ¢: Y — X is a fiber space.
e The case where ¢ is a finite morphism.

(1) In the former case, since ¢.0Qy ~ Oy, it follows immediately by the projection formula
that £ ~ Oy.

(2) In the latter case, there exists some Cartier divisor D of X such that £ ~ Ox(D). Then
by assumption, we infer that ¢*D ~ 0. We regard L as a Cartier divisor and consider the
push-forward map ¢,: N'(Y) — N'(X) of Cartier divisors. Since ¢.¢*(D) ~ (deg¢) D,
it follows that (degyp) D ~ 0 and L is of finite order in Pic(X). In particular, we see that
ord(L)|deg ¢. ]

As an application of this technique, we can now state the following result:

Proposition 4.7. Let A be an m-dimensional abelian variety, X an m-dimensional pro-
Jjective variety and f,g: X —» A surjective morphisms. Suppose that
o f—g: X — Ais a surjective morphism and;
o f*L =~ g*L for a line bundle L € Pic’(A).
Then L is of finite order in Pic’(A).

Proof. By [32, p75, (ii)], we have (f — g)"L =~ Ox. Then applying Lemma 4.6, we infer
that £ is of finite order in Pic(A). m]

We are ready to prove the following fundamental result.

Proposition 4.8. Let g: S — S be a non-isomorphic étale endomorphism of a relatively
minimal elliptic ruled surface S. Suppose that S = Pc(Oc¢ @ L) for an invertible sheaf L on
an elliptic curve C. Then L € Pic (C) is of finite order.

Proof. Let ¢: S — C be the Albanese map of S, which gives S a P!-bundle structure
over the elliptic curve C. Then there exists an étale endomorphism 4: C — C of C with
@ og=hog. Since g is étale and P' is simply connected, there exists an isomorphism

S =Pc(Oc®L)=S X C=P(Ocdh™L)
over C and deg i = degg. Thus there exists an isomorphism
OcoL =2=(Ocdh™L)YRYL

for some invertible sheaf £ on C. If /"L =~ O, then ord(L)|degh by Lemma 4.6. Suppose
that /"L # Oc¢. Then by [3, Theorem 1], this is possible if and only if

o {=0Ocand "L = L, or

e (=Land "L =L7"
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Then since degh > 1, we see that deg L = 0. Since both & — id¢ and & + id¢ are surjective
endomorphisms of C, Proposition 4.7 implies that £ € Pic(C) is of finite order. |

The following follows immediately from Lemma 4.6 and the proof of Proposition 4.8.

Corollary 4.9. Under the same notation as in the proof of Proposition 4.8, ord(L) divides
deg(h + id¢), deg(h — idc), or deg(h).

REmARK 4.10. Proposition 4.8 does not hold without the assumption that an endomor-
phism f: X — X is étale. For example, let £ be a line bundle of degree zero on an elliptic
curve C which is of infinite order in Pic’(C). Let S := Pc(€) be a P'-bundle over C asso-
ciated to a decomposable vector bundle £ := O¢ @ L of rank two and degree zero on C.
Then, by [38], S admits a non-isomorphic surjective endomorphism f: § — §, which gives
a finite ramified covering of S'.

The following is a well-known fact (cf. [42]).
Fact:

(1) Let F and F’ be two semi-stable vector bundles over an elliptic curve C with slope
p and ¢’ respectively. If u < ', then Extg, (F,F’) = 0.

(2) An arbitrary unstable vector bundle of finite rank on an elliptic curve is a direct sum
of semi-stable bundles.

(3) Any indecomposable vector bundle on an elliptic curve is semi-stable.

Now we quote some deep results due to Atiyah concerning vector bundles on an elliptic
curve which we need throughout our articles. For a proof, the reader may consult [2].

Theorem 4.11 (Atiyah [2]). Let C be an elliptic curve. Then the following hold:

(1) There exists on C an indecomposable vector bundle F, of rank r and degree 0 with
H(C,F,) # 0, unique up to isomorphism. Moreover, F, is defined inductively as
follows; F| = O¢ and F, is the unique non-trivial extension of F,_1 by Oc¢.

(2) Let F be an indecomposable vector bundle on C of rank r and degree 0. Then
F = F, ® L for a unique line bundle L of degree 0 on C such that L®" = det F.

(3) The bundle F, is self-dual, that is, F\ ~ F,, where F,' := Home.(F,, Oc).

The following is an immediate consequence of Theorem 4.11.

Lemma 4.12. Let h: C — C be a non-isomorphic étale endomorphism of an elliptic
curve C. Then h*F, ~ F, for any r > 0.

Proof. By construction, the vector bundle 7, is constructed as a successive extension of
trivial line bundles by the following non-split exact sequence;

E):0— O —F —F_ —0.

We use induction on r. Since F; =~ O, the claim is trivial for r = 1. Assume that the
claim holds true for r — 1. Let 6, (# 0) be the non-trivial extension class in Ext' (F,_;, O¢) =~
H(C, F ) = C corresponding to the non-split exact sequence (E,). Then pulling-back (E,)
by h: C — C, we obtain the following exact sequence:

(1 00— Oc— WF, — hF,_; — 0.
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Thanks to the projection formula and the finiteness of /, we infer that

Ext'(W*F,_1,0¢) ~ H(C,W"F) ) ~ H'(C,h.h*F) ) ~ H'(C,F’ , ® h.O¢) .

r

On the other hand, the trace map Tr¢/c: h.Oc — Oc gives rise to a splitting of the natural
inclusion O¢ <= h.Oc. Hence F' | — F" | ® h.Oc likewise splits. Thus Ext!(F,_;, Oc) ~
H'(C, Fr\’_l) embeds as a direct summand of Ext!(h*F,_;,©¢). Hence the natural homo-
morphism A*: Extl(Fr, Oc) — Extl(h*Fr, Oc¢) is injective. Thus h*6, # 0 and the exact
sequence (1) does not split. By assumption, we have h*F,_; ~ F,_;. Since H(C,F,_;) # 0
and H°(C,h*F,_) # 0, we infer that h*F, ~ F, by Theorem 4.11. m]

The following proposition gives a sufficient condition for a projective bundle over an
elliptic curve to have a non-isomorphic étale endomorphism.

Proposition 4.13. For a positive integer r > 1, let ¢: Y := Pc(F,) — C be a P™~'-bundle
associated to the vector bundle F, on an elliptic curve C. Then Y admits a non-isomorphic
étale endomorphism.

Proof. For any positive integer k (> 1), let y;: C — C be multiplication by k. Then by
Lemma 4.12, there exists an isomorphism

Y := Y Xcp C =P Fr) = Pe(Fp) = Y .

Hence the natural morphism Y =~ Y > Y gives an étale endomorphism of Y of degree
K (> 1). o

5. Surjective morphisms between elliptic ruled surfaces

In this section, we shall study the structure of surjective morphisms between P!-bundles
over elliptic curves which are not necessarily endomorphisms. Propositions 5.6, 5.15 and
5.16 are our main results, which may be new and are necessary for use in the proof of Theo-
rem 10.1. Our methods of proof are quite elementary and based on the one-to-one correspon-
dence between the Kleiman-Mori cones of the source variety and target variety. Proposition
5.5 is devoted to the study of endomorphisms of the ‘Atiyah surface’. Combining all the
results stated as above, we shall study ESPs of elliptic ruled surfaces in Proposition 5.10.
First we recall some remarkable properties of Atiyah’s vector bundle 7. Hereafter, we shall
use the following terminology.

DerintTion 5.1. Let F, be an indecomposable semi-stable locally free sheaf of rank 2 and
degree 0 on an elliptic curve C (cf. Theorem 4.11). Let n: S := Pc(F,) — C be the P!-
bundle associated with 7, and s, the section of 7 corresponding to a surjection 7, —» Oc¢.
Then we call S an ‘Atiyah surface’ (over C) and s, the ‘canonical section’ of 7.

The following seems to be well-known.

Proposition 5.2. Let 1: S — C be the Atiyah surface. Then the following hold:

(1) The canonical section s« is a unique irreducible curve on S such that its self-
intersection number is zero and is not contained in any fiber of .

(2) h(S, Os(a s.)) = 1 for any positive integer a.
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Corollary 5.3. There exists no elliptic fiber space structure on the Atiyah surface S.

Proof. Suppose that there exists on S an elliptic surface structure p: S — A. Since
Ks ~ =25, and s2, = 0, the anti-canonical divisor —Ks of S is nef and the intersection
number (Kg,y) is an even integer for every irreducible curve y on S. Hence p is a relatively
minimal elliptic fibration. Clearly, we have (Ks, F) = F?> = 0 for a general fiber F of p.
Then either s, N F = 0 or 5o, = F, since s2, = 0. Then Proposition 5.2 implies that F = s..
Thus S = s, which derives a contradiction. O

RemARk 5.4. By Proposition 4.13, the Atiyah surface S admits a non-isomorphic étale
endomorphism. (cf. [38])

One basic fact worth mentioning is the following.

Proposition 5.5. Let n: S — C be the Atiyah surface. Then every surjective endomor-
phism ¢: S — S is a finite étale covering satisfying ¢*(5c) = Sco.

Proof. Since the pull-back map ¢*: Ni(S) — N;(S) induces an isomorphism of the
Kleiman-Mori cone NE(S), which is a 2-dimensional closed convex polyhedral cone. Hence
¢* induces a permutation of the two extremal rays of NE(S). Since 7 is the Albanese map of
S, there exists an étale endomorphism 4: C — C with mo ¢ = hox by the universality of the
Albanese map. Hence both extremal rays Ry [so] and Ry [ f] are preserved by ¢*. We have
Ks ~ ¢*Ks + R,, where R, is an effective divisor called the ramification divisor of ¢. Then
Ks = =2 5o, since Ks ~ —=2L + n*(K¢ + det F,) for the tautological divisor L := Opr,(1).
Hence [R,] belongs to the ray Rxo[ 5w ].

The proof is by contradiction. Suppose the contrary that R, # 0 and let R, = }}; a; D;
be an irreducible decomposition. Since [s.,]| spans the extremal ray of NE(S), we have
[Di] € Ryplsw] for all i. Then, D; = s for all i by Proposition 5.2. Hence we have
R, = b s, for some positive integer b and ¢ is unramified over S \ so. Applying Lemma
4.12, there exists an isomorphism S X, ¢ C = Pc(h*F,) = Pc(F,) =: S. Since & is étale, the
natural morphism ¢: S — S X; ¢ C = S is also unramified over S \ s.. For any fiber f of
n,set p = n(f) and F := o(f). Then F = n~'(h(p)) is a disjoint union of fibers of 7 and f
is one of its connected components. We have : Ky ~ ¢*Ks + bs., . The restriction of this to
the fiber f of & gives the following equality:

Kf ~ (()le)*KF + bSoolf .

Hence the restriction of the morphism  to f gives a finite ramified covering from P! to itself
branched over only one point s, N f. Thus a contradiction is derived. Hence ¢ is a finite
étale covering and there exists an isomorphism ¢: S = S X, ¢ C. Since ¢*[5e] € Ryp[Sco],
Proposition 5.2 implies that ¢! (50) = Seo. O

We prove some simple propositions that provide the key to the proof of Theorem 1.5.
First, we study the structure of a surjective morphism ¢ between P!-bundles over elliptic
curves which are associated to semi-stable vector bundles of rank 2. Note that ¢ is not
necessarily an endomorphism.

Proposition 5.6. There exist no surjective morphisms from one to another among the
following three P'-bundles S ; over an elliptic curve C; (1 <i < 3).
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(1) m1: 81 =Pc,(Oc,®) — C, for aline bundle € of degree 0 on Cy, where € € PicO(Cl)
is torsion.

(2) m: 82 = Pe,(Oc, ® L) — C; for a line bundle L of degree 0 on C,, where L €
Pic%(C») is of infinite order:

(3) m3: S3 =S — Cs is the Atiyah surface.

Proof. Let s; be the section of 7r; (1 < i < 3) corresponding to a surjection O¢, ® € - ¢
(resp. Oc, ® L » L and T, - Oc,). Itis well-known that p(S;) = 2 and the Kleiman-Mori
cone NE(S) is a two-dimensional closed convex polyhedral cone spanned by the numerical
equivalence classes [f;] and [s;] of a fiber f; and a section s; of m;, i.e., ﬁ(S ) =Rso[fi]+
Rs¢ [s;]. The proof is by contradiction.

(1) Suppose the contrary that there exists a surjective morphism ¢: S| —-» S,. Since
p(S;) = 2 for all i, by Proposition 3.1, there is induced an isomorphism ¢,: NE(S|) —
NE(S,) of the Kleiman-Mori cone by the push-forward map ¢,: N1(S1) — Ni(S2). Hence
there exists a one-to-one correspondence between the extremal rays of NE(S;)’s. Then
©«(Rxolf1]) = Ryolf2], since there exists a finite morphism 4: C; — C, such that mp o ¢ =
h o m; by the universality of the Albanese map. Hence ¢.(Rso[s1]) = Rypls2]. Since
¢ € Pic’(C)) is of finite order, there exists a finite étale covering :S‘T of S| which is isomor-
phic to the trivial P!-bundle C; xP' — C;. Thus all the irreducible curves I on S| which are
numerically equivalent to s; form a positive-dimensional algebraic family. Let s} be another
section of 7, corresponding to a surjection O¢c, ® L - L. Since L € Pic(Cy) is of infinite
order, s} is the unique irreducible curve which is numerically equivalent to s,. (The reason
is as follows: Let D(# s, s) be another irreducible curve such that D = s, = 5. Since
(D, s2) = (D, s5) =0, D, s, and s/, are three disjoint sections of ;. Hence m: S, — Cyis a
trivial P'-bundle and a contradiction is derived.) Hence ¢(I') = s, or s5. Since I' moves and
sweeps out S, ¢(§1) C 52 U s, and ¢ is not surjective. Thus a contradiction.

(2) Suppose the contrary that there exists a surjective morphism ¢: S, —-» S1. Then, by
Proposition 3.1, the pull-back map y* gives an isomorphism ¢*: NE(S ) = NE(S,) of the
Kleiman-Mori cone. By the similar method as in (1), we can show that ~!(T') = s, U 57, for
all the irreducible curve I' on S which is numerically equivalent to s;. Since I' moves and
sweeps out S |, we infer that YIS =sU s7,. This contradicts the fact that  is a map.

(3) Suppose the contrary that there exists a surjective morphism g: S| - S3. Then, by
Proposition 5.2, the canonical section s, is the unique irreducible curve on S3 which is
numerically equivalent to s.. By a similar method as in (1), we can show that g(I') = 5., for
all the irreducible curves I" on S ; which are numerically equivalent to s;. Since I' moves and
sweeps out S |, we infer that g(S ) = s.. This contradicts the assumption that g is surjective.

(4) Suppose the contrary that there exists a surjective morphism u#: S3 - S. Then, by a
similar method as in (1), we can show that u~!(I') = s, for all the irreducible curves I'" on
S 1, which sweeps out § 1. Hence u~'(S|) = s and thus a contradiction.

(5) Suppose the contrary that there exists a surjective morphism v: S, —-» S3. Then,
by the universality of the Albanese map, there exists a finite covering h: C, — C3 with
m3 00 = hom. By a similar method as in (1), we can show that v.(Ryo[s2]) = Rso([s3]).
Then Ks, ~ v*Ks, + R, for the ramification divisor R, of v. Since Ks, = =2 52, Kg, = =2 53,
we have R, = as, for some non-negative integer a > 0 and the branched divisor B, of v is
supported on s3 by Proposition 5.2. If a = 0, then v is finite étale and of degree one on each
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fiber of m>. Hence, by Lemma 4.12, there exists an isomorphism §, = §3 X¢, C2 = §3 =S,
which derives a contradiction. If a > 0, then by Proposition 5.2, v is unramified outside
v™!(s3). By the same reason as in the proof of (1), we infer that v™'(s3) = s, U s, where
52, 85, are disjoint two sections of m correspondiong to surjections Oc, ® L —» Oc¢, and
Oc, ® L —» L, respectively. For each fiber f of nr3, f\ s3 = C is simply connected. Hence
the inverse image v~!(f\ s3) is a disjoint union of copies of C. However, by the above remark,
v (f\ s3) = v () \ (sp U s7,) is a disjoint union of copies of C*. Thus a contradiction.

