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1. Introduction

In this survey we consider the groups Aut(X) and Bim(X) of all biregular and
bimeromorphic self-maps, respectively, for a compact complex connected Ké&hler
manifold X. If X is projective, then Bim(X) = Bir(X) is the group of all birational
transformations of X (see [74]). The manifolds we are going to deal with are of spe-
cial type: X has to be a P!-bundle over a non-uniruled compact complex connected
manifold Y.

In general, the groups Bim(X') may be very huge and non-algebraic (for example,
the Cremona group Cr,, of birational transformation of the n-dimensional projective
space). Thus one is tempted to study the properties of a group via its finite and/or
abelian subgroups. Namely, we are interested in the following properties of groups.

DEFINITION 1.1. (a) A group G is called bounded if the orders of its finite sub-
groups are bounded by a universal constant that depends only on G (see [58; Defi-
nition 2.9]).

(b) A group G is called Jordan if there is a positive integer J such that every
finite subgroup B of G contains an abelian subgroup A that is normal in B and
such that the index [B: A] < J. The smallest such .J is called the Jordan constant
of G and is denoted by Jg (see [76; Question 6.1], [58; Definition 2.1], [59]).

(¢) A Jordan group G is called strongly Jordan [62], [5] if there is a positive
integer m such that every finite subgroup of G is generated by at most m elements.

(d) A group G is very Jordan [7] if there exist a commutative normal subgroup Gg
of G and a bounded group F' that sit in a short exact sequence

1-Gy—G—F—1 (1)

In what follows by a Jordan property we mean any one of the properties described
in Definition 1.1. The study of these properties has been inspired by the following
fundamental results.

THEOREM 1.2 (M.-E.-C. Jordan (1878), [32], [77; Theorem 9.9]). Let C be the
field of complex numbers. Then GL(n,C) is strongly Jordan.

THEOREM 1.3 (J.-P. Serre (2009), [76; Theorem 5.3|). Cry = Bir(P?) is Jordan,
Jor, < 21031527,

It was V.L. Popov who asked in [58] a question whether for an algebraic va-
riety X the groups Aut(X) and Bir(X) are Jordan. This question originated an
intensive and fruitful activity. It was proved that there are vast classes of manifolds
(varieties) with Jordan groups Aut(X), Bim(X), and Bir(X); see §4. In particular,
the Cremona group Cr, = Bir(P") appeared to be Jordan for all n ([62] and [10];
this is the positive answer to a question formulated by J.-P. Serre). In §4 we give
a glimpse on the richness of known facts about the Jordan properties of Aut(X),
Bim(X), or Bir(X) for various types of varieties X. We do not pretend to give
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a complete picture. Our aim is to demonstrate that the “worst” manifolds from
this point of view are uniruled but not rationally connected ones. For example, the
group Bim(X) is not Jordan if X is bimeromorphic to a product of a complex torus
of positive algebraic dimension and the projective space PV, N > 0 (see [85], [87]).

In this survey we concentrate on the manifolds of this kind. Namely, our main
object of consideration are P'-bundles over non-uniruled manifolds, that is, triples
(X,p,Y) such that

e X, Y are compact complex connected Kéhler manifolds;

p: X — Y is a holomorphic map from X onto Y

Y is not uniruled;

for every point y € Y the fibre p*(y) is isomorphic to P!; in particular, it is
irreducible and reduced.

We say that such a triple (X,p,Y") has an almost section D if an irreducible
analytic subset D C X, codim(D) = 1, meets a general fibre of p at precisely
one point (see Definition 6.5). We say that such a triple (X,p,Y) (or X, or the
morphism p) is scarce if X does not admit three distinct almost sections A1, As, As
such that AjNAs = A1NA3 = AsN A3 (see Definition 11.5). We say that a connected
compact complex manifold Y is poor (Definition 13.1) if it contains neither rational
curves nor analytic subsets of codimension 1.

The facts that we know about Jordan properties of P!-bundles (X,p,Y’) over
non-uniruled Kéhler manifolds are summarized below.

Summary. 1) Aut(X) is always Jordan ([34], for surfaces see also [86]) and even
strongly Jordan (see Remark 4.1).

2) If morphism p is scarce, then Aut(X) is very Jordan (Theorem 12.1 of this
paper).

3) If Y is a torus and X is not a projectivization of a decomposable vector bundle
of rank 2 on Y, then the group Aut(X) is strongly Jordan [78].

4) If X and Y are projective, and X is not birational to Y x P!, then Bir(X) is
strongly Jordan [5].

5) If Y is a poor manifold (see Definition 13.1), then Bim(X) coincides with
Aut(X) and is very Jordan [7].

6) If Y is a complex torus and there is no almost section of p, then Bim(X) is
Jordan [78]. In particular, if X is not the projectivization of a rank 2 vector bundle
on Y, then the group Bim(X) is strongly Jordan.

7) If Y is a complex torus of positive algebraic dimension and X is bimeromorphic
(birational, if Y is projective) to a direct product Y x P!, then the group Bim(X)
(respectively, Bir(X)) is not Jordan [85], [87].

8) If Y is a complex torus of positive algebraic dimension, Y, is its algebraic
reduction, £ is the lift to Y of a holomorphic line bundle on Y,, and X is the
projectivization of the rank 2 vector bundle £ & 1, then Bim(X) is not Jordan [87].

9) Open question. Assume that Y is a complex torus of positive algebraic di-
mension and X has no representation as in previous item. Is Bim(X) Jordan?

Our goal is to give a review of the methods used to prove these facts. The results
unpublished previously are provided with full proofs.
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All manifolds are compact complex, and connected unless otherwise stated. All
algebraic varieties are complex, projective, irreducible, and reduced. P" and C™ are
complex projective and affine spaces, respectively; P! and C} are projective and
affine spaces, respectively, over an algebraically closed field k.