(6) Suppose the contrary that there exists a surjective morphism w: S3 = S,. Then, by
a similar method as in (4), we can show that w™'(s,) = w‘](sé) = s3. This contradicts the
assumption that w is a map. m|

We employ the same notation as in Proposition 5.6.
Corollary 5.7. Let C’ be an elliptic curve and
0—0c — &— Oc(lph) — 0

a non-split extension for a point p € C'. Letn’: V := Pc/(€) — C’ be the P'-bundle over C’
associated with the stable vector bundle £. Then

(1) There exist no surjective morphisms V.—» Sz and S5 —» V.

(2) There exist no surjective morphisms V.—» S, and S, » V.

(3) There exist no finite étale coverings from V to S ;.

Proof. (1) Suppose that there exists a surJectlve morphism ¢: V —» S3. - By Proposition
4.4, there exists an étale double covering p: V — V and an 1som0rphlsm V = P' x C” for
some elliptic curve C”. Then, ¢o p is a surjective morphism from V to § 3, which contradicts
Proposmon 5.6. Conversely, suppose that there exits a sur]ectlve morphlsm v S3» V. Let
S5 3 be the connected component of the fiber product S3 Xy V and q: S5 3 = V the natural
projection. Then by Lemma 4.12, the surface S5 is isomorphic to the Atiyah surface S and
this contradicts Proposition 5.6.

(2) Suppose that there exists a surjective morphism f: V —» S,. Then, f o p: V> S,
gives a surjective morphism from V to S, which contradicts Proposition 5.6. Conversely,
suppose that there exists a surJectlve morphlsm g: S, » V. Let S be the connected com-
ponent of the fiber product S, Xy V and q: S> — V = P! x C” the natural projection. Then
there exist an elliptic curve D and an isomorphism S, 2 = Pp(Op & ') for some non-torsion
line bundle ¢’ € Pic’(D). Hence a contradiction is derived by Proosition 5.6.

(3) Suppose that there exists a finite étale covering u: V — S . Then there exists a finite
morphism h: C’ — C; with my ou = hon’. Since u is étale, u is of degree one restricted to
each fiber of 7" and there exists an isomorphism V =~ S| X¢, C" =~ P (Ocr @ h*€). Since £ is
indecomposable, we have a contradiction. m|

Remark 5.8. Corollary 5.7 (3) does not necessarily hold without the assumption that the
morphism is étale. In fact, using Proposition 4.4, we can construct an example of a finite
ramified covering p: V — § of degree 4.

There is also an analogous statement for elliptic ruled surfaces which are associated to
unstable vector bundles of rank 2 on elliptic curves.
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Lemma 5.9. Let 1: S — C be the Atiyah surface and T = Pc(O¢ ® ) a P'-bundle,
where € is a line bundle on an elliptic curve C’ with deg€ # 0. Furthermore, set U =
Per(Ocr & L) for a torsion line bundle L € Pic’(C”) on an elliptic curve C”. Then the
followings hold:

(1) There exist no surjective morphisms S » T and T —» S.

(2) There exist no surjective morphisms S - U and U - S.

Proof. Since the proof of (2) is completely analogue to that of (1), we shall only give a
proof of (1). Let A(C T') be the section of 77 : T — C corresponding to the second proection
Oc®t - € and F a general fiber of 7. It is well-known that p(T') = 2 and the Kleiman-Mori
cone NE (T) is a 2-dimensional, closed convex polyhedral cone spanned by the numerical
equivalence classes [F] and [A]; i.e., ﬁ(T) = Ryo[F] + Ryo[A].

(1) Suppose that there exists a surjective morphism ¢: S - T. Since p(S) = p(T) = 2,
by Proposition 3.1, there is induced an isomorphism ¢*: NE (T) =~ NE (S) by the pull-back
map ¢*: N'(T) — N'(S). Hence there exists a one-to-one correspondence between the
extremal rays of NE (T) and NE(S). Then ©*(Rso[F]) = Ryplf], since there exists a finite
morphism 4: C — C’ such that 77 o ¢ = h o mg. Hence ¢"(Ryo[F]) = Ryo[f]. Thus
¢*A = ase for some a > 0. Now we calculate the self-intersection number of both sides.
We have (¢*A)? = deg ¢ - A> = deg ¢ - deg £ # 0, which contradicts 52, = 0. m|

Applying these results, we shall classify P'-bundles over elliptic curves admitting an ESP
(cf. Definition 2.3).

Proposition 5.10. Suppose that there exists an ESP So = (g,: S, — Sn+1)n of elliptic
ruled surfaces S . Then, one of the following cases occurs:
(1) There exists an integer k < oo such that
(@) Foranyi<k, S;=Pc(Oc, &) for some torsion line bundle {; € PicO(Cl-) on
an elliptic curve C; .
(b) Foranyi>k, S;=Pc,(E), where & is a stable vector bundle of rank two and
degree one on an elliptic curve C;.
(2) Foranyi, S; = Pc.(Oc, ® L;) for some non-torsion line bundle L; of degree 0 on an
elliptic curve C;.
(3) §;is isomorphic to the Atiyah surface S for any i.

Proof. By Proposition 4.1, any S, is a P!-bundle associated to a semi-stable vector bundle
of rank two on an elliptic curve. Hence all S, is isomorphic to one of the following 4 types:

e type (a): Pc,(&,), where &, is a stable vector bundle of rank two and degree one on
an elliptic curve C,.

e type (b): the Atiyah surface S.

e type(c): Pc,(Oc¢, & ¢,), where £, € Pic’(C,) is a torsion line bundle on an elliptic
curve C,,.

e type (d): Pc,(Oc, © L), where L, € PicO(C,,) is a line bundle of infinite order on an
elliptic curve C,.

. . In In+1 . o, .
By considering a truncated sequence S, — S,+1 — --- starting from S, for each n, it is

sufficient to show the claim for i > 0.
(1) Suppose that S is of type (a). Then, by Proposition 5.6 and Corollary 5.7, S, is of
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type (a) for any n > 0.

(2) Suppose that S is of type (b). Then, by Proposition 5.6 and Corollary 5.7, S, is of
type (b) for any n > 0.

(3) Suppose that S is of type(c). Then, the claim (1) holds by Proposition 5.6 and
Corollary 5.7,

(4) Suppose that S is of type (d). Then, by Proposition 5.6 and Corollary 5.7, S, is of
type (d) for any n > 0. O

Now, we devote the rest of this section to describe the structure of the set of the surjective
morphisms between certain elliptic ruled surfaces; those which are associated to decompos-
able vector bundles of rank 2 and degree O on elliptic curves and with only two disjoint
sections. First, we start with an auxiliary result concerning morphisms of elliptic curves.

Lemma 5.11. Let h,g: C —-» C’ be two surjective morphisms between elliptic curves C
and C’. Suppose that h*€ =~ g*{ for a line bundle € of degree zero on C’, where € € Pic® (C")
is of infinite order. Then h = g up to translation under the group law of the elliptic curve C’.

Proof. Since ¢ € Pic%(C”), ¢ is invariant under translation (cf. [32]). Since any surjective
morphism from C to C’ can be expressed as a composite of a group homomorphism and a
translation, we may assume that both ¢g and & are group homomorphisms. If 4 —g: C — C’
is surjective, then Proposition 4.7 implies that £ is of finite order, which contradicts the
assumption. |

Let C (resp. C’) be an elliptic curve and £ (resp. £) a line bundle of degree zero on C (resp.
C’) which is of infinite order in Pic® (C) (resp. Pic’ (C)). Let g: S := Pc(Oc @ 0) — C
(resp. n7: T := Pe(Oc ® L) — C’) be the P!-bundle over C (resp. C’) associated to a
decomposable vector bundle of rank 2 and degree 0. We describe the structure of the set
Mory,, (S, T) consisting of surjective morphism ¢: § — T from S to T'. Let s and s’ (resp.
t and t’) be the sections of g (resp. m7) C corresponding to the first and second projections
Ocdt»Land Oc® L » O¢ (resp. O ® L - L and O & L - O¢). By the universality
of the Albanese map, there exists a finite morphism /4: C — C’” such that h o mg = 77 0 ¢.

Since p(S) = p(T) = 2, Proposition 3.1 implies that ¢ is a finite morphism and the push-
forward map ¢.: Ni(S) =~ N;(T) (resp. the pull-back map ¢*: N'(T) =~ N!(S)) gives a
one-to-one correspondence between ﬁ(S ) and ﬁ(T}. They are two-dimensional closed
convex polyhedral cones spanned by the numerical equivalence classes of a general fiber of
mg (resp. ) and s (resp. f). Then, applying the same method as in the proof of Proposition
5.6, we see that ¢~ (f) € sU s’ and ¢~ !(') C sU s’. Since ¢ is a surjective morphism, one of
the following cases occur:

e o l(f)=sand o I(') = 5" or

e o l(f)=s"and o I(t) = 5.
In the former (resp. latter) case, we have ¢t ~ a s (resp. ¢*t ~ [s) for some positive
integer a (resp. B). Since Nys = €, Ny;s = 7', and Nyr = L, Nyjr =~ L2, it follows
that #*L =~ £*" in Pic’ (C) for some integer n in both cases. Such an integer 7 is uniquely
determined and non-zero, since both £ € Pic’ C and £ € Pic® C’ are of infinite order. Thus,
according to the discussions made as above, we have the following description of / in terms
of line bundles £ and ¢:
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Lemma 5.12. Let S, T and h as above. Then, h*L ~ (®" for a unique non-zero integer n.

By replacing £ by £~!, we may assume that n > 0. Let T := Txc C = C be the pull-back
of rp: T — C’" by h: C — C’. Then by construction, there exists an isomorphism

T ~Po(Oc ®h'L) ~Pce(Oc & (57

over C. By the universality of the fiber product, there exists a natural morphism ¢: § — T
over C so that the following commutative diagram holds:

s 2T L2
SRR
c 55

Clearly, the natural morphism p: T — T is a finite étale covering.

Lemma 5.13. If n > 1, then the map  is of degree n on each fiber of s and ramifies
only along the two disjoint sections s, s’ of ms with ramification index n.

Proof. Since n > 1, the finite morphism ¢ is a ramified covering of degree n. Note that
Ks ~ =25+ nl, Ky ~ 21+ n*}.(fg’”) and Yt = ks for some positive integer k. Since
Ks ~ K7 + Ry, for the ramification divisor Ry of ¢, we see that R, = S s for some integer
B > 0. Applying the same argument as in the proof of Proposition 5.6, Ry, is supported on
s| | s’, which is a union of two disjoint sections of rg. |

RemARK 5.14. Conversely, we show that if 7*L ~ ¢*", then there exists a finite surjective
morphism ¢: § — T. Since there exists a natural inclusion
Ocdh'L. > OcdlD--- " =Sym"(Ocd ),

there exists a natural projection p: Pc(Sym"(O¢ @ ¢)) ---— T := Pc(Oc ® h* L). Moreover,
there exists a Veronese embedding

i:S :=Pc(Oc &) — Pc(Sym"(Oc @ 0)) .
Then the composite mappo poi: S — T gives a finite surjective morphism from S to 7.
Now, we define the set M as follows:
M :={(n,v) € Z X HoMgyoup(C, C 0" L = 7"} .

Here by Homgu,(C, C’), we denote the set of group homomorphisms from C to C’. Then
M # (@, since (0,0) € M. Now the structure of the set M is described as follows:

Proposition 5.15. We may endow M with the structure of an abelian group such that
(1) the first projection p: M — Z is an injective group homomorphism.
(2) There exists a unique element (dy, vo) € M such that any (n,v) € M can be expressed
as n = dok and v = py o vy = vy o yy for some integer k € Z, where py denotes
multiplication map by k on an elliptic curve.

Proof. First, we show that M is an abelian group.
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(1) Let (n,v),(m,u) € M be arbitrary elements. Then v*L =~ " u* ~ ¢*". Since
+uw)'L ~v'L®u L by [32,p.75, (i1)] , we infer that (n + m,v + u) € M. Thus M
is closed under multiplication.

(2) The unit element of M is (0, 0).

(3) The inverse element of (n,v) € M is (—n, —v).

Clearly, p is a group homomorphism. Next we show that p is injective. Suppose that
(n,v),(n,u) € M for some integer n € Z and group homomorphisms v,u: C — C’. Then
VL =~ ¥ ~ y*L. By Lemma 5.11, we infer that v = u. Thus p is injective and M ~ p(M)(C
Z) is a cyclic group. Let (dy,v9) € M (where dy > 0) be its generator. Then it satisfies the
required property. |

The following describes the structure of a finite surjective morphism ¢: § - 7 and is a
key ingredient for the proof of Theorem 10.1.

Proposition 5.16. Let  (resp. L) be a line bundle of degree zero on an elliptic curve C
(resp. C')and nig . S :=Pc(Oc®€) — C (resp. np: T := Pe(Oc & L) — C’) an associated
P'-bundle. Suppose that both € € Pic’(C) and L € Pic’(C’) are of infinite order and there
exists some finite surjective morphism from S to T. Then there exists a unique non-zero
group homomorphism vy: C — C’ such that v L = %% for an integer dy and that the the
following properties hold:

(1) Let ¢: S — T be an arbitrary finite surjective morphism and h: C — C’ the finite
morphism induced by the universality of the Albanese map. Then h*L ~ €*" for a
unique integer n which is a multiple of dy. Furthermore, there exists multiplication
mapping u: C — C by a positive integer k := n(dy)~" such that h = vy o g up to
translation under the group structure of C’.

(2) Letnz: T := TxcC — C be the P'-bundle obtained by the pull-back of tp: T — C’
byh:C—>C'. Lety: S — T be the natural morphism. Then the map s is of degree
n restricted to each fiber of ng and ramifies only along the two disjoint sections of rtg
with ramification index n. Moreover, for a general fiber F of nr, the inverse image
¢ N(F) has at least k* = deg h - (degvy)~! connected components.

s L7 K T
O I
C ——C C C’

Hi v

Proof. The finite morphism 4: C — C’ can be uniquely expressed as h = T, o v, where
T,: C' =~ is atranslation by @« € C" and v: C — C’ is a Lie group homomorphism. Since
T,L ~ L, there exists an isomorphism:

T Xcr, C' =Pc(Oc @ T;E) ~Po(Oc@L)=T.

Hence we may assume that @ = 0 and h: C — C’ is a group homomorphism. By Lemma
5.12, h*L =~ {" for a unique integer n. By Proposition 5.15, there exists a unique integer
k such that n = dyk and v = g o vy = vy o yg. Thus the assertion (1) has been proved.
Since vjL =~ %% if we put T =T Xcry C, then T’ =~ Po(Oc ® £34). Since it = £k,
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we see that v L ~ ,u,t({’@’d“) ~ {® Hence,T :=T Xcp C’ is isomorphic to the fiber product
T Xcyu C. The natural morphism ¢: § — T has already been described as above. Note
that degh = k* - deg vy and the morphism gy is unramified. Hence for a general fiber F of
nr, the inverse image ¢! (F) consists of at least k> = degu = degv - (degug)~! connected
components. Thus the assertion (2) has been proved and we are done. m|

6. ESPs of smooth algebraic surfaces

In this section, we study the structure of ESPs of smooth algebraic surfaces (cf. Proposi-
tions 6.5, 6.6 and 6.7). These results are necessary in Section 7 when we study the structure
of an FESP of 3-folds with negative Kodaira dimension. Proposition 6.8 is a slight general-
ization of [9, Proposition 4.9]. Propositions 6.8 and 6.9 are devoted to the study of an ESP
of curves whose ambient varieties also form an ESP. Let Y, be an FESP constructed from
a given ESP X, of 3-folds by a sequence of blowing-downs of an ESP. Proposition 6.9 is
quite useful when we seek out elliptic curves for the candidates of the centers of Cartesian
blowing-ups 7, : X, — Y, (cf. Corollary 1.2).

First, we recall some basic facts about elliptic fibrations and abelian fibrations.

DermNiTION 6.1. (cf. [13, Definition 2.3 and Lemma 2.4]) Let V. — S be a projective
fiber space from a smooth variety V to a normal variety S whose general fibers are abelian
varieties. It is called a Seifert abelian fiber space if there exist finite surjective morphisms
W — Vand T — § satisfying the following conditions:

(1) W and T are smooth varieties;

(2) W is isomorphic to the normalization of V Xg T over T';
(3) W — Vs étale;

(4) W — T is smooth.

If V — § is a Seifert abelian fiber space, then V is a unique relative minimal model over
S, since Ky is relatively numerically trivial and there are no rational curves contained in
fibers. If S is compact and dim(V) = dim(S ) + 1, then we may replace the condition (4) with
that W ~ E X T over T for an elliptic curve E. The notion of Seifert abelian fiber space was
first introduced in [35] as the name of Q-smooth abelian fibration.

The following proposition reveals a new phenomenon; There exists a non-isomorphic
étale endomorphism f: X — X of a 3-fold X with x(X) = —co which admits no Seifert
elliptic fibrations.

Proposition 6.2. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X)) = —oco. Assume that there exists an extremal ray R of divi-
sorial type such that the exceptional divisor D of the contraction morphism Contg of R is
isomorphic to the Atiyah surface S. Then there exists on X no Seifert ellptic fiber space
structure.

Proof. The proof is by contradiction. Suppose the contrary that there exists on X a Seifert
elliptic fiber space structure ¢: X — S over a surface S. Then, a suitable finite finite
étale Galois cover p: X’ — X of X is isomorphic to the direct product 7 X E of a smooth
surface 7" and an elliptic curve E. From Lemma 3.12, there exists an extremal ray R’ of
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divisorial type on X’ such that p,R" = R. Let D’ be the exceptional divisor of the contraction
morphism contg . Then applying Proposition 5.6 and Lemma 5.9 to the finite étale covering
p: D" — D, we see that D" ~ S.

Let g: X’ — T be the first projection. Then by applying [11, Theorem 2], we infer that
the pushfoward map g. : NE (X’) — NE (7) induces a one-to-one correspondence between
the set of extremal rays of X’ and the set of extremal rays of 7. Furthermore, let C be a
(—1)-curve on the surface 7" whose numerical class [C] spans the extremal ray R := q«R of
T. Then D’ = C X E. On the other hand, since D’ =~ S, there exists no elliptic fiber space
structure on D’ by Corollary 5.3. Thus a contradiction. |

The following lemma may be well-known for experts and was stated implicitely in [9,
Proposition 7.1]. We shall give a proof for reader’s convenience.

Lemma 6.3. (1) Let ¢: S — P! be a minimal elliptic surface with k(S) = 1 and y(Os) =
0. Then the canonical divisor Kg of S can be expressed as Ks ~q ¢*D for some Q-divisor
D on P! with deg D > 1/42.

(2)Letyr: T — C be a minimal elliptic surface over an elliptic curve C such that k(T) = 1
and y(Og) = 0. Then Kr = y*D for some Q-divisor D on C with deg D > 1/2.

Proof. (1) By assumption, ¢: S — P! is a Seifert elliptic surface and has no singular
fibers except multiple fibers m;E; (i = 1,2,---,r) supported on elliptic curves E;. Then,
by the canonical bundle formula of Kodaira [18, Theorem 12], we have Kg ~q ¢*D for a
Q-divisor D of degree A := -2 + ), m;~" (m; — 1) on P'. Then A > 0, since x(S) = 1.
Hence, r > 3. Then by an easy calculation, we see that A > 1/42. Thus we are done.

(2)Asin(1),¥: T — C s a Seifert elliptic surface which has only multiple singular fibers
m;E; (1 <i<r,m; >?2)of type ,,Ip. Then, by the canonical bundle formula of Kodaira, we
have K7 ~ ¢*(=6) + X.I_,(m; — 1)E; for a divisor 6 on C with deg § = 0. Hence, K = ¢*D
for an effective Q-divisor D := };_, m;~'(m; — 1)P; on C for P; := o(E;). Since «(S) = 1,
we have r > 1 and deg D > 1/2. O

Now, we shall study the structure of ESPs of smooth algebraic surfaces.

Proposition 6.4. Let S, = (g,: S,, — S,41)n be an ESP of smooth algebraic surfaces S ,.
Then each surface S, satisfies the following conditions.
b X(OS,,) = Xtop(Sn) =0.
° Kgn =0.
e There exist no (—1)- curves on S ,,.
e S, is not of general type.

Proof. The first and the second assertion follow immediately from Lemma 2.1. Now we
shall prove a non-existence of (—1)-curves on each §,. Suppose that there exists a (—1)-
curve e, on S,. Then e,,; := gy(e,) is also a (—1)-curve on S ,,1, since g, is étale. Since
degg, > 1 and ¢4 ~ P! is simply connected, g,,"(e,+1) is a disjoint union of more than one
(=1)-curves on §,. This contradicts Proposition 3.1 (3). The last assertion is clear, since
Ksnz = 0 and there exist no (—1)-curves on S ,. m|
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Proposition 6.5. Let So = (g,: S, = S,+1)n be an ESP of smooth algebraic surfaces S,
with k(S ;) = 1. Then, there exists a Cartesian diagram

In

Sn Spe1 — -
‘Pnl l¢n+l
Cn Cn+1 RN

satisfying the following properties below,
e For each n, the litaka fibration ¢, : S, — C, of S, gives S, a Seifert elliptic surface
structure over the curve C, and
e h,: C, — Cpy1 is an isomorphism for a sufficiently large positive integer n.

Proof. Since x(Os,) = 0 and there exist no (—1)-curves on S, the litaka fibration
on: S, — C, gives a Seifert elliptic surface structure, that is, ¢, has at most multiple singu-
lar fibers of type ,,, /o in the sense of Kodaira [18]. Thus K, ~q ¢, H, for an ample Q-divisor
H, on C,. Let F,, be a general fiber of ¢, for each n. Since

(Ks,.1(Gn)Fn) = (9,Ks,.,, F) = (Ks,, Fy) = 0,

©n+1 © gn(F,) is a point on C,,. Hence by the rigidity lemma (cf. [21]), there exists a finite
morphism #,: C,, = C,4 such that ¢,,1 © g, = h,, o ¢, for all n. Then we show that £, is an
isomorphism for a sufficiently large positive integer n. Since the genus p,(C,) of the curve
C, decreases as n increases, there exist constants g > 0 and k£ > 0 such that p,(C,) = g for
alln > k. If g > 2, then h, (n > k) is an isomorphism by Riemann-Hurwitz formula.

Next, suppose that g = 0. Then, from Lemma 6.3, we infer that for any n, Ks, ~¢ ¢,(H,)
for a Q-divisor H, on C, with deg H, > 1/42. Since Kg, ~q (gn-1 © -+ © go)*Ks,, we have
Hy ~q (hy—10---0hy)"H,. Hence, deg Hy = deg Hn-H;?;é deg h;. Assume that deg h,, > 2 for
infinitely many positive integers m. Then we have deg H,, — 0 as n — oco. This contradicts
the fact that deg H,, > 1/42 for any n. Hence 4, is an isomorphism for n > 0.

Finally, suppose that g = 1. Then, by Lemma 6.3, K5, = ¢;H, for some Q-divisor H,
with deg H,, > 1/2. Hence, if we replace Q-linear equivalence relation ~g by numerically
equivalence relation =, completely the same method as in the case of g = 0 works in our

situation. Thus, A, is an isomorphism for n > 0. |

Proposition 6.6. Let So = (g,: S, — Su+1)n be an ESP of smooth algebraic surfaces S,
with k(S ) = 0. Then, there exists an integer k > 0 such that S ,, is isomorphic to an abelian
surface (resp. a hyperelliptic surface) for all n < k (resp. for all n > k).

Proof. Since y(Os,) = 0 and S, is minimal, it follows from the classification theory
of algebraic surfaces that S, is either an abelian surface or a hyperelliptic surface. Since
(S ,) = p(S ,+1), the claim follows. O

Proposition 6.7. Let S. = (g,: S, — S,+1)n be an ESP of smooth algebraic surfaces S,
with k(S ,) = —oo. Then, there exist an ESP Co, = (h,: C,, = Cp31), of elliptic curves C,
and a Cartesian morphism a, = (@,),: S« = Co such that S, is isomorphic to a P-bundie
Pc,(€,) associated with a rank two semi-stable vector bundle &, on C,,.
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Proof. Since there exist no (—1)-curves on S,, each S, is either P? or a ruled surface.
Since g,, a non-isomorphic étale covering, S, is not simply connected. Hence, S, # P? for
any n. Since x(Os,) = 0 and p,(S,) =0, g(S,) = 1 and S, is an elliptic ruled surface. Thus
the Albanese map «,,: S, — C, is a P'-bundle over an elliptic curve C,, which is associated
to a semi-stable vector bundle &, of rank 2 on C,, by Proposition 4.1. By the universality of
the Albanese map, there esists a finite morphism 4,,: C, — C,;; such that @, 0g, = h,oq,.
Each h, is étale, since C,, is an elliptic curve. Since g, is étale and P! is simply connected,
gy 1s of degree one on each fiber of «,. Thus the natural morphism S, — S ,+1 Xc,,, C, 1S an
isomorphism and deg i, = deg g, > 2. O

When we blow-up an FESP along elliptic curves to recover the original étale endomor-
phism f: X — X, the following propositions are frequently used for analyzing blowing-up
centers (cf. Proposition 7.8).

Proposition 6.8. Let Z, = (v,: Z, — Z,+1)n be an ESP of smooth projective varieties
Z, of dimension > 1. Suppose that U;l(cn_H) = C, for each irreducible curve C, on Z,.

Then, for any n, C, is an elliptic curve, (K7, ,C,) = 0, and its conormal bundle N CV /7 isa
semi-stable vector bundle of degree 0.
Proof. By considering the truncated sequence Z, N Zyi1 N starting from Z, for

each n, it is sufficient to prove the assertion in the case where n = 0.

We first prove that Cy is non-singular. Suppose that Cy is singular. Since v, is étale, C,
is singular for any n. We set w, := v,|c,. Then by assumption, degw, = degv, > 1. Hence,
C, := (w,: C, = Cyi1), 1s also an ESP of irreducible curves. Thus the number of singular
points of C,, is a strictly decreasing function of n. Hence C,, is non-singular for a sufficiently
large positive integer n. Since v,‘,l(C,H 1) = C,, this is a contradiction.

Next, we show that each Cj is an elliptic curve. Since the arithmetic genus p,(C,) of the
curve C, is a decreasing function of n, there exist a positive integer k and a non-negative
integer ¢ such that p,(C,) = g for any n > k. If ¢ > 2, then degw, = 1 by the Rieman-
Hurwitz formula applied to w,,: C,, = C,,1. This is a contradiction. Thus ¢ < 1. If ¢ = 0,
then C,, = P! for some n > 0. Since C,_; = v,‘l'(Cn) and v, is a non-isomorphic finite étale
covering, C,_; is not connected. This contradicts the assumption that C,,_; is irreducible.
Hence p = 1 and Cj is an elliptic curve.

By completely the same argument as in the proof of Propositon 1.1, (4), we see that
deg N,, = 0 for the normal bundle W, of C, in Z,. And there is induced an ESP D, =
(D, = Dy41), of projective bundles D, := P¢ (N,) associated to the conormal sheaf N, :=
Homeg,, (Nn, Oc,). Hence, N is semi-stable by Proposition 4.1. O

Next, we consider the case where Z, is a smooth algebraic surface.

Proposition 6.9. Let S, = (g,,: S, = Sp+1)n be an ESP of smooth algebraic surfaces S ,,.
Suppose that there exists an ESP ye = (guly,: Yn = Yn+1)n Of irreducible curves vy, on S ,.
Then every vy, is an elliptic curve satisfying (y,)* = 0 and the following hold:

(D) If k(S ;) = 1 for any n, then ¢,(y,) is a point for the litaka fibration ¢,: S, — C, of
S
(2) If any S, is an abelian surface, then there exists an elliptic fiber bundle structure
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¢n: Sn — C, over an elliptic curve C,, such that
e ¢,(yy,) is a point on C,, and
® Q.11 0gy = Uy, o @y, for an isomorphism u,: C, = C,y1.
() If S, is a hyperelliptic surface, then one of the following cases holds;

(3.1) The Albanese map a,: S, — C, is an elliptic fiber bundle such that
e «,(y,) is a point, and
® 41 O gy = Uy O, for an isomorphism u,: C, = Cyyy.
3.2) AutO(S n) Is an elliptic curve and the natural projection p,: S, — I, =
S,./Aut’(S,) = P! is a Seifert elliptic surface such that
e there exists a finite morphism v, : I, = T,y such that p,41 © g, = v, © p, and
Pu(vn) is a point, and
e v, is an isomorphism or p,(y,) is a ramification point of v,,.
(3.3) e The Albanese map «,,: S, — C, is an elliptic fiber bundle such that a,(y,) is a
point,
® puit1: S = Do = Plisa Seifert elliptic surface such that a,,1(yn+1) is a
point, and
e there exists a finite morphism w, : C,, — I',41 such that p,.1 © g, = wy, © @,,.
4) If k(S ;) = —co for any n, then the Albanese map «,,: S, — C, is a P-bundle over an
elliptic curve C,, associated to a semi-stable vector bundle &, of rank two such that
e a,(y,) = C,and
o there exists a Cartesian morphism a,: Yo — Co = (h,: Cy = Cpi)p.
Furthermore, one of the following hold.
(4.1) Foranyn, S, = Pc,(&,) for a stable vector bundle &, on C, and vy, is a multi-section
of a,,.
(4.2) Foranyn, S, =S and vy, is the canonical section of a,,.
(4.3) For any n,
o there exists an isomorphism S, = Pc (O¢c, ®L,) for a line bundle L, € PiCO(C,,)
of infinite order, and
e the elliptic curve vy, coincides either of the two sections of a,, corresponding to
the first projection Oc, ® L, - Oc, or the second projection Oc, ® L, - L,.
(4.4) For any n, there exists an isomorphism S, = Pc (Oc, ® L,) for a line bundle L, €
Pic’(C,,) which is of finite order.

Proof. By Proposition 6.8, every v, is an elliptic curve satisfying y2 = (Ks,,v,) = O.
Thus by Proposition 6.4, it is sufficient to know how the curve vy, is located in the surface
S ». Here we use the same notation as in Proposition 6.4.

(1) Since Ks, ~q ¢, H, for an ample Q-divisor H,, on C,, we infer that (H,, (¢,)«Y») =
(Ks,.¥n) = 0. Thus each y, is contained in a fiber of ¢,,.

(2) Suppose that S, is an abelian surface. Since y,, C S, is an elliptic curve, there exists
an elliptic bundle structure ¢, : S, — C, over an elliptic curve C, such that p, := ¢,(y,) is
a point. By assumption, ¢,+1 © g, © ¢, (p,) = pns1 is a point. Hence by the rigidity lemma,
there exists a finite morphism u,: C, — C,.; such that ¢,.| o g, = u, o ¢,. Each u, is
étale, since C, is an elliptic curve. By assumption, u,‘ll(p,m) = p,. Hence each u, is an
isomorphism.
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(3) Suppose that any S, is a hyperelliptic surface. We recall the following basic fact:

Fact. Let S be a hyperelliptic surface. Then

(1) S has only two non-trivial fibrations up to isomorphism.