The structure of the survey is as follows. In §2 we provide facts and examples
concerning bounded, Jordan, and very Jordan groups. In §3 we enumerate the
assumptions and notation and recall the notions related to manifolds and their maps.
In §4 we give examples of the known facts about the Jordan properties of Aut(X),
Bim(X), and Bir(X) for various types of manifolds X. Our aim is to demonstrate
a special role of P!-bundles over a non-uniruled base in this field. In § 5 we provide
some generalities on maps of Pl-bundles. In §6 we deal with the group Bim(X) of
a non-trivial rational bundle (in particular, projective conic bundle). In Chapter 3
we deal with certain P'-bundles over complex tori. We present a unified approach
to proving results of [85] and [87]. It is based on symplectic algebra, which offers
highly useful tools for studying line bundles over tori, and is inspired by the work
of D. Mumford [46]. In Chapter 4 we consider P!-bundles (X, p,Y) with scarce sets
of sections over a non-uniruled Kéhler base. That chapter presents a generalization
and a modification of [7]. First, in §11, for a Pl-bundle (X,p,Y) we consider
the group Aut(X), of those automorphisms of X that leave every fibre of p fixed.
In three subsections we describe three different types of such automorphisms. In
§ 12, under the assumption that Y is Kéhler and not uniruled and p is scarce, we
prove that the neutral component Auto(X) of the complex Lie group Aut(X) is
commutative, hence Aut(X) is very Jordan. In § 13 we prove that if Y is poor, then
p is scarce and Aut(X) is very Jordan.

Acknowledgements. We are deeply grateful to Frédéric Campana, Igor Dol-
gachev, Lei Ni, Constantin Shramov, and Vladimir L. Popov for helpful stimulating
discussions. Our special thanks go to the referee, whose numerous valuable com-
ments helped us to improve the exposition.

Chapter 1. Preliminaries

In this chapter we provide some backgrounds: the properties of Jordan groups,
the notation, assumptions, and definitions.

2. Jordan properties of groups

In this section we recall the general facts about the Jordan properties of groups.
The following properties are easy consequences of Definition 1.1.

1) Every finite group is bounded, Jordan, and very Jordan.

2) Every commutative group is Jordan and very Jordan.

3) Every finitely generated commutative group is bounded. Indeed, such a group
is isomorphic to a finite direct sum with every summand isomorphic to Z or Z/nZ,
where n is a positive integer.

4) A subgroup of a Jordan group is Jordan. A subgroup of a very Jordan group
is very Jordan.
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5) “Bounded” implies “very Jordan”, “very Jordan” implies “Jordan”.

6) “Bounded” implies “strongly Jordan”. On the other hand, “very Jordan” does
not imply “strongly Jordan”. For example, a direct sum of infinitely many copies of
Z/27 is commutative but has finite subgroups with any given minimal number of
generators.

EXAMPLE 2.1. The group GL(n,Z) is bounded. This is a consequence of the
following theorem of Minkowski [77; § 9.1].

THEOREM 2.2 (Minkowski, 1887). If an element a € GL(n,Z) is periodic, and
a =1modm form >3, then a = 1.

It follows that every finite subgroup H C GL(n,Z) embeds into GL(n,Z/3Z)
(there are much more precise bounds: see [75; Theorem 1.1]). Since every finite
subgroup of GL(n,Q) is conjugate to a subgroup of GL(n,Z) (see [75; Lecture 1]),
the group GL(n, Q) is also bounded.

ExXaMPLE 2.3. The multiplicative group C* of C is commutative, very Jordan
but not bounded. The same is valid for the group of translations of a complex torus
of positive dimension.

EXAMPLE 2.4. From Theorem 1.2 it follows that the group GL(n, k) is strongly
Jordan for every field k of characteristic zero. Moreover, every linear algebraic
group over k is strongly Jordan. On the other hand GL(n, k) is obviously not very
Jordan if n > 2.

The following precise values of Jordan constants for groups GL(n,C) were found
by M. J. Collins.

THEOREM 2.5 [18; Theorems A and B|. For the Jordan constants of groups
GL(n,C) the following relations hold:

(i) Joerm,c) = (n+ 1)V if n > 71 or n = 63, 65,67, 69;

(ii) Jarn,c) = 60" -7l if 20 <n < 62 or n = 64,66,68,70 where r = [n/2].

The information on the values of Jordan constants for the groups GL(n,C),
n < 20, is given in extensive tables provided in the same paper.

EXAMPLE 2.6. We use below analogues of the Heisenberg groups that were used
by D. Mumford [46]. Let
e K be a finite commutative group of order N > 1;
e 1 C C* be the multiplicative group of Nth roots of unity;
e K = Hom(K, puy) (the dual of K).
Mumford’s theta group Gk for K is the group of matrices of type

1
0
0

o~ 9
— @ =2

where a € IA(, v € C*, and B € K. The product of a € K and /e Kis deﬁneg
by a certain natural non-degenerate alternating bilinear form ex on Hxg = K x K



8 T. BANDMAN, YU.G. ZARHIN

with values in C* [85; p. 302]. This group can be included in a short exact sequence
1-C"—>&x >Hg — 1

where the image of C* is the center of ®gk.

Properties of &k [85; p. 302] imply that it is a theta group attached to the
non-degenerate symplectic pair (Hk,ekx) in the sense of Chapter 3 below. By
Theorem 7.17 below, $k is Jordan and

Jox = VH#(Hk) = N = #(K).
In particular, if K = Z/NZ, then Jg,,,, = N.

EXAMPLE 2.7. The example of a non-Jordan group is given by SL(2,FP), where
F, is the algebraic closure of a prime finite field F,, with p elements.