Type (A). The Albanese map as: S — AIb(S) gives S the structure of an elliptic fiber
bundle over the Albanese elliptic curve Alb(S').

Type (B). E = Aut®(S) is an elliptic curve and the natural projection pg: S — Cg :=
S/E = P! is called the Fujiki quotient, which is a Seifert elliptic surface.

(i) p(§) = 2 and W(S ) = Ryo[Fs] + Ryo[Gs], where Fy (resp. Gy) is the general fiber
of ag (resp. ps).

Since y2 = 0, y,, is either a fiber of the Albanese map «,,: S, — C, or a fiber of the Fujiki
quotient p,: S, — I, = P!

By Proposition 3.1 and the above Fact, there is a one-to-one correspondence between
the extremal rays of NE(S,,) and the extremal rays of ﬁ(S »+1) under the isomorphisms
(gn)« and (g,)*. Moreover, there exists a finite étale covering u,: C, — C,4; such that
Qp+1 © gn = Uy © @, by the universality of the Albanese map. Hence there exists a finite
morphism v,: I, — I',4; such that p,+; 0 g, = v, o p,. The other claims follow by the
assumption that g, ' (,41) = ¥a.

(4) We set Y41 := Yns1 Xc,,, Cn. By the universality of the fiber product, there exists
a unique morphism p,: ¥, — ¥+ such that p, o p, = g,l,, for the natural projection
Pni Ynr1 = Yar1. Since g, (¥pe1) = va, we infer that deg 9nly, = degg, = degh,. On the
other hand, deg p, = deg h,,. Hence degp, = 1 and p, is an isomorphism.

Suppose that any S, is an elliptic ruled surface. Since v, is an elliptic curve, @,(y,) = C,.
If S = P¢,(F2), then by Propositions 5.10 and 5.2, §,, = P¢, (7>) for any n and v, is the
unique section of @, corresponding to the surjection 7> - Oc,. For the other case, all the
assertions follow from Proposition 5.10. |

We finish this section with the following result whose proof follows immediately from
Proposition 4.1 and Theorem 4.5. It will be used later in the proof of Proposition 7.10:

Lemma 6.10. Let S. = (f,: S, — S,u+1)n be an ESP ofPl-bundles a,: S, — C, over
an elliptic curve C,. Let E;") (i = 1,2) be two different elliptic curves on S, with zero
self-intersection number. Then Eg") n E;”) =0.

7. Classifications of an FESP

In this section, we shall classify an FESP (Y,, R,) of smooth projective 3-folds of neg-
ative Kodaira dimension. Proposition 7.3 shows that for an FESP (Y,, R,), the contraction
morphism of R, induces a Cartesian morphism which is either a smooth del Pezzo fiber
space Y, — C, over an ESP C, of elliptic curves (i.e., (Y., R,) is of type (D)), or a conic
bundle Y, — S, over an ESP S, of smooth algebraic surfaces S, (i.e., (Y., R,) is of type
(©)). In the case where (Y., R.) is of type (C), Proposition 7.5 describes the structure of
Y, according as the Kodaira dimension of the base surface S,. When we can recover the
original non-isomorphic étale endomorphism f: X — X from its FESP Y, by a sequence
of blowing-ups 7, : (X, f) — Y, of an ESP, Proposition 7.8 and Corollary 7.9 give precise
informations on the candidate of blowing-up centers. Furthermore, Proposition 7.10 shows
that m,-exceptional locus are simple normal crossings of elliptic ruled surfaces. Proposition
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7.12 is devoted to the sudy of an ESP of 3-folds with two extremal rays R, and R, of different
type.

First, we will use the following lemma when we study a non-isomorphic finite étale cov-
ering between conic bundles over smooth surfaces.

Lemma 7.1. Let p: X — S and q: Y — T be conic bundles over smooth projective
varieties S and T respectively. Suppose that g o f = g o p for a finite étale covering
f: X — Y and a morphism g: S — T. Then g is also a finite étale covering and the above
commutative diagram is Cartesian.

Proof. By an easy dimension count, we easily see that g is a finite morphism. Hence,
X -5 s -5 T is the Stein factorization of the composite map g o f: X — T. Since each
fiber of ¢ is isomorphic to a conic in P?, it is simply connected. Since f is finite étale,
£~'(g"'(1)) is decomposed into a disjoint union of connected components. Hence ¢ is finite
unramified. Since both § and 7" are non-singular, g: S — 7 is a finite étale covering. By
the universality of the fiber product, there exists a unique morphism 7: X — Y =Yxr S
such that f = 7 o p, where p is the natural morphism. Since f is finite étale and each fiber
of p is simply connected, f is of degree one on any fiber of p and deg f = degg. Since
deg p = deg g, we infer that degm = 1 and r is an isomorphism. m|

The following lemma gives a sufficient condition for a given ESP to be a fiber bundle.

Lemma 7.2. Let X, = (f,: X, = Xu+1)n be an ESP of smooth projective varieties X,,.
Suppose that the following conditions are satisfied:
(1) Each X, has a fiber space structure ¢, : X,, — E, over an elliptic curve E,,.
(2) There exists an ESP E, = (h,: E, — E, 1), of elliptic curves E, such that h, o ¢, =

@n+1 © fn-
(3) Each general fiber of ¢, is simply connected.

Then ¢, is a smooth morphism for any n. Furthermore, suppose that
4) H'(F,, Op,) = H*(F,, Or,) = 0 for a general fiber F, of ¢,.
Then, ¢,: X, — E, is a fiber bundle for any n.

Proof. First, we show that under the assumptions (1), (2) and (3), ¢, is a smooth mor-
phism. By the universality of the Albanese map, for any n, there exists a morphism #,,: E,, —
E, .1 such that ¢, o f, = h, o ¢,. Since deg f, > 1 and general fiber of ¢, is simply con-
nected, each 4, is a non-isomorphic finite étale covering. Hence there is induced an ESP
E, = (h,: E, — E, 1), such that ¢, = (¢,),: Xe — E, is a Cartesian morphism. Without
loss of generality, it is sufficient to show the claim for n = 0.

Suppose that ¢o: Xo — E( has a singular fiber over a point py € Ey. Since any f,
and g, are finite étale, ¢, has a singular fiber over a point h,_; o --- hy(pg) € E, for any
n > 0. Since degh; > 2 for any i, ¢y: X9 — E( has a singular fiber over a dense subset
Upeo(hn o=+ 0 ho) "' (h, o - o hy)(po) of Ey. This contradicts Sard’s theorem. Hence ¢y is
smooth.

Next, under the further condition (4), we show that all the fibers of ¢y are mutually iso-
morphic. We choose a point gy € E arbitrarily. Since each f; and A; are étale, f; PR goi“ (1)
- (pl._+11 (hi(1)) is an isomorphism for all ¢ € E;. Since each fiber of ¢; is simply connected,
there exists an isomorphism goal(t’) = 9051(q0) forany nand ¢’ € (h, o---0hg)~!(h,0--o0
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ho)(go). Since deg (h;) > 2 for each i, the set M := {t € Ey| goal(t) =] 9061(610)} C Ey contains
the dense subset | J,” (/0 --- 0 ho) '(hy, o0+ o0 ho)(qo) of Ey. Hence M is dense in Ey. By
the condition (4), the Kuranishi space of goal(qo) is non-singular and ¢ '(qo) is local analyt-
ically rigid. Hence, for any ¢ € Ej, there exists a small open neighborhood U(¢) such that
all the fibers ¢ (x), x € U(t) are isomorphic to each other. Since U() N M # 0, we have an
isomorphism ¢ ) = @, Y(qo) for all t € E,. Hence, by the theorem of Fischer—Grauert [7],
¢o: Xo — Ep is a holomorphic fiber bundle. m]

Our next concern is to study the structure of an FESP constructed from a given non-
isomorphic étale endomorphism f: X — X by a sequence of blowing-downs of an ESP.

Proposition 7.3. Let Y, = (g,,: Y, = Y,11)n be an FESP of smooth projective 3-folds Y,
with k(Y,) = —co. Suppose that there exists an extremal ray Ry of fiber type on NE(Yy). For
anyn >0, we set R, := (gy—10---09go)«Roand R_,, := (g_, 0 ---0¢g_1)"'Ro. Let Ry := (R,),
be the set of extremal rays of NE(Y.). Then

e any R, is also an extremal ray of fiber type, and
o the FESP (Y,,R,) is either of type (D) or of type (C).
Furthermore, if we denote by m, := Contg,: Y, — Y, the contraction morphism associ-
ated to Ry, the structure of the FESP (Y., R,) is one of the followings;
(1) (Yo, R,) is of type (D). Then,
(@m,: Y, =Y, :=C,isasmooth del Pezzo fiber space over an elliptic curve C,
for any n.
(b) There are induced an ESP Co = (w,: C, — C,y1), of elliptic curves and a
Cartesian morphism e = (71,),: Yo — C.
(2) (Yo, R,) is of type (C). Then
(@) my: Y, = Y, =8, is a conic bundle over a smooth algebraic surface S, for
any n.
(D) There is induced an ESP S ¢ = (h,: S,, = Su+1)n of surfaces S,, and a Carte-
sian morphism e = (). Yo = Se.
(¢) The discriminant locus A, of mr,, is a disjoint union of elliptic curves AS”) whose
self-intersection number is zero.
(d) Let M, be a finite set consisting of all the connected components AS") of A,.
Then, the map u,: M, — M, defined by Aﬁf”) — h,,(AE,i“)) gives a bijection between
the set M,, and M, 1 for n > Q.

Proof. (1) Suppose that Ry is of type (D). Then, by Proposition 3.1, the FESP (Y, R,) is
of type (D). Let &, := Contg, : ¥, — C, be the contraction morphism associated to R,. By
Proposition 3.1, there exists a finite morphism w, : C,, = C,; such that 7| 0 g, = w, o .
Since general fiber of 7, is a del Pezzo surface and simply connected, and g, is a non-
isomorphic étale covering, we have degw, > 2 for any n. Since the genus p,(C,) of the
curve C, decreases as n increases, there exists a non-negative integer g such that p,(C,) = ¢g
for n > 0. Applying Lemma 2.1, we see that 0 = x(Oy,) := 1 — g(¥,)) + B*°(Y,)) — py(Y,)).
Since p,(Y,) = 0, we have p,(C,) = q(Y,) = 1 + B*°(Y,) > 1. In particular, g > 1. Suppose
that g > 2. Then, by the Riemann-Hurwitz formula, w, is an isomorphism for n > 0, which
derives a contradiction. Hence g = 1 and any C,, is an elliptic curve.
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.. 1s ample for any Y, ; := n,‘,l(t), Lemma 7.2 shows that 7,: Y, — C, is
a smooth del Pezzo fibration over an elliptic curve C,. Since any rational curve on Y, is
contained in fibers of m,, m,: ¥, — C, is a maximally rationally connected fibration and
also gives the Albanese map of V.

(2) Suppose that R is of type (C). Then, by Proposition 3.1, the FESP (Y,, R,) is of type
(C) and the contraction morphism m, := Contg, : ¥, — S, is a conic bundle over a smooth
surface S,. By Proposition 3.1 and Lemma 7.1, there exists a non-isomorphic finite étale
covering h,: S, — S,+1 such that i, o, = m,.| 0g,. Hence, the structure of S, is classified
into 3 types by Proposition 6.4. Let A, be the discriminant locus of &,,. Suppose that A,, # 0
for some n. Then, by [4], A, is a simple normal crossing divisor of S ,, and Sing A, coincides
with the set {s € S,| ;! (s) is non-reduced }.

We first show that Sing A, = (. It is sufficient to prove the case where n = 0 without loss
of generality. The proof is by contradiction. Assume the contrary. Since gy, &, are finite étale
and each fiber of r, is simply connected, we have an isomorphism Y, = Y, Xs,,, S ,. Hence
h,;l(A,,H) = A, and h;l(Sing A,+1) = Sing A, for each n. We take a point gy € Sing Ay
arbitrarily. Then the set M := (J;”,(h,0---0 ho)~'(h, o - - - o hy)(qo) is contained in Sing A,.
Since deg h; > 2 for each i, M is an infinite set. Since Sing A is a finite set, a contradiction
is derived. Hence Ay is non-singular. Next, we show that each connected component Aﬁf")
is an elliptic curve whose self intersection number is zero. Let M, denote the finite set
consisting of irreducible components of A,. From the above consideration, the natural map
Un: M, — M, is a surjection between finite sets. Since the cardinality |M,| decreases as
n increases, there exists a constant k such that |M,| = k for n > 0. Hence p, is a bijection
for n > 0. Then, by considering a truncated étale sequence, we may assume that any y,, is
bijective. Hence, by Proposition 6.9, each A,(f”) is an elliptic curve whose self-intersection
number equals 0. |

Since —Ky

Remark 7.4. In Proposition 7.3, suppose that (Y,, R,) is an FESP of type (D) constructed
from a non-isomorphic étale endomorphism f: X — X by a sequence of blowing-downs of
an ESP. Then n,,: Y,, — C is a del Pezzo fiber bundle over the Albanese elliptic curve C of
X. This fact will be proved in our subsequent article, Part III.

Proposition 7.5. Let Y, = (g,,: Y, = Y,11), be an FESP constructed from smooth projec-
tive 3-folds X, with k(X,)) = —oco by a sequence of blowing-downs of an ESP. Let R, = (R,),,
be the set of extremal rays of fiber type on NE(Y,) such that (g,)sR, = Rps1 for any n.
Suppose that the FESP (Y,,R,) is of type (C). Then one of the following cases occurs.
(Hereafter, we use the same notation as in Proposition 7.3.)

(1) Forany n, x(S,) = 1. In this case, for any n,
(a) the litaka fibration ¢, : S, — C, gives S, a Seifert elliptic surface structure.
(b) There exists a finite morphism v, : C,, = C,q1 such that ¢, o h, = v, 0 ¢,
and v, is an isomorphism for all n > 0.
(¢) The discriminant locus A, of &, is non-singular and each connected compo-
nent is an elliptic curve which is some fiber of ;.
(2) For any n, «(S,) = 0. Then there exists an integer k such that S, is an abelian
surface (resp. a hyperelliptic surface) for all n < k (resp. for all n > k).
(a) Suppose that any S ,, is an abelian surface. Then, there exists an elliptic bundle
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structure «,,: S,, — E, over an elliptic curve E, such that a,(A,) are points on E,
and a1 o h, = u, o a, for an isomorphism u,,: E, = E, | for n > Q.

(b) Suppose that any S, is a hyperelliptic surface. Then, there exist either an
elliptic bundle structure a,: S, — E, over an elliptic curve E, such that a,(A,) are
points, or a Seifert elliptic surface structure p,: S, — P' over P' such that p,(A,)
are points.

(3) For any n, k(S ) = —oo. In this case, for any n,

(a) the Albanese map a,: S, — C, induce an ESP Cy = (h,: C, = Cpy1)n Of
elliptic curves C,, and a Cartesian morphism ae = (@), : Se — C.

(b) Sy = Pg, (&) for a semi-stable vector bundle &, of rank 2 on C,.

(c) A, is non-singular and each of its connected component is an elliptic curve
mapped onto C, by a,.

Proof. All the assertions follow immediately by Propositions 6.9, 6.4, 6.5, 6.6, 6.7, and
7.3. |

DerntTion 7.6. Let Yo = (g, Y, — Y1), be an FESP of smooth projective 3-folds Y,
with «(Y,) = —oco. Let R, = (R,), be the set of extrmal rays R, of fiber type on ﬁ(Yn)
such that (g,).R, = R, for any n. Suppose that the FESP (Y., R,) is of type (C). Then
(Y, R,) is called of type (Cy) (resp. (Cp) and (C_,)) if the condition (1) (resp. (2) and (3))
in Proposition 7.5 is satisfied.