Indeed, if ¢ = p™ > 4, then SL(2,F,) C SL(2,F,) (here F, is the g-element field).
The group SL(2,F,) is non-commutative, finite, and has order (¢*> — 1)q. Every
normal subgroup C' C SL(2,F,) consists of one or two scalars, thus the indices

SLR.F,) O] = 5(¢* ~ D or (¢~ )

are unbounded as n tends to infinity. Hence SL(2,F,) is not Jordan.

REMARK 2.8. An analogue of Jordan’s theorem holds for matrix groups over
fields k of prime characteristic p if one considers only finite subgroups, whose order
is prime to p. On the other hand there are generalizations of Jordan’s theorem
(Brauer—Feit [14], Larsen-Pink [38]) that deal with arbitrary finite subgroups and
take the orders of their Sylow p-subgroups into account. These results have led to
the following definition [30; Definition 1.6] (it will be used in Remark 4.3(iv) below).

A group G is called p-Jordan if there exist positive integers J and e such that
every finite subgroup B of G contains an abelian p’-subgroup A that is normal
in B and such that the index [B : A] < |B,|®J. Here |B,| is the order of a Sylow
p-subgroup of B.

REMARK 2.9. Let G be a group. Assume that it can be included into the fol-
lowing exact sequence of groups

0—H—G—F—D0.

Then the following hold:
(i) if F' is bounded and H is bounded, then G is bounded;
(ii) if H is very Jordan and F is bounded, then G is very Jordan;
(iii) if F'is bounded, then G is Jordan if and only if H is Jordan [58; Lemma 2.11];
(iv) if H is bounded and F is strongly Jordan, then G is Jordan [62; Lemma 2.8];
(v) G being Jordan does not imply that F' is Jordan;
(vi) F and H being Jordan does not imply that G is Jordan.

We will need the following modification of Lemma 5.3 in [7].
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LEMMA 2.10. Consider a short exact sequence of connected complex Lie groups:
0-A45BL Do

Here i is a closed holomorphic embedding and j is surjective and holomorphic. As-
sume that D is a complex torus and A is isomorphic as a complex Lie group either
to (CH)™ or to C*. Then B is commutative.

PROOF. The proof of this lemma coincides verbatim with the proof of Lemma 5.3
in 7] where the case n =1 is treated.

Step 1. First, let us prove that A is a central subgroup in B. Take any element
b € B. Define a holomorphic map ¢: A — A, ¢p(a) = bab~! € A for an element
a € A. Since it depends holomorphically on b, we have a holomorphic map £: B —
Aut(A), b— ¢b~

Since A is commutative, for every ¢ € A we have ¢p. = ¢. Thus there is
a well-defined map 1 fitting into the following commutative diagram:

Aut(A)

The map 1) = £ o j7! is defined at every point of D. It is holomorphic (see, for
example, [55; §3]).

Since D is a complex torus, and Aut(A) is either GL(n,C) (if A = (C™)") or
consists of two elements, id and a +— a~! (if A = C*), we have (D) = {id}. It
follows that A is a central subgroup of B.

Step 2. Now let us show that B is commutative. Consider a holomorphic map
com: B x B — A defined by com(z,y) = zyz~'y~!. Since A is a central subgroup
of B, similarly to Step 1 we obtain a holomorphic map D x D — A. It has to be
constant since D is a torus and A is either (CT)™ or C*.

3. Complex manifolds

This section contains preliminaries, the notation, and the assumptions that will
be used further on.

By a (projective) variety we mean an algebraic variety that is a Zariski closed
subset of a projective space P".

Let U C C™ be an open subset. An analytic subset of U is a closed subset
X C U such that for any = € X there exist an open neighbourhood x € V-C U and
holomorphic functions fi,..., fr: V — C such that XNV ={f; =0,..., fr =0}
[31; Definition 1.1.23].

A complex space consists of a Hausdorfl topological space X and a sheaf of
rings Ox such that (X, Ox) is locally isomorphic to an analytic subset Z C U C C"
endowed with the sheaf Oy /Z, where 7 is a sheaf of holomorphic functions such
that Z = Z(Z) (see [31; Definition 6.2.8]). By Chow’s theorem any closed analytic
subset of complex projective space is a projective variety [28; Chap. V, Section D,
Theorem 7], [74; Proposition 13].
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A complex manifold is a complex space which is locally modelled on Z = U C C"
and Z = {0} [31; Example 6.2.9]. In particular, it is smooth.
We will use the following notation and assumptions.

Notation and assumptions.

(NA.1) Z, Q, R, C stand for the ring of integers and fields of rational, real, and
complex numbers, respectively.

(NA.2) In what follows, the ground field is C unless indicated otherwise.

(NA.3) Aut(X) stands for the group of all biholomorphic (or biregular, if X is
projective) automorphisms of a complex manifold X. The group Aut(X) of
any connected complex compact manifold X carries the natural structure of
a complex (not necessarily connected) Lie group such that the action map
Aut(X) x X — X is holomorphic (the Bochner-Montgomery theorem [13]).

(NA.4) Auto(X) stands for the connected identity component of Aut(X) (as
a complex Lie group).

(NA.5) If p: X — Y is a morphism of complex manifolds, then Aut(X), is the
subgroup of all f € Aut(X) such that po f =p.

(NA.6) For f € Aut(X) we denote by Fix(f) the set of all fixed points of f.

(NA.7) = stands for “isomorphic groups” (or isomorphic complex Lie groups if
so are the groups involved), and also for isomorphic line bundles; ~ stands for
biholomorphically isomorphic complex manifolds; ~ stands for bimeromorphic
or birational complex manifolds.

(NA.8) id stands for the identity automorphism, I stands for an identity matrix.

(NA.9) We say that a subset U of a complex manifold X is analytically Zariski
open if U = X \ Z, where Z is an analytic subspace of X.

(NA.10) P, ..., stands for P" with homogeneous coordinates (zo : -+« : an).

(NA.11) C., C. ~ P! is the complex line (extended complex line, respectively)
with coordinate z.

(NA.12) C* and C* stand for the complex Lie groups C and C* with additive
and multiplicative group structure, respectively.

(NA.13) dim(X) and dim,(X) are the complex and algebraic dimensions of
a compact complex manifold X, respectively.

(NA.14) We let pr denote the natural projection Y x Pt — Y.

(NA.15) For an element ¢ € PSL(2,C) we denote by TD(#)) the number

tr(F)?
D) = .
where F' € GL(2,C) is any representative of ¢, and tr and det stand for the
trace and determinant, respectively.
(NA.16) A rational curve in X is the image of a non-constant holomorphic map
P! — X.
(NA.17) 1 or 1y is the trivial holomorphic line bundle Y x C over a manifold Y.
(NA.18) For a rank 2 holomorphic vector bundle € over Y we write P(€) for the
Pl-bundle that is the projectivization of &.
(NA.19) If £ is a holomorphic line bundle over Y and £ = £ @ 1y, then we call
L =P(E) the closure of (the total body of) L.
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(NA.20) C(Z) stands for the field of rational functions on the irreducible complex
projective variety Z.
(NA.21) Let X,Y be two compact connected irreducible reduced analytic com-
plex spaces. A meromorphic map f: X — Y assigns to every point z € X
a subset f(z) C Y (the image of z) such that the following conditions are
met:
(a) the graph Gy := {(z,y) | y € f(z) C X x Y} is a connected irreducible
complex analytic subspace of X x Y with dim(Gy) = dim(X);
(b) there exists an open dense subset Xy C X such that f(z) consists of one
point for every x € Xj.
(NA.22) The general point x € X is a point in an (analytically) Zariski open
dense subset of X. The general fibre of a holomorphic map f: X — Y is the
preimage f~!(y) of a general point y € Y.

DEFINITION 3.1. Following [25], we define a covering family of rational curves
for a compact complex connected manifold X as a pair of morphisms p: Z — T
and ¥: Z — X of compact irreducible complex spaces if the following conditions
are satisfied:

e 7 is surjective;
e there is a dense analytical Zariski open subset U C T such that for ¢t € U
the fibre Z; = g=1(t) is isomorphic to P! and dim(¢)(Z;)) = 1.

Manifolds X admitting a covering family with this property are called uniruled
[25; Definition 2.1 and Lemma 2.2].

REMARK 3.2. The Kodaira dimension x(X) equals —oo if X is a uniruled com-
pact complex manifold [25; the remark on p. 691], [35; Corollary IV.1.11]. In low
dimensions the converse is true.

THEOREM 3.3 ([45] for projective manifolds, [29] for non-projective ones). Let
X be a compact Kdhler manifold of dimension at most 3. Then X is uniruled if
and only if K(X) = —o0.

REMARK 3.4 (Fujiki’s theorems). It was proved by A. Fujiki for a compact con-
nected complex manifold Y that
(i) if Y contains no rational curves, then for any complex manifold X every
meromorphic map f: X — Y is holomorphic (see [24]);
(ii) Autg(Y") is isomorphic to a complex torus Tor(Y) (unless it is trivial) if Y is
Kéhler and either non-uniruled [23; Proposition 5.10] or with non-negative
Kodaira dimension [23; Corollary 5.11].

The next statement (see [7; Proposition 1.4]) is similar to Lemma 3.1 of [34].

PROPOSITION 3.5. Let X be a connected complex compact Kdhler manifold, and
let = Aut(X)/ Auto(X). Then the group F is bounded.

REMARK 3.6. Lemma 3.1 of J.H. Kim [34] states the following.

Let X be a normal compact Kéhler variety. Then there exists a positive inte-
ger [, depending only on X, such that for any finite subgroup G of Aut(X) acting
biholomorphically and meromorphically on X we have [G : G N Auto(X)] < I.
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We cannot use this lemma straightforwardly, since it is not clear why every finite
subgroup of Aut(X)/ Auty(X) should be isomorphic to G/(G N Autg(X)) for some
finite subgroup G of Aut(X).

COROLLARY 3.7. Let X be a compact connected complex Kdihler manifold that
is either non-uniruled or with Kodaira dimension x(X) > 0. Then Aut(X) is very
Jordan.

PROOF. In view of Proposition 3.5 it is sufficient to prove that Auto(X) is com-
mutative. But this assertion follows from [23; Proposition 5.10] if X is non-uniruled
and from [23; Corollary 5.11] if (X)) > 0 (see Remark 3.4). The corollary is proved.

In general, let Z be a compact complex connected Kahler manifold. The analogue
of the Chevalley decomposition for algebraic groups is valid for complex Lie group
Autg(Z2):

1— L(Z) = Autg(Z) — Tor(Z) — 1 (2)

where L(Z) is bimeromorphically isomorphic to a linear group, and Tor(Z) is a com-
plex torus [23; Theorem 5.5], [40; Theorem 3.12], [16; Theorem 3.28].

REMARK 3.8. If L(Z) in (2) is not trivial, Z contains a rational curve. Moreover,
according to [23; Proposition 5.10|, Z is bimeromorphic to a fibre space whose
general fibre is P!, that is, X is uniruled.

Chapter 2. Rational bundles

In §4, we want to persuade the reader that uniruled manifolds (in particular,
P!-bundles) are of special interest from the point of view of Jordan properties. To
this end we give a very brief and certainly non-complete overview of known facts in
this field. In §5 we provide some general properties of maps of manifolds endowed
with fibration over a non-uniruled base with general fibre P!. In §6 we deal with
projective non-trivial conic bundles.