Remark 7.7. Let f: X — X be a non-isomorphic étale endomorphism of a smooth projec-
tive 3-fold X with x(X) = —oo. Suppose that there exists an FESP (Y,, R,) of type (Cy) con-
structed from (X, f) by a sequence of blowing-downs of an ESP. Letr,,: ¥,, — §,, be a conic
bundle, here we use the same notation as in Proposition 7.5 (2). Since ¢(X) = q(Y,) = q(S ),
one of the following possibilities can occur:

e Any S, is an abelian surface.
e Any S, is a hyperelliptic surface.

When we recover the given non-isomorphic étale endomorphism f: X — X from its
FESP by a sequence of blowing-ups of an ESP along elliptic curves, the next proposition
gives some perspective on the blowing-up centers.

Proposition 7.8. Let Y, = (g,: Y, = Y,11), be an FESP constructed from an ESP X, of
smooth projective 3-folds X,, with k(X,) = —oo by a sequence of blowing-downs of an ESP.
Let Ry = (Ry), be the set of extremal rays of fiber type on NE(Y,) such that (gn)«Ry = Ryt1
and ¢, the contraction morphism associated to R,,. Suppose that there exists an elliptic curve
E, on Y, such that g;'(E,+1) = E, for any n. Then one of the following cases occurs.

(1) The FESP (Y., R,) is of type (D). Then we have ¢,(E,) = C,, where ¢,: Y, — C, is
a smooth del Pezzo fiber space over an elliptic curve C,,

(2) The FESP (Y., R,) is of type (Cp) or (Cy). Then ¢,: Y, — S, is a conic bundle over
a Seifert elliptic surface a,,: S, — C, with k(S ,) = 0 and ¢, (E,) is an elliptic curve
which is some fiber of a,.

(3) The FESP (Yo, R,) is of type (C_w). Then ¢,: Y, — S, is a conic bundle over a
surface S . Furthermore, I, := ¢,(E,) is an elliptic curve such that (T,)? = 0and
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a,([,) = C,, where a,,: S, — C, is a P'-bundle over an elliptic curve C,.

Proof. (1) Since ¢,: Y, — C, is the Albanese map of Y,, there exists a morphism
h,: C, — Cyuy1 such that ¢, o g, = h, o ¢,. The proof is by contradiction. Suppose
that p, := ¢,(E,) is a point on C,, for some n. Then, for the elliptic curve E,,; = g,(E,),
Pn+1 := Tpr1(Epy1) 1s also a point on C,41. By assumption, E, is contained in all the con-
nected component of g;' © @71 (pas1) = @, 0 1 (pus1). Since degh, = deg f, > 1 and h,
is étale, E,, is not connected. Thus a contradiction is derived, since E,, is irreducible.

(2), (3) In both cases, there exists a finite étale covering h,: S, — S,41 such that ¢, o
gn = h, o ¢, and degh,, = degg, > 1. Then I', := ¢,(E,) is an irreducible curve on
S, for each n, since all the irreducible components of any fiber of ¢, are rational curves.
By construction, there exists a Cartesian morphism ¢, = (¢,),: Yo — So := (h,: S, —
S+1)n- Applying Lemma 2.6 to the above diagram, we infer that I',, = h;l (I'41). Hence,
by Proposition 6.8, T, is an elliptic curve with 2 = 0. The last claim in (3) is derived from
Proposition 6.9. o

Combining Lemma 2.6, Propositions 1.1 and 7.8, we obtain:

Corollary 7.9. Let X, = (f,,: X, = X,11)n be an ESP of smooth projective 3-folds X,
with k(X,) = —oo. Let (Y,,R,) be an FESP constructed from X, by a sequence of blowing-
downs of an ESP and set Yo = (g,: Y, — Y1), ( Here, we use the same notation as in
Corollary 1.2 and Proposition 7.3. ) Let C,(f) be the elliptic curve which is the center of the
blowing-up ﬂﬁf_l): X,(li_l) - X,(f). Then, yf,i) = ﬂf,k_l) 0. onﬁ,i)(C,(qi)) is an elliptic curve on'Y,
such that yﬁi) = (gn: yﬁ,i) - 753—1)" is an ESP of elliptic curves. Furthermore, the following
hold:

(1) If (Yo, Ra) is of type (D), then ¢,(y,)) = C,.

(2) If (Yo, R.) is of type (Co) or (C)), then AY := ¢,(yY) is some fiber of a,: S, — C,
such that Ae = (hy,: Ay — Api1)n is an ESP of elliptic curves.

(3) If (Yo, R,) is of type (C_o), then Af,i) = go,,(y,(f)) is an elliptic curve on S, with self-
intersection number 0 and dominates C,. Furthermore, Ay = (h,: A, = Ay, is
an ESP of ellipti curves.

The existence of a non-isomorphic étale endomorphism imposes very strong conditions
on the m-exceptional locus for the Cartesian blowing-up m,: X — Y., as the following
shows:

Proposition 7.10. Let X, = (f,: X, = Xu41)n be an ESP of smooth projective 3-folds
X, with k(X,,) = —co. Suppose that there exists an FESP (Y., R,) of type (C) constructed
from X, by a sequence of blowing-downs of an ESP n.: Xe — Y.. Suppose that n, is not
an isomorphism. Suppose furthermore that for Yo = (g,: Y, — Yui1)n the contraction
morphism ¢, == Contg,: Y, = S, isa P'-bundie for any n. Let A, be the discriminant locus
of b, == ¢ om,: X > S,. Then the following hold:

e, is an equi-dimensional P'-fiber space.

o A, is non-singular and any of its irreducible component A, ; is an elliptic curve.

e For any i, ¥, '(A,;) is a simple normal crossing divisor and any of its irreducible
components is a P'-bundle over an elliptic curve associated to a semi-stable vector
bundle.
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Proof. By construction of an FESP, there exists the following Cartesian morphisms of
ESPs;

) ¥

X, X(O)_>,,__>X(z) X(Hl)—)"'—)Y_X(k S.,

in which the following are satisfied for any n and i.
° n,({) X(’ D X(i) is (the inverse of) the blowing-up along an elliptic curve C,(f) on
X where X' := X and X := v,.

X0 = (f. X(’) N X(’)l)n is an ESP.

Ye = (gn: Yy, = Yui1)n is an FESP, where g, := n(k).

° (g(l)) (C(l)l) — C(l)

o T, —ﬂf,k Do 07r§,0>.

Now we shall describe the centers of the succession of blowing-ups i By Lemma 6.10,
Proposition 6.9 and Corollary 7.9, A, is non-singular and any irreducible component of A,
is an elliptic curve. If we set y(k) = gon(C(k>) then y(k) is an elliptic curve on §, with zero
self- 1ntersect10n number by Corollary 7.9. Then the surface TH .= =, 1(y(k)) is a P!-bundle
over yn ) which contains C,(, ). Since u,;l(yffz D= %(11{)’ we infer that g, 1(T(k)l) T,(lk) for any
n. Thus there is induced an ESP Tfk) = (gn: T,(lk) T;il:-)l ) of elliptic ruled surfaces. Then
by Proposition 4.1, each T,(,k) is a P!-bundle P(E,gk)) associated to a semi-stable vector bundle
&, ® of rank two on y(k). Furthermore, C,(,k) is an elliptic curve with zero self-intersection
number on T(k)

If we set y<k RS = @, 0 7T<k 1)(C(k Dy, then by the same argument as above, y(k Dis an
elliptic curve on S . with zero self-intersection number. By Proposition 7.3, S, is a P!-
bundle associated to a semi-stable vector bundle of rank 2 on an elliptic curve C. Hence

applying Lemma 6.10, we infer that y(k D y(k) =0 or y(k b= (k) If y(k_l) Ny, 0 =,
then C(k DN T(k) = ( and there is nothing to prove. Next, suppose that y(k 1) = yﬁlk).
Then D(k) = (k ”(C(k 1>) is contained in T(k) Since C(k D= (C(k b C,(1k+1 ))” is an

ESP, DV .= ( f(k . D,(f) - D(k)l),, is also an ESP by Lemma 2.6. Hence by Proposition
6.9, D,(qk) is an elliptic curve with zero self-intersection number on T,gk). Thus Proposition
6.10 yields that C, ©OApP =0orDP =c®. 11 P nDP =0, then clearly the proper
transform of T(k) and n(k l)onf,k 2 -exceptional divisors are all elliptic ruled surfaces crossing
normally. Next suppose that DY = c®. Then %" is contained in the 7'f )—exceptional
divisor EX*V and is an elliptic curve with zero self-intersection number. Let T’(k) be the
proper transform of T(k) by n(k D and A(k) E(k DA T’(k) the intersection curve. Since
(fn(k 1)) (Eﬁlli.ll)) — E(k D and (f(k 1)) (T/( 1) Tl(k) A(k) f(k D. A(k) A(k)l)n is
an ESP. Hence A( ) is an elliptic curve on E( ) with zero self-intersection number. Hence
Lemma 6.10 yields that C, = A(k) 0 or C, *k=D = = AP. Then by the same argument as
before, we see that the proper transform of T(k) and 7r(k Do nﬁ,k 2 -exceptional divisors are all
elliptic ruled surfaces ccrossing normally. Continuing the same argument as above, we can

prove the proposition. |

Remark 7.11. As pointed out by the referee, Theorem. C of the reference [40] gives a
general structure theorem for a uniruled manifold X with étale endomorphisms, in particular,
one can immediately obtain a natural lower- dimensional variety Z which is the base of the
MRC fibration and admits a quiasi-étale endomorphism. In our case, dim X = 3, Z is smooth
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with dimZ = 1 or 2 and the MRC fibration X — Z is a morphism. In view of this result, in
the case where dim X is general, it woud be more natural to study seperately the case where
dimZ =1,2.

The next propositions give some description of a non-isomorphic étale endomorphism
f: X — X which has extremal rays of different type.

Proposition 7.12. Let X, = (f,: X, = X,01)n be an ESP of smooth projective 3-folds X,
with k(X,,) = —oo. Suppose that on ﬁ(X.) there exist two extremal rays R = (Ry), and
R, = (R)), such that (X,,R,) and (X.,R,) are of different types. Then, the structure of X, is
as follows:

(1) The pair (X.,R,) is an FESP of type (C_y), i.e., the contraction morphism ¢, =
Contg, : X, — S, associated to R, is a conic bundle over a surface S ,, which is a
Pl-bundle a,: S, — C, over an elliptic curve C,,.

(2) Another (X, R,) is of divisorial type, i.e., the contraction morphism nr, := Contg: : X,
— X, associated to R), is (the inverse of) the blowing-up of a smooth projective 3-
fold X;, along an elliptic curve I', C X;..

(3) X, has the structure of a smooth del Pezzo fiber space g,: X, — C, over C, such
that g,, o m, = @, © @,, which is an extremal contraction.

4) ¢,(D,) =S, for the n,-exceptional divisor D,,.

Proof. First, suppose that (X,, R,) is of divisorial type and (Y., R.) is of type (D) respec-
tively. Then each fiber of the contraction morphism 7, := Contg : X, — X, is either a
point or P!. It is mapped to a point by the contraction morphism ¢, := Contg, : X, — C,,
since C,, is an elliptic curve by Proposition 3.6. Hence, by the rigidity lemma, there exists a
morphism ¢, : X, — C, with ¢, = ¢, o m,. This contradicts p(X,,/C,) = 1, since each fiber
of Y, is positive-dimensional. By the same way as above, we can prove that the case where
(X, R,) is of type (C) and (X., R,) is of type (D) cannot occur.

Hence the only possibility is that (X., R,) is of divisorial type and (X,, R.) is of type (C)
respectively. Let ¢, := Contg, : X,, — S, (resp. m, := Contg : X,, — X)) be the contraction
morphism associated to R, (resp. R)). If «(S,) > 0, then by Proposition 6.4, S, contains
no rational curves. Hence each fiber of &, is mapped to a point by ¢,. Thus there exists a
morphism y,,: X;, — S, such that y,, o m, = ¢,. This contradicts the fact that p(X,/S,) = 1.
Hence «(S,) = —co and by Proposition 6.4, S, is a P!-bundle a,,: S, — C, over an elliptic
curve C,. Hence, by the same reason as above, there exists a morphism g,: X, — C,
such that @, o ¢, = ¢, o m,. Since both &, and ¢, are extremal contractions, we have
p(X,) = p(Sy) +1 =3 and p(X)) = p(X,) —1 = 2. Since p(X;) = p(C,) + 1 and Kx/ is
not g,-nef, g, is also an extremal contraction and is a smooth del Pezzo fiber space over an
elliptic curve C, by Proposition 7.3. Thus the assertion (3) is verified.

. X, — X, is (the inverse of) the blowing-up along an elliptic curve I', € X and let
D,, be an exceptional divisor of m,. Suppose that g,(I’,) is a point Q, on C,. Then D, is
contained in the surface (@, o ¢,)"'(Q,), which is a conic bundle over P! by Proposition 7.3.
This contradicts the fact that D, — I, is an elliptic ruled surface. Hence g,,(I',) = C,,. Since
R, # R), and C, is an elliptic curve, any fiber y of the P!-bundle 7,)| p,: Dn — I, is not
contracted to a point on S, by ¢, but contracted to a point by «, o ¢,. Hence ¢,(y) = F for
some fiber F of a,. If ¢,(D,) # S,, then ¢,(D,) = F, since y C D, and (F C )g,(D,) is



240 Y. Funmoro

irreducible. Hence we have C, = ¢,(I',) = g, o 1,(D,) = @, o ¢,(D,) = a,(F), which is a
point. Thus a contradiction is derived and the assertion (4) is proved. m|

The following can be proved similarly.

Proposition 7.13. Let X, = (f,: X, = X,41)n be an ESP of smooth projective 3-folds X,
with k(X,,) = —oo. Suppose that there exist an FESP (Y., R.) of type (C) and another FESP
(Ze, R.) of type (D) constructed from X by a sequence of blowing-downs of an ESP. Then
(Yo, R,) is of type (C_w).

REMARK 7.14. If S is a two-pointed blown-up of P2, then S is also a one point blown-
up of P! x P!, Let X := S x E be the direct product of S and an elliptic curve E. Let
n > 2 be a positive integer and y,: E — E the multiplication by n mapping. Then, f :=
idg X p,: X — X is a non-isomorphic étale endomorphism of X. After a succession of
divisorial contractions X — P? x E, there is induced an FESP idp> X My PZxE —» P2 XE,
where the second projection P> x E — E gives an extremal contraction of type (D).

Furthermore, after another divisorial contraction X — (P' x P') x E, there is induced
another FESP idpiyp1 X 1,1 (P! xP")XE — (P! xP')x E of type (C_..), where the projection
pr1 Xidg: (P! xP') x E — P! x E gives an extremal contraction.

8. Finiteness of extremal rays

Our description of the FESP eventually turns out to be the most effective. We can extend
these ideas to show finiteness of extremal rays of ﬁ(X) in the case where there exists
an FESP (Y., R,) of type (C;) or (Cy) on an FESP constructed from X, by a sequence of
blowing-downs of an ESP. (cf. Theorem 1.4). Corollary 8.1 shows that in this case, the
MMP works compatibly with étale endomorphisms and we can take Y, to be a constant
FESP. Theorem 8.6 shows the finiteness of extremal rays of fiber type for a non-isomorphic
étale endomorphism f: X — X of a 3-fold X with «(X) = —oco.

First we begin with a proof of Theorem 1.4.

Proof of Theorem 1.4. By Proposition 3.1, it is sufficient to prove the theorem for n = 0.
Applied Propositions 7.3, 7.5 to the assumption, there exist Cartesian morphisms of ESPs,

X._>YOQS.’

such that the following hold:

o 1, = (m,),: Xe — Y, is a succession of Cartesian blowing-ups along elliptic curves.

e Sy =(h,:S8, > S,41). is an ESP of smooth algebraic surfaces S, with «(S,) = 0
for any n or k(S ) = 1 for any n.

e ¢, = (), Yo = S, is a conic bundle.

e Any S, has a Seifert elliptic surface structure ,,: S, — Cj,.

Take an arbitrary extremal ray Ry on X, which is of divisorial type. For any n > 0, we
set R, := (fyo---0 fo)Ropand R_,, := (f-; o--- 0o f_,)"Ry. Then, for any n, R, is also an
extremal ray of divisorial type on X,,, whose contraction morphism ¢, := Contg, : X, — X,
is (the inverse of) the blowing-up of a smooth projective 3-fold X, along an elliptic curve
', C X;,. By Proposition 3.1, there are induced an ESP X{ := (f,: X;, — X’ ), of X}, and an

n

ESPTI, = (fulr,: I'y = I'ys1)n of Iy such that ¢4 o f,, = f, o y,. Let D, := Exc(y,) be the
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y,-exceptional divisor. Since S, contains no rational curves, each fiber of ¥,|p: D, — T,
is mapped to a point by the morphism ¢, o ,,: X,, — S,. Hence there exists a morphism
Uy X, = S, such that ¢, o m, = v, o ,,. By construction, we also have A, o v, = v,y © f,.
To sum up, there exist Cartesian morphisms of ESPs;

X, —— v,

| 2

X, —— S.,
Ve

where v, = (v,), and ¥, = (), is the contraction morphism of the extremal rays R, = (R,),.

By Propositions 7.3 and 7.8, any fiber of ¢, o, : X,, — S, is a union of rational curves and
there exists a finite set 7, € C,, such that ¢, o, is a P!-bundle over S, \a/;l (T,). In particular,
©n o m, is equi-dimensional. If v,(I';,)) C S, is a point, then the ¥,-exceptional divisor D,, is
contained in (¢, om,) "' (v,(T,)), which derives a contradiction. Hence, any A,, := v,(I,) is an
irreducible curve on §,,. Since f,fl(l",ﬁ 1) = I, applying Lemma 2.6 to the above diagram,
we infer that h;l(AnH) = A,. Thus there are induced an ESP A, = (h,|r,: Ay = Apsidn
of A, and a Cartesian morphism ve|r, = (vulr,)n: I'e = A.. Hence, by Proposition 7.3, any
A, is an elliptic curve and coincides with some fiber of @, : S, — C,. In particular, if we
consider the case for n = 0, then ¢ o my(Dg) = vy o Yo(Dy) = vo(I'y) is contained in some
fiber of ap: S¢ — Cy. By the composition of the morphisms Sy := @ o ¢g o my: Xog —
Cy, we regard Xy as a fiber space over the curve Cy. Then Sy has a singular fiber over a
finite subset 7y C Cy, smooth outside T\, and its smooth fiber is an elliptic ruled surface.
Note that the extremal ray Ry is spanned by a fiber y( of the ruling ¥lp,: Do — I'p of the
exceptional divisor Dy := Exc(¥) and we have (Ky,, o) = —1. On the other hand, we have
(Kx,,7y:) = =2 for any point ¢ € Co \ T and any fiber y, of the ruling of the elliptic ruled
surface S, 1) — a, !(1). Hence D is an irreducible component of some singular fiber of
Bo. Note that there exist at most finitely many irreducible components of the singular fiber
By Y(T). Thus the possibility of Dy (and hence that of R ) is finite and there exist only finitely
many extremal rays of divisorial type on ﬁ(XO). O

As a fairly easy consequence of Theorem 1.4 and Proposition 3.8, we can state the fol-
lowing result; Suppose that there exists an FESP (Y., R.) of type (Cop) or type (C;) con-
structed from a given non-isomorphic étale endomorphism f: X — X by a sequence of
blowing-downs of an ESP. Then we can run the minimal model program compatibly with
étale endomorphisms and obtain a constant FESP.

Corollary 8.1. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X) = —co. Suppose that there exists an FESP (Y., R,) of type (Cy)
or of type (Cy) constructed from (X, f) by a sequence of blowing-downs of an ESP. Then, by
replacing f by its suitable power f* (k > 0), we have a Cartesian morphism of constant ESP

Xo=(X./)S Y. =(Y.9) 5 S.=(S.h),

such that the following conditions are satisfied:

(1) m: X = Y is a succession of blowing-ups of a smooth 3-fold Y along elliptic curves.
(2) ¢: Y — S is a conic bundle over a smooth surface S with k(S) =0 or 1.
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(3) The composite map ¢ om: X — § gives a MRC (maximally rationally connected )
fibration of X.

In particular, we can take Y, to be a constant FESP of X,.
The following shows the uniqueness of the P!-fiber space structure on X.

Corollary 8.2. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X) = —co. Suppose that there exists an FESP (Y., R.) of type (C1)
or (Cy) constructed from (X, f) by a sequence of blowing-downs of an ESP. Let y: X —» T
be an arbitrary P'-fiber space structure on X. Then there exists an isomorphism u: T ~ S
such that u o = ¢ o m. In particular, W is equi-dimensional and unique up to isomorphism.

Proof. We use the same notation as in Corollary 8.1. Since g o: X — § is a MRC-
fibration and S contains no rational curves, there exists a morphism u: 7 — § with u o ¢ =
¢ om. Since ¢ o m is equi-dimensional and each fiber of ¢ o 7 is connected, u is of degree
one, hence an isomorphism by Zariski’s main theorem. m|

RemaRrk 8.3. The constant FESP Y, = (Y, g) is not uniquely determined by the given étale
endomorphism f: X — X. Using elementary transformations, we shall construct such an
example. Let S be the Atiyah surface over an elliptic curve E and C a smooth curve of genus
g(C) > 1. For a positive integer n > 1, let y,,: E — E be multiplication by n. Then with
the aid of Proposition 4.13, we see that f: S ~ S Xg,, E — S gives an étale endomorphism
of S of degree n> > 1. If weset Y := Sx C, then g: Y — C x E is a P'-bundle and
g := fxidc: Y — Y gives a non-isomorphic étale endomorphism of Y. Thus we have the
following Cartesin morphism of constant ESP;

(Y,g) > (C X E,id¢ X 1) -

Let s be the canonical section of S. We fix a point 0 € C and take an elliptic curve
Y 1= Se X {0} on Y. Now we shall perform an elementary transformation to Y along y. Let
m: X := BL(Y) — Y be the blowing-up of Y along . Note that g~ '(y) = y by construction.
Hence by Lemma 3.3, g: ¥ — Y can be lifted to a non-isomorphic étale endomorphism
f:X — X. Since N,y = O, ® O,, the exceptional divisor Exc(rr) is isomorphic to the
product y x P!, Let S’ be the proper transform of the surface S X {0} by 7. Then there exists
a divisorial contraction 7/ X — Y’ which contracts the divisor S’ to an elliptic curve .
Since f71(S") = §’, there exists a non-isomorphic étale endomorphism ¢’: ¥’ — Y’ such
that 7’ o f = g’ o n’. By the natural projection p’: Y’ — C, Y’ can be regarded as a smooth
fiber space over C and put Y := p’~1(¢) for t € C.

Then
, S, t # o,
Y] = s
P'xE, t=o0

and thus a jumping phenomenon occurs. Both Y, := (Y,g) and Y, := (Y’,g’) are constant
FESPs constructed from of the original constant ESP X, := (X, f) by blowing-downs of an
ESP.

In the case where f: X — X is a non-isomorphic étale endomorphism of a snooth pro-
jective 3-fold with x(X) > 0, we can say more about a type of extremal rays of NE(X).
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Proposition 8.4. (cf [9, Proposition 4.6 and Theorem 4.8 |) Let f: X — X be a non-
isomorphic surjective endomorphism of a smooth projective 3-fold X with k(X) > 0. If Kx
is not nef, then the following assertions hold:

(1) The set of extremal rays R is a finite set and f induces a permutation of them.

(2) The contraction morphism Contg: X — X' associated to any extremal ray R of
NE(X) is a divisorial contraction which is (the inverse of) the blowing-up along an
elliptic curve C on X'.

(3) Let E be the exceptional divisor of Contg. Then E = Pc(O¢ @ {) for some torsion
line bundle € € Pic’(C).

Proof. The assertions (1) and (2) have already been proved in [9, Proposition 4.6 and
Theorem 4.8]. Thus it is enough to prove only the assertion (3). By Remark 3.2, FE is
isomorphic to either the Atiyah surface S or Pc(O¢ @ ¢) for an elliptic curve C and a line
bundle ¢ € Pic’(C). If we replace f by its suitable power f* (k > 0), we may assume that
f~(E) = E. Hence, the restriction of f to E gives a non-isomorphic étale endomorphism
fle: E — E. Then, in the first case, £ € Pic’(C) is of finite order by Proposition 4.8.

Next, we show that the case where E =~ S cannot occur. Applying [13, Main Theorem],
we infer that there exists a finite étale Galois covering p: X — X such that there exists on X
an abelian scheme structure ¢: X — T over a variety T with dim 7' < 2. Then Lemma 3.12
shows the existence of an extremal ray E(C ﬁ(i)) of divisorial type such that p*ﬁ =R. Let
E be the exceptional divisor of the contraction morphism Contz. Then p YE) = E and E is
isomorphic to the Atiyah surface p: S — C over an elliptic curve Cc by Lemma 4.12.

First, suppose that dim 7" = 0. Then X is an abelian 3-fold and contains no rational curves.
Thus a contradiction is derived. Next, suppose that dim 7" = 2. Assume that some fiber of
p: E — Cis mapped to a point by ¢|z: E — T. Then by the rigidity lemma, there exists
a morphism u: C — T such that u o p = ¢lz. This contradicts the assumption that p is a
P'-bundle and ¢ is an elliptic bundle. Hence any fiber of p is mapped to a curve by ¢|= 7 and
dim t,o(E) > 1. Suppose that dim t,o(E) = 1 and let F be any fiber of the Stein factorization of
elg: E — T. Then p(F) = C and F? = 0. Thus applying Proposition 5.2, we infer that F/
equals the canonical section s and hence E = 5., which derives a contradiction. Suppose
that ¢(E) = T. Then x(T) = —oo, which contradicts the fact that k(T) = k(X) = «(X) > 0.

Finally, suppose that dim 7" = 1. Then applying the same argument as above, each fiber
of p is mapped onto T by ¢. Hence T ~ P!, and k(X) = k(T) = —oo, which again contradicts
the fact that K()?) =k(X) > 0. m|

Here we insert some remark related with a new phenomenon in the case of x(X) = —co.

Remark 8.5. Let f: X — X be a non-isomorphic étale endomorphism of a smooth pro-
jective 3-fold X with x(X) = —co. We encounter a new phenomenon which does not appear
in the case of x(X) > 0. In Remark 8.3, we have constructed such an example of a 3-fold X
which enjoys the following properties;

e There exists an extremal ray R of divisorial type.
e The exceptional divisor E of the contraction morphism Contg: X — X’ is the Atiyah
surface S.

There exists no Seifert elliptic fiber space structure on X, as Proposition 6.2 shows.
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Next, using ideas of the proof of Theorem 3.10, we can show the finiteness of extremal
rays which are of fiber type.

Theorem 8.6. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X) = —oco. Then there exist at most finitely extremal rays which
are of fiber type on NE(X).

Proof. Choose an extremal ray R(C NE (X)) of fiber type arbitrarily and fix it. Then for
any extremal ray R’(# R) of fiber type, both FESPs (X, R) and (X, R’) are of type (D) or of
type (C) by Proposition 7.12.

First, we show that the case where both FESPs (X, R) and (X, R’) are of type (D) cannot
occur. Suppose the contrary. Then by Proposition 7.3, the contraction morphism 7 :=
Contg: X — C (resp. n’ := Contg : X — (') is a smooth del Pezzo fiber space over an
elliptic curve C (resp. C’). Hence any fiber of & (resp. z1’) is covered by rational curves and
contracted to a point by 7’ (resp. m). Thus by the rigidity lemma, there exists an isomorphism
v: C =~ C’ such that 7 = vom. Hence R = R’, which is a contradiction.

Hence, we may consider the latter case. We first show that both FESPs (X, R) and (X, R’)
are of type (C_s). Suppose the contrary that the FESP (X, R) is of type (Cy) or type (C;). Let
m:=Contg: X — § (resp.n’ := Contg : X — S’) be the contraction morphism associated to
R (resp. R’). Then by Proposition 7.3, the surface S contains no rational curves. Hence any
fiber of 7’ is mapped to a point by . Thus by the rigidity lemma, there exists a morphism
u: S — S withm = uon’. Since any fiber of 7 is connected, u is of degree one and hence an
isomorpism by Zariski’s main theorem. Thus R = R’, which derives a contradiction. Hence
by Proposition 7.3, both S and S’ are elliptic ruled surfaces. In particular, p(S) = p(S’) = 2.
Now, we follow the arguments of [15]. Let {H;, H,} be a set of ample divisors of S such
that {cl(H)), cl(H>)} is a basis of N'(S). Since R # R’, we infer that (7*H,) - R’ > 0 for all
i = 1,2. Then there exists a positive rational number « such that 7*(H; — a H,) - R" = 0.
Hence if we set D := H; — a H,, then n*(D) ~ n’*(D’) for some Cartier divisor D’ on S”’.

We show that D?> = 0. The proof is by contradiction. Suppose the contrary. Then the
product 7*(D)? in N,(X) is numerically equivalent to 6Z for a non-zero effective 1-cycle Z
on X and for a non-zero rational number ¢ := D? # 0. Hence n*(L)Z = 6~ '#*(LD?) = 0 and
n*(LZ = 6 'n*(L’d’®) = 0 for any Cartier divisor L on S and any Cartier divisor L’ on
S’. Thus the numerical equivalence class cl(Z) is contained in RN R’. Hence R = R’, which
contradicts the assumption.

We consider the algebraic equation (H, — z H,)*> = 0 of degree two on z, which depends
only on H; and H,. It has at most two roots, one of which equals a. For such «, consider the
real 2-dimensional vector space F := n*(cl(H; — a H,))* € Ni(X). By costruction, we see
that R” C F. Since there exists at most two extremal rays contained in the real 2-dimensional
vector subspace F, there exist at most 4 extremal rays R’ which is of fiber type and different
from R. m|

Remark 8.7. (1) Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold with x(X) = —co. Then, with the aid of Theorem 8.6, we infer that the
number of extremal rays of X is finite if and only if the number of extremal rays of X of
divisorial type is finite.

(2) Let E be an elliptic curve and u: E — E multiplication by n (> 1). Then the product
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X := E x P! x P! admits a non-isomorphic étale endomorphism f: X — X of X defined
by f := w, X idp X idpi. There exist exactly two extremal rays on X. The projections
p1a: X = ExP'and py3: X — E x P! are all extremal contractions.

9. Some reductions of a conic bundle to a P!-bundle

Let f: X — X be a non-isomorphic étale endomorphism of a smooth projective 3-fold X
with k(X) = —oo. Suppose that there exists an FESP (Y., R,) of type (C) constructed from X
by a sequence of blowing-downs of an ESP. In this section, we show that f: X — X can be
lifted to a non-isomorphic étale endomorphism f: X — X, where X is a suitable finite étale
covering of X and is obtained from a P'-bundle by successive blowing-ups along elliptic
curves. We follow some arguments by Mori and Mukai (cf. [30]) used in the classification
of Fano 3-folds.