4. Uniruled vs non-uniruled: Jordan properties
of the groups Aut(X), Bim(X), and Bir(X)

In order to demonstrate the special role of uniruled manifolds from the point of
view of Jordan properties, we present samples of results on the Jordan properties
of Aut(X) and Bim(X) for various types of compact complex manifolds X.

The group Aut(X) is known to be Jordan if

e X is projective [44];

e X is a compact complex Kéhler manifold [34];

e X is a compact complex space in Fujiki’s class C ([43], also [66] for Moishezon
threefolds).

REMARK 4.1. For the group Aut(X) “Jordan” implies “strongly Jordan” because

for every compact complex manifold X there is a constant C = C(X) such that
every finite subgroup G C Aut(X) may be generated by at most C elements.

One can find the proof of this fact in [48; Theorem 1.3]. Tt is based on the same
property for elementary abelian p-groups that was proved for a much wider class of



AUTOMORPHISM GROUPS OF P'-BUNDLES 13

topological spaces in [42], and on group-theoretic arguments (which, according to
the author, had been explained to him by E. Khukhro and A. Jaikin). Thus this
fact is also valid in a much more general situation.

Moreover, the connected identity component Autg(X) of Aut(X) is Jordan for
every compact complex space X [61; Theorems 5 and 7]. An example of X = E,
where E is an elliptic curve, shows that Aut(X) can be Jordan but not bounded.
A classification of complex compact surfaces with bounded automorphisms group
was done in [69].

As follows from Corollary 3.7, the group Aut(X) is very Jordan for any compact
connected complex Kéahler non-uniruled manifold X. For uniruled manifolds the
situation changes: if X = E x P!, then Aut(X) = PSL(2,C) x Aut(FE) is neither
bounded nor very Jordan.

The groups Bir(X) and Bim(X) of birational and bimeromorphic transforma-
tions, respectively, are more complicated. Low-dimensional cases are well under-
stood. Consider the following list:

FE, an elliptic curve;

A, an abelian variety of dimension n;

Sy, a bielliptic surface;

Sk1, a surface of Kodaira dimension 1;

Sk, a Kodaira surface (it is not a K&hler surface).

Here are examples of results for low-dimensional cases.

(a) If X is a complex compact surface with non-negative Kodaira dimension,
then Bir(X) is bounded unless it appears in the above list [67; Theorem 1.1].

(b) If X is a projective surface, then Bir(X) is Jordan if X is not birational to
a product of an elliptic curve and P! [58]. (The case of X = P? was done earlier by
J.-P. Serre [76].)

(c) If X is birational to a product of an elliptic curve and P!, then Bir(X) is not
Jordan [85].

(d) If X is a projective threefold, then Bir(X) is not Jordan if and only if X is
birational to a direct product £ x P? or S x P!, where S is a surface from the above
list [65].

(e) The group Bim(X) is Jordan for any non-uniruled compact complex con-
nected Kéhler manifold of dimension 3 (see [70], [26]).

(f) If X is a non-algebraic uniruled compact Kéhler threefold with non-Jordan
group Bim(X), then X is bimeromorphic to P(€) for a holomorphic rank 2 vector
bundle £ on a two-dimensional complex torus S with a(S) = 1. Moreover, if
a(X) =2, then X ~ S x P! (see [68]).

The following theorem for complex projective varieties was proved by Yu. Prokho-
rov and C. Shramov (for dim(X) > 3 under the assumption of the so-called BAB-
conjecture, named after A. Borisov, L. Borisov, and V. Alexeev), and C. Birkar
(who proved this conjecture) [62; Theorem 1.8], [10].

THEOREM 4.2. Let X be a projective variety of dimension n. Then the following
hold:
(i) the group Bir(X) has bounded finite subgroups provided that X is non-uni-
ruled and has irregularity ¢(X) = 0;
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(i) the group Bir(X) is Jordan provided that X is non-uniruled;
(iii) the group Bir(X) is Jordan provided that X has irreqularity ¢(X) = 0.

Here ¢(X) = dime H'(X, Ox) is the irregularity of X. In particular, the Cre-
mona group Cr, of any rank n is Jordan [63]. The exact value of Je,, is 7200
(E. Yasinsky [84]). The Jordan constant for Bir(X) for a rationally connected
threefold X may be found in [64].

Let us sketch the proof of assertions (i) and (ii) of Theorem 4.2.

First, using the MMP (Minimal Model Program) the authors reduce the prob-
lem to considering the group PAut(X,,), where X,, is a special (relatively minimal)
model of X and PAut(Z) stands for the group of birational self-maps of a variety Z
that are isomorphisms in codimension 1. This means that f € PAut(X,,) moves
a divisor to a divisor and induces an automorphism f. = ¥(f) of the finitely gen-
erated abelian group NSV (X,,) = CI(X,,)/ C1°(X,,), were Cl(X,,) stands for the
group of Weil divisors on X,,, modulo linear equivalence and CIO(Xm) consists of
those Weil divisors that are algebraically equivalent to zero.