Proposition 9.1. Let f: Y — Y be a finite étale covering of a smooth projective 3-fold Y
with k(Y) = —oo. Suppose that;
(1) There exists a conic bundle ¢: Y — S over a product surface S := C X E of a
smooth curve C and an elliptic curve E.
(2) ¢ is not smooth and the discriminant locus A, of ¢ is contained in fibers of the first
projection p1: S — C.
(3) There exists a Lie group homomorphism a: E — E such that g o ¢ = ¢ o f for an
étale endomorphism g :=id¢ X a: S — §.
Then, by replacing f by a suitable power f* (k > 0), there exist a finite étale Galois
covering \r: Y — Y and a commutative diagram

F .7
| _ |
M- u
"l l"
(AN
| |
C —— C

satisfying the following conditions:
(D) ]7: Y — Y is an étale endomorphism such that f oy = o f
() n: Y - M is a succession of blowing-ups of a smooth projective 3-fold M along
elliptic curves.
(3) f: M — M is an étale endomorphism.
4 g M— S is a P'-bundle over a surface S which is a copy of S.
(5) §: S — S is an étale endomorphism of S =~ S such that g := id¢ X a.

Proof. By assumption, the discriminant loci A, consist of a disjoint union of elliptic
curves Ay, - -+, A, which are fibers of p; such that g‘l(A,») = A, for any i.
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Step 1. Suppose that ¢ is not an extremal contraction. Then, by [30, Proposition 4.8],
¢~ '(A)) is reducible for some A;. Let ¢~ 1(A)) = El@l) + El@ be an irreducible decomposition.
Then, by [30, Proposition 4.9], ¢| BV El@ — A; is a P!-bundle over A; with fiber fgj) for
each j = 1,2. Replacing f by f2, we may assume that f‘l(EED) = Egj) for any j = 1,2.
Then, —Ky — Efj) is ¢-nef for each j and

NE(Y/S) N (=Ky — EP)* = Ry [6]

for j/ € {1,2}\ j. Hence, each [f(’)] spans an extremal ray R(’) Let n(’) = Conty: ¥ — Y(j)

be the contraction morphism associated to Rf’ ). Then, there exists a conic bundle go(/ ) Y(/ )
S such that ¢ = go(]) (]). Since f, [fﬁ’)] = [t’g’)] for any j, there exists an étale endomorphism
fl.(J). Yl.(J) - Yl.(J) such that fl.(J) o 7T§J) = JTE.J) o f. Thus we have obtained the following

commutative diagram which we are looking for:

)
fx(/

s —25 s
n| B
C —— C

Step 2. Suppose that ¢ is an extremal contraction. Then, by [30], each ¢~'(4A;) is irre-
ducible. Let e € E be the zero element of the elliptic curve E and put o; := ({e} X C) N A,;.
Let S be the set of two irreducible components of ¢~'(0;). Then, an analytic continuation
along a loop y € m(A;, 0;) induces a permutation of S. Hence, there exists a monodromy
representation y;: m(A;, 0;)) - Z/27Z, which is surjective, since ¢~!(4A;) is irreducible. Let
Ki — A,; be an étale double covering associated to Ker y;. By the composition of a suitable
isogeny A; — Zi, we may assume that A; — A; is multiplication by m;. Let

pi=1de Xy, : Si=CxXA; -85 =CXE

be a finite étale covering. Since yu,,, commutes with @: A; — A;, g can be lifted to an étale
endomorphism g := id¢ X a@: §; — S;. Furthermore, ?, = Y Xg¢ §; — Y is also a finite
étale covering and there exists a conic bundle ¢;: Y, - S. Since pof=gogandygisa
lift of g, there is induced an étale endomorphism ﬁ Y; — Y; which is a lift of f: ¥ — Y.
By construction, A- = p; ~1(A;) is reducible. Hence, by Step 1, there exists a blowing-up
Y o Y! Y/ along an elliptic curve on a conic bundle @; : Yl’ — §;. Moreover, if we replace

f by 2, f, descends to an étale endomorphism fi’. Yl.’ —-Y l’ .
In the general case, suppose that ¢~ !(A;) is reducible for all 1 < i < k, (k < r) and
irreducible otherwise. Let u: E — E be a multiplication mapping which factors through
m;: A; — A; for all i > k. If we take the base change Y=Y Ex# E and perform the same
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procedure as above, then the proof of proposition is finished. m|

RemMark 9.2. Proposition 9.1 holds even if f is an isomorphism.

In the case where there exists an FESP of type (C;), we encounter the situation produced
in Proposition 9.1 with the aid of Proposition 7.3 and Corollary 8.1.

Theorem 9.3. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X) = —oo. Suppose that there exists an FESP (Y., Rs) of type
(Cy) constructed from X by a sequence of blowing-downs of an ESP. Then, by relplacing f
by a suitable power f* (k > 0), there exist a finite étale Galois covering p: X > Xanda
Cartesian morphism of constant ESPs

XD 5 M5 E D,
satisfying the following conditions:

(1) 7’ X > M is a succession of blowing-ups of a smooth projective 3-fold M along
elliptic curves and f': M — M is a non-isomorphic étale endomorphism.

2)g: M — S is a P'-bundle over the product surface S:=CXE of a smooth curve Cc
and an elliptic curve E.

3) h = idz X a: S - §f0r a Lie group homomorphism a: E — E.

(4) By q, the centers of the blowing-up " are mapped onto the fibers of the first projec-
tion p: S —C.

Proof. By Corollary 8.1, replacing f by a suitable power f* (k > 0), we may assume
that the conclusions of Corollary 8.1 are satisfied. Since S is a minimal algebraic surface
with «(S) = 1 and e(S) = 0, the litaka fibration : § — C gives a Seifert elliptic surface
structure. By [40], an étale endomorphism /4: S — § induces a finite automorphism of
the base curve C. Hence, replacing f by a suitable power f¢ (£ > 0), we may assume that
W o h = . Thus we have the following Cartesian morphism of constant ESP:

XS Yg) S S, h,

where 7 is a sequence of equivariant blowing-downs and ¢ is a conic bundle. By [13, The-
orem 2.24], the irreducible component of the fixed point locus Fix(h) of & is a finite étale
covering of C. Hence, by [13, Lemma 2.25], we can take a finite étale covering ¢’ — C
such that the normalization S’ of the fiber product § X¢ C’ satisfies the following;

(1) S’ is isomorphic over C” to the direct product C’ X E of a smooth curve C’ of genus
Pa(C’) = 2 and an elliptic curve E.

(i) There exists a non-isomorphic étale endomorphism h:S’ — S’ which is a lift of
h: S — S such that h = ide X U, for a non-isomorphic Lie group homomorphism
Ho: E — E.

Then, if we put X := X x¢ C’ and Y = Y x¢ C’, the following conditions are satisfied;

(a) X and Y are both non-singular and there exists a birational morphism 7: X — Y
which is a succession of blowing-ups along elliptic curves.

(b) There exist isomorphisms X = X xg S’ and Y = ¥ xg S.

(c) @: Y — S’ is a conic bundle.
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(d) There exists a non-isomorphic étale endomorphism f: X > X (resp. g: Y - 7Y)
whichis aliftof f: X — X (resp.g: ¥ —» Y.)
By Proposition 7.3, the discriminant locus disc(¢) is a disjoint union of elliptic curves
supported in fibers of the first projection S’ = C’ X E — C’. Hence, by Proposition 9.1, if
we replace f by a suitable power f* (k > 0), the following conditions are satisfied.

(A) There exists a finite étale Galois covering Y > Yanda non-isomorphic étale endo-
morphismg: ¥ — Y whichis alift of g: ¥ — Y.

(B) There exists a succession of blowing-ups 7: Y — M of a smooth projective 3-fold
M along elliptic curves and there induced a non-isomorphic étale endomorphism
ffiM— M.

(C) M is a P'-bundle over a surface S which is a copy of §”.

(D) By a non-isomorphic étale endomorphism f': M — M, there induced a non-
isomorphic étale endomorphism_}; =idexa: 8§ - S.

Thus we are done. O

ReMark 9.4. We give such an example to illustrate our idea. Let C — C be an étale double
covering of a smooth curve C with g(C) > 2 and i: C = C an involution such that C, /i) =C.
Take a line bundle ¢ of order two on an elliptic curve E and set p: S := Pp(Op @ {) — E.
Let s¢ (k = 0,1) be two disjoint sections of p corresponding to a surjection O & { » Og
(resp. O @ £ - ). Then by [22, Theorem 2.(4)], there exists a relative automorphism
u € Aut(S/E) of order two such that u(s;) = s;_ for k = 0,1. Then j := i X u defines a
free involutive automorphism of CxSandletY := CxS /{j) be its quotient. For an odd
integer n > 1, let u,: E — E be multiplication by n. Since p,;,¢ ~ € by [32, p75, (i1)], there
is induced a non-isomorphic étale endomorphism g: § = § X, E — §. We define a finite
étale endomorphism y of CxS by ¥ :=idz X g. Since g o j = j o g, y commutes with the
involution j of C xS and descends to a non-isomorphic étale endomorphism ¢: ¥ — Y over
C. By the natural projection Y - T :=CX E — C/{i) = C, Y is a P'-bundle over T and is
also a fiber bundle over C whose fiber is isomorphic to S.

The same method applies to other situation. We consider the case where there exists an
FESP of type (Cy) constructed from X by a sequence of blowing-downs of an ESP.

Theorem 9.5. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X) = —co. Suppose that there exists an FESP (Y,, R.) of type (Cy)
constructed from X by a sequence of blowing-downs of an ESP. Then, by replacing f by a
suitable power f* (k > 0), there exists a finite étale Galois covering p: X — X and the
Cartesian morphism of constant ESPs

XD MMHS@An),

which satisfies the following properties;

(1) There exists a succession of blowing-ups n’: X->M of a smooth projective 3-fold
M along elliptic curves such that n’ o f = f" o’ for some non-isomorphic étale
endomorphism f': M — M.

(2) g: M — Ais a P'-bundle over an abelian surface A.
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(3) If ' is not an isomorphism, then A can be chosen to be a direct product E X E’ of
elliptic curves E and E’ such that i’ = idg X p, for some Lie group homomorphism
Uo: BN — E.

(4) The centers of the blowing-up 1’ are mapped onto the fibers of the first projection
A=EXE — E.

Proof. By Corollary 8.1 and Propositions 7.3, 3.8, there exists a constant FESP Y, :=
(Y, g). Then there exist Cartesian morphisms of constant ESPs

Xo=(X, ) D Ve :=(Y,9) 5 S.:=(S,h)

such that the following conditions are satisfied;

(1) 7 is a succession of blowing-ups along elliptic curves on Y.

(2) p: Y — § is a conic bundle.

(3) S is isomorphic to an abelian surface or a hyperelliptic surface.

Step 1. First we show that the proof can be reduced to the case where S is an abelian
surface. Suppose that S is a hyperelliptic surface. Then some finite étale Galois cover
p: S > SofS is isomorphic to an abelian surface A. By [40], there exists a non-isomorphic
étale endomorphism h:A — A whichisaliftof i: § — S. Let X := X x5 A (resp.
Y := Y Xg A) be the pull-back of p or: X — § (resp. ¢: ¥ — §) by the étale morphism
p: A — §. Then the natural projection X > X (resp. Y — Y)is a finite étale Galois
covering. Thus there exist Cartesian morphisms of constant ESP

X=X DSV =75 5 A= (AT

such that the following conditions are satisfied:

(1) 7 is a succession of blowing-ups along elliptic curves on a smooth 3-fold Y.

2) f(resp. 9) and is a lift of f (resp. g).

Thus we may assume that S = A is an abelian surface.

Step 2. Then by Propositions 7.3 and 7.8, the set M := ¢(Exc(r)) U disc(y) is a disjoint
union of finitely many elliptic curves on S'. Moreover, there is induced a permutation of the
finite set M by the étale endomorphism #: A — A. Hence if we replace an endomorphism
f by its suitable power f* (k > 0), we may assume that 4~'(A;) = A; for any connected
component A; of M. Thus the abelian surface A is an elliptic bundle p: A — E over an
elliptic curve E so that p o h = p. We have the following Cartesian morphisms of constant
ESP;

Xo:=(X, )5 V= (Y,9) S As = (A, h).
Applying Proposition 9.1, we can finish the proof in the same way as that of Theorem 9.3.

O

Suppose that there exists an FESP of type (C_.,) constructed from X by a sequence of
blowing-downs of an ESP. Note that we cannot necessarily obtain another constant FESP,
since there may exist infinitely many extremal rays of NE(X).

Theorem 9.6. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X) = —co. Suppose that there exists an FESP (Y., R.) of type
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(C-) constructed from X by a sequence of blowing-downs of an ESP. Then, there exists a
finite étale Galois covering p: X — X which satisfies the following properties:

(1) There exists a non-isomorphic étale endomorphism X — X such that po f fop.

(2) Ze = (gn: Zy = Zys1)n is an FESP constructed from X, = (X f) by a sequence of
blowing-downs me = (1), : X, > Z, of an ESP.

(3) Z, is aP'-bundle ¢,: Z, — S, over a smooth algebraic surface S .

(4) There exists an ESP S ¢ = (h,: S, = S p41)n such that ¢,.1 © g, = h,, o @,,.

(5) S, is aP'-bundle a,,: S, — C over the Albanese elliptic curve C of X.

(6) The composite map a, o ¢, om,: X — C is independent of n and coincides with the
Albanese map Albyx: X — C of X.

(7) There exists a non-isomorphic Lie group homomorphism u: C — C such that u o
@y = Apy1 © hy.

8) S := Sg is isomorphic to either the Atiyah surface S or Pc(O¢ & {y) for some
to € Pic’(C). Moreover, in the former case, we have S, = S for any n. In the latter
case, any S ,, is isomorphic to the P'-bundle Pc(O¢ @ t,) for some €, € Pic’(0).

Proof. Set Y, = (gn: Y, — Yn+l)n and R, = (Ri)ns where (gn)*Rn = R, for any n. Let
e = (m,)n: Xe — Y, be the Cartesian blowing-up. By assumption, each ¢,: ¥,, — S, is
a conic bundle over a smooth surface S, and there exists an ESP S, = (h,: S,, = S,s1)n
such that @,,1 o g, = h, o ¢,. Moreover, by the Albanese map a,: S, — C,, S, is a P!-
bundle over an elliptic curve C,, and there exists a finite étale morphism u,,: C,, — C,,| such
that u, o @, = a@,41 © h,. For any n, the composite map ¢, := @, o, om,: X = C, is
isomorphic to the Albanese map Albx of X and also gives the MRC fibration of X. Hence
any C, is isomorphic to the Albanese elliptic curve C of X and there exists an isomorphism
v,: C, =~ Cy such that Yy = v, o ¥, for any n. Thus, if we replace a, (resp. ) by the
composite v, o @, (resp. v, o ¥,), we may assume that ,,: X — C is independent of n (i.e.,
Y, = ) and coincides with the Albanese map Alby of X. By the universality of the Albanese
map of X, the map u,,: C — C is independent of n, and u := u,, satisfies y o f = u oy and
Ap1 © hy = uoa,. Since degu = degh, = degg, = degf > 1, u: C — C has a fixed
point P. Hence C is endowed with an abelian group structure with P as the unit element
and u is a group homomorphism. By Propositions 4.1 and 4.4, there exists a multiplication
map u: C — C by some integer k such that the pull-back So:=S0Xc . C 1s isomorphic to
either the Atiyah surface S or Pc(Oc¢ @ £[) for some £ € Pic® (C). We set X=X Xcu C.
Since py o h = h o yy, there exists a non- 1som0rphlc ¢tale endomorphism f X — X which
is a lift of f: X — X. Hence if we replace X by X (resp. f by f) we may assume from the
beginning that either So = S or §¢ = Pc(O¢ @ ) for some £ € Pic’(C). By Proposition
7.3, the discriminant locus Ay, of i is a disjoint union of elliptic curves, i.e., Ay, = [|; A
such that @g(A;) = C for all i. If Sg = Pc(Oc¢ @ ') (resp. S), then any elliptic curve A; is a
multi-section of @ (resp. the canonical section s,). Hence we can apply the same method as
in the proof of Proposition 9.1. Then there exists some multiplication mapping y,,: C — C
for some integer m such that the following conditions are satisfied.

o If we set X := X Xcu, C, then there exists a non-isomorphic étale endomorphism
f: X > X whichis alift of f: X — X.

e my: X — Zy is a succession of blowing-ups of a smooth projective 3-fold Z; along
elliptic curves.
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e ¢y: Zy — Sois a P'-bundle over an elliptic ruled surface S .
e S is isomorphic to either S or Pc(O¢ @ ) for some ¢, € Pic(C).