Thus there is a short exact sequence

0— G5 G2 Aut(NSY (X)), (3)

where G = ker(¢)) acts on each equivalence class in CI(X,,). Since NSV (X,,) is
a finitely generated abelian group, Aut(NS(X)) is bounded.
Take a very ample divisor L and denote by Cly(X,,) the equivalence class con-
taining L. It is an abelian variety of dimension ¢(X,,) = ¢(X).
Let G, be the kernel of the action of G; on Cly(X,,). Then there is a short
exact sequence
0— G — G — G, (4)

where Gy, C Aut(ClL(X,,)) is a subgroup of automorphisms (as a variety, but not
as a group) of the abelian variety Cly(X,,). The group Aut(Cly(X,,)) is strongly
Jordan. Let V be a linear space of sections of L and P(V') be its projectivization.
Let FL be the subgroup of those linear transformations of the projective space
P(V) that preserve X,,, C P(V). Since FJ, is a linear group and X (and also X,,)
is non-uniruled, Fr, has to be finite (see Remark 3.8). Thus G, C FJ, is finite.
Therefore,
o if ¢(X) =0, then G, is trivial and Bir(X,,) is bounded (see Remark 2.9(i));
o if g(x) > 0, then G; is Jordan (see Remark 2.9(iv)) and Bir(X),, is Jordan
(see Remark 2.9(iii)).

REMARK 4.3. (i) One can ask similar questions about the group Diff (M) of all dif-
feomorphisms of a smooth manifold M. There was the conjecture of E. Ghys (1997):

If M is a compact smooth manifold, then Diff (M) is Jordan.

It was answered negatively by B. Csikés, L. Pyber, E. Szabé in [19], whose ap-
proach was based on an algebraic geometry construction from [85] (see also Chap-
ter 3 below).

In works of J. Winkelmann [83] and V. Popov [60] it was proved that there
is a connected non-compact Riemann surface M such that Aut(M) contains an
isomorphic copy of every finitely presented (in particular, every finite) group G.



AUTOMORPHISM GROUPS OF P'-BUNDLES 15

In particular, Diff (M) is not Jordan. B. Zimmerman [88] proved that if M is
compact and dim(M) < 3, then Diff(M) is Jordan. The Jordan properties of
Diff (M) were deeply studied by I. Mundet i Riera [47], [49]-[53]. It was proved
there, in particular, that Diff (M) is Jordan if M is one of the following:

e an open acyclic manifold;

e a compact manifold (possibly with boundary) with non-zero Euler charac-

teristic;

e a homology sphere.

(ii) The question on the Jordan properties of algebraic groups over various fields
was considered in [61], [44], and [80] (see also [5]).

(iil) Jordan properties of Aut(X) and Bir(X) for open subsets of certain projec-
tive P!-bundles were considered in [4] and [6].

(iv) In the case of algebraic varieties X over algebraically closed fields of prime
characteristic p one should not expect the Jordan properties to hold (see Exam-
ple 2.7). However, there are analogues of several important results over C that
deal instead with p-Jordan properties (see Remark 2.8) of Aut(X) and Bir(X)
[30], [17], [36]. On the other hand, it is known that the Cremona group of rank 2
over a finite field is Jordan [71].

For compact complex manifolds, roughly speaking, from Jordan properties point
of view the uniruled varieties are the worst and may be divided in several categories.

First, manifolds X that are rationally connected (or with ¢(X) = 0). For pro-
jective varieties, thanks to Theorem 4.2, Bir(X) is Jordan.

Second, manifolds that are fibred over a non-uniruled base Y with rationally
connected fibres, with ¢(X) # 0, and that are not bimeromorphic (birational) to
a direct product Y x PY. In many special cases Bim(X) (or Bir(X)) is Jordan.
Moreover, Aut(X) appears often to be very Jordan. We discuss some of these
special cases in Chapter 4.

Third, X is isomorphic (bimeromorphic) to the direct product Y x PV, If Y
is a torus, and a(Y’) > 0, then Bir(Y) is not Jordan. This case is the subject of
Chapter 3.

5. Rational bundles

In this section we provide some useful facts about P!-bundles and their mor-
phisms. We start with a slightly more general construction.

DEFINITION 5.1. We say that a triple (X,p,Y) is a rational bundle over Y if

(a) X,Y are compact connected complex manifolds endowed with a holomorphic
surjective map p: X — Y;

(b) for a general y € Y the fibre p*(y) is reduced and isomorphic to P! (where
general means “lying outside a proper analytic subset of Y”; see (NA.20)
in §3);

(c) If dim(P,) = 1 for every y € Y, where P, := p~'(y), then we call (X,p,Y)
an equidimensional rational bundle over Y.

If for an open subset U C Y and every y € U the fibre P, ~ P!, then, by
a theorem of W. Fischer and H. Grauert [22], p~1(U) C X is a holomorphically
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locally trivial fibre bundle over U. If U = X, then the triple (X, p,Y) is a P!-bundle
over Y.

If (X,p,Y) is a rational bundle over a non-uniruled Kéhler manifold Y, then
p: X — Y is by definition a maximal rationally connected (MRC) fibration of X
(for the definition and discussion, see [15; Theorem 2.3, Remark 2.8] and [35; IV.5]).

Bimeromorphic self-maps preserve the MRC fibration. This is a well-known fact,
but we have not found a suitable reference for the proof of this fact in the complex
analytic case. We provide it here. In the case when the Kodaira dimension satisfies
k(YY) = 0, the desired result follows from [41; Theorem 1.1.5]. For automorphisms
the detailed exposition may be found in [1; §2.4].

LEMMA 5.2. Let X, Y, and Z be three complex compact connected manifolds,
and let p: X =Y and q: X — Z be surjective holomorphic maps. Assume that
e 7 is non-uniruled;
e there is an analytical Zariski open dense subset U C Y such that P, =
p~L(u) ~ P! for everyu € U.
Then there is a meromorphic map 7:Y --+ Z such that 7 o p = q, that is, the
following diagram commutes:

PrROOF. Let ®: X — Y x Z be defined by ®(z) = (p(z),q(z)). The image
T = ®(X) is an irreducible compact analytic subspace of Y x Z (see, for example,
[54; Chap. VII, Theorem 2]). We denote by pry and pr, the natural projections
of T onto the first and second factor, respectively. Both projections are evidently
surjective. The set

T1 = {(y,2) € T | dim(®™*(y, 2)) > 0}

is an analytic subset of T'C Y x Z ([73], [21; Theorem 3.6, p. 137]). Its projections
Ty =pry(Th) C Y and Tz = pr;(T1) C Z onto the first and the second factor are
analytic subsets of Y and Z, respectively ([73], [54; Chap. VII, Theorem 2|).

If Ty #Y, then V := (Y \ Ty) NU is an analytical Zariski open dense subset
of Y. For each y € V we have p~!(y) ~ P! and dim(q(p~(y))) > 0. Thus the pair
p: X =Y, q: X — Z would provide a covering family for Z, which is impossible,
since Z is not uniruled. Thus Ty =Y.

Take u € U. Since Ty =Y, there is z € Z such that

(u,2) €T and dim® *(u,z) > 1.

Moreover,
& Yu,2) ={z|p(z) =u, qg(x) =2} C P, C X.

Since P, ~ P! and dim(®~!(u,2)) > 1, we have P, = ® *(u, z). Hence q|p, = 2
for every u € U and some z € Z and there is only one z € Z such that (u,z) € T.
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Thus,
(a) T is an irreducible connected subset of Y x Z;
(b) dim(T") = dim(Y");
(c) for every u € U there is only one z € Z such that (u,z) € T.
It follows that 7' is the graph of a meromorphic map, which we denote by 7.

REMARK 5.3. The fact that ¢ contracts every fibre of p over an analytical Zariski
open non-empty subset of Y is proved in [27; Proposition 6.2].

LEMMA 5.4. Let (X,px,Y) and (W,pw,Y) be two rational bundles over a non-
uniruled (compact connected) manifold Y. Let f: X — W be a surjective meromor-
phic map.

Then there exists a meromorphic map 7(f): Y — Y that can be included in the
following commutative diagram:

L w (5)

X
(f
Y ) Y

—_

In addition, if f is holomorphic, so is T(f).

PROOF. Let a: X — X be a modification of X such that the following diagram

is commutative:
X
/ X
f

X---=-- - W

where b: X — W is a holomorphic map (it always exists: see [56; Theorem 1.9]).
Consider the holomorphic maps

ﬁX::pXoa:X'%Y and f::pWOb:)?HY.

We apply Lemma 5.2 to )~(, Y =7 and px: X — Y, f: = X — Y and obtain the
needed map 7(f) € Bim(Y) which can be included in the following commutative

diagram: N
X

/ \\b«
f

X-———"-->Ww

lprx iprw
(f)

X—Y

If f is holomorphic, then one can take X=XandU=Y (in the notation of
Lemma 5.2). Then 7(f) will be defined at every point of Y.
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COROLLARY 5.5. For a rational bundle (X,p,Y) over a non-uniruled (complex
connected compact) manifold Y there are natural group homomorphisms

7 Aut(X) — Aut(Y) and 7: Bim(X) — Bim(Y)

such that
pof=1(flop, pof=7(f)op
for every f € Aut(X) or f € Bim(X), respectively.

REMARK 5.6. If Y is Kdhler non-uniruled, then the restriction group homomor-
phism
T Auto(x): Auto(X) — 7(Aute(X))

is a holomorphic homomorphism of complex Lie groups and 7(Autg(X)) is a closed
complex Lie subgroup of Aut(Y) (A. Fujiki [23; Lemma 2.4, 3), Theorem 5.5, and
Lemma 4.6]).

In what follows we use heavily the following classical theorems.

THEOREM 5.7 (Remmert—Stein theorem; see, for example, [54; Chap. VII, The-
orem of Remmert—Stein]). Let X be a complex space, Y be an analytic subset of X,
and A be an analytic subset of X \'Y. Suppose that there is an integer p > 0 such
that dim(Y') < p — 1, while dim,(A) > p for any a € A (dim(Y) < —1 means that
Y = @). Then the closure A of A in X is an analytic set in X.

THEOREM 5.8 (Riemann’s second removable singularity theorem; [21; Chap. 2,
Appendix|). Assume that X is a complex manifold and A C X is an analytic subset
such that

codimg(A) =2 for every x € X.

Then any holomorphic function f: X \ A — C has a unique holomorphic extension
f+ X —C.

THEOREM 5.9 (Levi’s continuation theorem; [39], see also [54; Chap. VII, The-
orem 4] or [21; §4.8]). Let X be a normal complex space and Y be an analytic
subset of X such that for any a € X we have dim,(Y) < dim,(X) — 2. Then any
meromorphic function on X \'Y has an extension to a meromorphic function on X .

REMARK 5.10. It follows from the Riemann’s second theorem that a holomor-
phic map from f: X \ ¥ — Z where X is a complex manifold, ¥ is an analytic
subset of codimension at least 2, and Z C C¥ is an affine complex set, can be
extended to a holomorphic map f X = Z.

Indeed, let zj,...,zy be coordinates in CV. The map f consists of N holo-
morphic functions z;(x), ¢ = 1,..., N, defined on X \ ¥. By Theorem 5.8 the
functions z; can be extended to holomorphic functions Z; defined on X. Since Z is
a closed subset of CV, we have f(z) = (21(y), ..., 2n(x)) € Z for every z € X.

This fact is a particular case of the extension theorem due to A. Andreotti and
W. Stoll [2]. Recall that a subset M C X of a complex space X is thin if in
a neighbourhood of every point m € M it is contained in an analytic subset of
codimension 1.
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THEOREM 5.11 (Andreotti-Stoll theorem). Let 7: A — Y be a holomorphic map
of the open subset A of a normal complex space X into a Stein space Y. Let
M = X\ A be a thin set. If M has topological codimension at least 3, then T can
be extended to a holomorphic map of X into Y.

We use this fact to prove the following lemma.