By Corollary 1.2, we can construct the FESP Z, := (9,: Z, — Z,y1)n of f: X — X.
Then applying Proposition 7.3, we infer that Z, is an FESP of type (C). There exists a P!-
bundle structure ¢,: Z, — S, over an elliptic ruled surface S, for any n, since g, is étale
and ¢g: Zp — Spisa P!-bundle. The assertion (8) follows from Proposition 5.10. Thus all
the properties in the statement are satisfied. m|

10. Possibilities of the base surface of type (C_.,)

In this section, as an illustration of how an étaleness assumption of a given endomorphism
f: X — X isused, we consider the case where there exists an FESP (Y, R,) of type (C_.)
constructed from (X, f) by a sequence of blowing-downs of an ESP, i.e., for Y, = (g,: Y, —
Y,i1)ns €ach ¢,: Y, — S, is a conic bundle over an elliptic ruled surface S,. Combining
Propositions 4.8, 5.15 and 5.16, we show that the base space §, is of very limited type.
Theorem 10.1 below provides a key to many of the results in our subsequent articles. It is
also related to the following basic fact concerning the existence of endomorphisms of elliptic
ruled surfaces (cf. Corollary 4.2, Remark 4.3, Proposition 4.8):

e Any P'-bundle S over an elliptic curve C admits a non-isomorphic surjective endo-
morphism.

e Let £ be a line bundle on an elliptic curve C. Then the elliptic ruled surface S :=
Pc(Oc @ L) admits an ESP S, = (g,: S, — S,+1), of elliptic ruled surfaces over C
such that §y = § if and only if deg £ = 0.

e S admits a non-isomorphic étale endomorphism if and only if £ € Pic(C) is torsion.

One of the applications of Theorem 1.5 is to give classifications of 3-folds admitting an
FESP of type (D), which will be considered in our subsequent article; Part III. Now, we
shall start the proof of the following which is a variant of Theorem 1.5.

Theorem 10.1. Let f: X — X be a non-isomorphic étale endomorphism of a smooth
projective 3-fold X with k(X) = —co. Let Yo = (g,: Yy, — Yu11), be an FESP and ny, =
e Xe := (X, f) — Yo a succession of Cartesian blowing-ups along elliptic curves.
Suppose that there exists an ESP So = (u,: S, — S,+1)n of smooth algebraic surfaces S,
and a Cartesian morphism ¢, = (¢,)n: Yo — S such that the following hold:

(1) ¢,: Y, — S, is a P'-bundle for any n.
(2) Any S, is isomorphic to a P'-bundle Pc(O¢ & €,) for a line bundle €, of degree 0 on
the Albanese elliptic curve C of X.

Then €, € Pic’(C) is of finite order for any n.

Proof. By definition, we have a Cartesian morphism of ESPs
X5 v D8, 22 (cm
in which the following are satisfied for any n.
e 7, is a succession of Cartesian blowing-ups along elliptic curves,
e ¢, is a P'-bundle,
o the Albanese map a,,: S, — C gives S, a P!-bundle structure over C,
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e /1 is a non-isomorphic group homomorphism of an elliptic curve C, and
e the composite map @, o ¢, o m,: X — C is independent of n and coincides with the
Albanese map ax: X — C of X.

We may assume that n = 0 without loss of generality. The proof is by contradiction.
Suppose the contrary that S¢ =~ Pc(O¢ & &) for €y € PicO(C) which is of infinite order.
Then, by Proposition 5.10, we see that £, € Pic’(C) is of infinite order for any n.

Step 1: First, we show that there exists some extremal ray of divisorial type on X. Sup-
pose the contrary. Then ¢ := ¢p: X ~ Yy — S := § is an extremal contraction giving a
P'-bundle structure. Hence, applying Theorem 3.10 and Proposition 7.3 (2), there is induced
a non-isomorphic étale endomorphism u: S — S such that ¢ o f* = u o ¢ for some k > 0.
Thus by Proposition 4.8, £y € Pic’(C) is of finite order, which contradicts the assumption.

Step 2: Let Dg') (resp. D) be the section of a,: S, — C corresponding to the first
projection O¢ & £, - {, (resp. the second projection O¢ & £, -» O¢). By replacing ¢, by
27! if necessary, we may assume that u;l(Dg’”)) = Dg’) and u;'(DLY) = DY for all n.
Then by Corollary 7.9, the P'-fiber space v, := ¢, o m,: X — S, over S, is a P'-bundle
outside Dg’) u DY, Proposition 7.10 yields that all the irreducible components of A; of
vy Y(Dy U D) are elliptic ruled surfaces and cross normally with each other.

We show that there exists an elliptic ruled surface A(C X) such that 4(A) coincides with
either of the two disjoint sections of ag, and ¥,,(A) = §,, for n > 0.

Lemma 10.2. Let Dy LI D., be a union of two disjoint sections of the P'-bundle ay: S :=
Pc(Oc @ €y) — C defined as above. Then, there exists an irreducible component A(C
/N Y(Dy U D)) which is isomorphic to an elliptic ruled surface of the form Pc(O¢ & L),
where L € Pic’(C") of infinite order on an elliptic curve C'.

Proof. By Proposition 7.10, all the irreducible components A; of ¢ Y(DyU D) are elliptic
ruled surfaces which cross normally. Furthermore, they are either the proper transform of
% '(Dy U D.,) or the my-exceptional divisors. By Proposition 1.1, f~*(4;) is irreducible for
any n > 0 and there exists an ESP A;, = (f: Aiy — Aju+1)n of elliptic ruled surfaces
Aiy = f"(A)) (n € Z). Then by Proposition 4.1, we see that any A; isomorphic over C’ to
an elliptic ruled surface of the form P¢ (&) for a semi-stable vector bundle € such that £ is
either indecomposable of rank 2 or isomorphic to O¢ @ L; for a line bundle £; of degree 0
on(C’.

Suppose that for any i, A; is isomorphic to P/ (€) for an indecomposable vector bundle
E,or Aj = Pe:(Oc @ L;) for some torsion line bundle L; € PicO(C’) and we shall derive
a contradiction. Since f: X — X is a finite étale covering, A;, is also an elliptic ruled
surface of the same type as A; for any n by Proposition 5.10. Hence, by Proposition 5.6
and Corollary 5.7, y(A; ) is an irreducible curve on Sy for any k, ¢ € Z. For any m € Z,
let A;.[m] be the ESP which is a shift of A;, by m, i.e., Ajx[m] = A;j4nm for any k and
Aiolm] = (flagem s Diksm = Aiksme k- Since f: X — X is an endomorphism, there exist
the following Cartesian morphisms of ESPs;

Ailm] —2s X,
lw.:p. ofle

Se
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Applied Lemma 2.6 to this Cartesian diagram, there is induced an ESP ¢/, (A; .[m]) of elliptic
curves such that the inclusion . (A;.[m]) — S, is Cartesian. Set I';,,, := ¢¥o(A;,»). Then
by Proposition 6.9 (4.3), we have I';,, = Do or Dy for any m. Thus for any m and i, the
surface A;,, := f™(A;) coincides with some of the irreducible components of wgl(Do U D),
whose number is finite. Hence for any m > 0, the m-th power f”: X — X gives rise to a
permutation of the finite set M consisting of all the irreducible components of lﬁal (DoU D).
Hence, a suitable power f*: X — X of f gives rise to the identity permutation of the set M.
In particular, all the irreducible components of my-exceptional divisors are preserved by f*.
Thus the MMP works compatibly with étale endomorphisms and there exists a constant ESP
Y, := (Y, g) of X, := (X, f*). Then by Theorem 3.10 and Proposition 7.3, there exists a non-
isomorphic étale endomorphism uy: So — S such that ¥ o f* = ug o ¢ for some r > 0.
Hence by Proposition 4.8, £y € Pic’(C) is of finite order. Thus a contradiction is derived and
we are done. m|

Lemma 10.3. Ler A be as in Lemma 10.2. Then,
(1) ¥n(A) =S, for a sufficiently large positive integer n.
(2) wo(f~(A)) = S for a sufficiently large positive integer n.

Proof. We use the same notation as in the proof of Lemma 10.2. First we shall prove
the assertion (2). The proof is by contradiction. Suppose that for infinitely many positive
integer n, v, := ¥o(f"(A)) is an irreducible curve. Then vy, = Dy or D, by the same
argument as in the proof of Lemma 10.2. Hence, the irreducible surface f~"(A) is contained
in ¢ Y(Dy U D) for infinitely many n. Thus, there exists positive integers p < ¢ such
that f77(A) = f79(A). Since T = f77P(T) for the elliptic ruled surface T := f~9(A) and
(N = f1(A) for n, f7P|y: T — T defines a non-isomorphic étale endomorphism
of T. Hence by Proposition 4.8, T ~ P/ (O¢» & £”) for some line bundle £ € Pic’(C”’) of
finite order on an elliptic curve C”. This contradicts Proposition 5.10. Thus the assertion
(2) has been proved. Since there exists a Cartesian morphism of ESPs v,: X, — S, the
assertions (1) and (2) are equivalent. Thus we are done. ]

Step 3: We are at the final stage of our proof. Using Lemma 10.3 and Proposition 5.16,
we describe the structure of the surjective morphism ,|a: A — §, (n > 0) in terms of line
bundles of degree zero on elliptic curves. Let 0 € C be a zero element. Then we show that
the intersection A N a;(l (0) has an infinite number of connected components, which derives
a contradiction.

Now let us continue the proof. By Lemma 10.3, there exists a positive integer ng such
that ¢,,(A) = S, for all n > ny, where A = Pc.(O® L)and S, = Pc(O®(,). Letap: A — C’
be the Albanese map of A. Then there exists a finite surjective morphism v,: C’ — C such
that @, o Y,la = v, o @a. Since @, o Y,la = axla, the composite A 2 ¢ 2 Cis the
Stein factorization of the morphism ax|s: A — C and v, is independent of n. Hereafter, we
denote v, by v. By Lemma 5.12, there exists a non-zero integer a, such that v*¢, ~ L for
all n > ny.

Lemma 10.4. The sequence {a,}nsy, is unbounded. i.e.,

SUP, 5| = 00 .
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Proof. Assume the contrary. Then there exists an integer b such that a, = b for infinitely
many n’s. In particular, there exist integers p < g such that v*¢, ~ £® =~ v*ly. Since
t, = h*{,; for any n, we infer that £, ~ (h?"?)*{,. Thus we have (h?7" o v)*{, ~ v*{,. Since
t, € Pic’(C) is of infinite order, Lemma 5.11 yields that 477 o v = v up to translation under
the group law of the elliptic curve C. Thus a contradiction is derived, since degh > 1. |

Let ap: A — C’ be the Albanese map of A. By replacing ¢, by £5~! if necessary, we may
assume that £, ~ h*{,; for any n. By the universality of the Albanese map, there is induced
the following commutative diagram:

(//"0 uno unO-H Up—1
Sno S no+1 e Sn
Q/AJ/ (lnol an0+ll anl
c’ C C C
v h h h

Then we infer that
£®a,,0 ~ v*fno ~ (hn—no o U)*[n ,

for any n > ng. Note that by Lemma 5.12, the integer a,, is uniquely determined by the
finite surjective morphism u,_j o -+ o u,, o Yy la: A — S, between elliptic ruled surfaces.
For each integer n > ny, define a set M, by

M, = {(kn, B) € Z X HoMgroup(C', C) | Bil, = L=} .

Then by Proposition 5.15, the set M, can be endowed with the structure of an abelian group
such that the first projection p,,: M,, — Z is an injective group homomorphism. Thus p,(M,)
is an additive subgroup of Z generated by a unique positive integer v,,.

Then we have (a,,, "™ o v) € M, and the integer a,, is divisible by the integer v, for
each n > ny. Hence we see that the set B := {v,, | n > np} is a finite set and Sup B < oo.
Furthermore, by construction, ¥,(A) = S, and there exists a finite étale morphism v: C" —
C such that v o @p = @, o Y,|x and v*¢, ~ L% for any n > ny. Hence we infer that
(a,,v) € M, and the integer a, is a multiple of v,. If we put b, := a,/v,, then we have
Sup{b, | n = ng} = co by Lemma 10.4. Let F,, be the fiber of the Albanese map a,,: S, —» C
over the zero element 0 € C. Since ay = @, o ¥, and ¥,, = ¢, o m, for any n, we have
a,‘(l (o) = (//;I(Fn). Hence

2) AN ay' (0) = Wala) ' (Fy)

and the number of the connected components of the left hand side of (2) is independent of n.
On the other hand, by Propositions 5.15 and 5.16, the number of the connected components
of the right hand side of (2) is more than or equal to b2, which is unbounded as n varies.
Thus a contradiction is derived and the proof of Theorem 10.1 has been done. O

As a deeper application of Theorem 10.1, we shall prove Theorem 1.5.

Proof of Theorem 1.5. It follows from Lemma 4.6 that the property whether ¢, € Pic’(C)
is of finite order is invariant under a finite étale base change C — C. Hence applying
Theorem 9.6, we can reduce to the case where ¢,,: ¥, — S, is a P!-bundle for any n. Thus
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Theorem 10.1 yields the claim. m|

Remark 10.5. Theorem 10.1 does not hold without the assumption that the endomor-
phism f: X — X is érale. We shall give such an example. Let C be an elliptic curve and
£ € Pic’(C) a line bundle of infinite order. Let S := Po(Oc @ L) be an elliptic ruled surface
and A, A, mutually disjoint sections of ag: S — C corresponding to the first projection
Oc ® L - Oc¢ and the second projection Oc ® L - L respectively. Then by [38, Proposi-
tion 5], S admits a non-isomorphic endomorphism ¢: § — § which is ramified only along
A; UA,, and <p“(A,») = A, foreachi. Let Y := S x P! be the product variety. Then Y admits
a non-isomorphic endomorphism g := ¢ X idpi: ¥ — Y. Let E; be the elliptic curve on Y
defined by E; := A x {0} and X; := Blg,(Y) the blowing-up of Y along E;. Then g~ '(E;) = E;
for each i = 1, 2. Hence by the universality of the blowing-up (cf. the proof of Lemma 3.3),
g: Y — Y lifts to a non-isomorphic ramified endomorphism f;: X; — X; of X;. In other
words, the endomorphism f: Y — Y is constructed from f;: X; — X; by an equivariant
blowing-down and Y — S is a trivial P'-bundle over S. Since £ € PicO(C ) is a non-torsion
line bundle, the conclusion as in Theorem 1.5 does not hold.

As an immediate application of Theorem 10.1, we see that if there exists an FESP of type
(C) constructed from the given variety by a sequence of blowing-downs of an ESP, then up
to finite étale covering we can reduce the FESP to a P'-bundle over an elliptic ruled surface
of very limited type.

Corollary 10.6. Under the same assumption as in Theorem 9.6, up to finite étale cover-
ing, there exists an FESP Y, of X, := (X, f) such that in the assertion (8), {, € Pic(C) is a
torsion line bundle for any n, and in particular S ~ C x P'.
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