LEMMA 5.12. Let (X,p,Y) and (Z,q,Y) be two P'-bundles over a connected
complex manifold Y. Let X C'Y be an analytic subset of codimension at least 2, and
letU=Y\X,Vx =p Y (U), and Vz = qY(U). Let f: X — Y be a meromorphic
map such that g o f = p and the induced map f: Vx — Vyz is an isomorphism.
Then f: X — Z is a biholomorphic isomorphism.

PROOF. By construction, for every u € U the map f induces an isomorphism
flp,: Py — Qy, where P, = p~'(y) and Q, = ¢~ *(y). Consider a point s € X and
an open neighbourhood Uy of it such that there are isomorphisms ¢y : p~1(Uy) —
Uy, x P! and ¢z: ¢ 1 (Us) — U, x P! compatible with the projection maps p and g,
respectively. Then for every y € UsNU we have an element of PSL(2, C) representing
flp,: Py, — @y, which is an automorphism of P'. Thus we have a holomorphic map
Us NU — PSL(2,C). Since the target space is an affine set, this map extends
to a holomorphic map Us; — PSL(2,C). Hence we have an extension of f to an
isomorphism fy: p~'(U,) — ¢ (U,), which coincides with f in Vx N p~1(Uy),
hence everywhere.

LEMMA 5.13. Let (X,p,Y) and (Z,q,Y) be two PL-bundles over a compact con-
nected complex manifold Y with dim(Y') = n. Let ¥ C Y be an analytic subset
of codimension at least 2, and let U = Y\ X, Vx = p~1(U), and Vz = ¢ *(U).
Let f: Vx — Vz be a meromorphic map such that q o f = p. Then there exists
a meromorphic map f: X — Y such that ﬂU =fandqo f:p.

For Kéahler manifold Y this lemma is a consequence of the following general
theorem of Y.-T. Siu [81].

THEOREM 5.14 (Siu’s extension theorem). Let X be a complex manifold, A be
a subvariety of codimension at least 1 in X, and G be an open subset of X which
intersects every branch of A of codimension 1. If M is a compact Kahler mani-
fold, then every meromorphic map f from (X — A)UG to M can be extended to
a meromorphic map from X to M.

At this stage we do not require that Y (and, a fortiori, Z) be Kéhler, but we use
the fact that X and Z are P'-bundles.

Proor ofF LEMMA 5.13. Consider the fibre product
W=XxyZ={(r,2) e XxZ|plx)=q(z)} CXxZ
and its subsets

L'y

b

{(2,2) € Vx x Vi | pla) = q(2), = € f(2)} C W,
{(,2) € X x Z| plz) = q(z) € B} C W.
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By construction dim(X) < n and dim(I'y) = dim(X) = n + 1. Thus, according to
the Remmert—Stein theorem (Theorem 5.7) the closure I'y of I'y in W is an analytic
subset of W. Let U; C U be an open subset such that f is defined at every point
of Vi := p~1(U;). We have

° ff is an irreducible (since I'y, being the graph of a meromorphic map, is

irreducible) analytic subset of X x Z;

o dim(T'f) = dim(X);

e for every v € V; there is unique z € Z such that (v, z) € T'y;

e the natural projection 7: ff — X is proper, since both sets are compact.
It follows that 'y is a graph of a meromorphic map f1X—Z (see [3; p. 75]).

We also use the following lemma.

LEMMA 5.15. Assume that'Y is a compact connected complex manifold, ¥ C'Y
is an analytic subset of codimension at least 2, and let U =Y \ 3. Let (L, 7,Y) be
a holomorphic line bundle over Y such that L|y is trivial. Then L is trivial.

PROOF. Indeed, V := 7~ 1(U) ~ UxC,, thus z = F(v) is a holomorphic function
on V. The set ¥ := 7~1(X) has codimension at least 2 in £. By Riemann’s second
removable singularity theorem (Theorem 5.8) F' can be extended to a holomorphic
function F on £. Thus we have a holomorphic map ®: £L — Y xC,, vz € L —
(p(x), F(z)), which is an isomorphism outside 3. Let S be the set of all points in
L where the differential d® of ® does not have the maximum rank. The sets S
and S = p(S) are analytic subsets of £ and Y, respectively (see, for instance, [54;
Chap. VII, Theorem 2|, [57; Theorem 1.22], and [73]). Moreover, codim(S) = 1
(see [72]). But S C %, hence S = @. It follows that ® is an isomorphism.

6. Non-trivial rational bundles

In this section we consider non-trivial P'-bundles over a non-uniruled base. It ap-
pears that the fact that X # Y x P! imposes significant restrictions on the structure
of the groups Aut(X) and Bim(X). We start with the projective case.

DEFINITION 6.1. A regular surjective map f: X — Y of smooth irreducible

projective complex varieties is a conic bundle over Y if there is a Zariski open dense
subset U C Y such that the fibre f~1(y) ~ P! for all y € U.

The generic fibre of f is an irreducible smooth projective curve Xy over the field
K := C(Y) such that its field of rational functions K(X}) coincides with C(X).
(The genus of Xy is 0.)

THEOREM 6.2 [5]. Let X be a conic bundle over a non-uniruled smooth irre-
ducible projective variety Y with dim(Y) > 2. If X is not birational to Y x P, then
Bir(X) s strongly Jordan.

Let us sketch the proof of Theorem 6.2.
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Let f: X — Y be a conic bundle and assume that Y is non-uniruled. Ac-
cording to Corollary 5.5, every ¢ € Bir(X) is fibrewise: there is a homomor-
phism 7: Bir(X) — Bir(Y) such that 7(¢) o f = f o ¢:

XLX
!

f
(¢ J/
y ~ Oy

It follows that there is an exact sequence of groups
0— Bil‘c(y) (Xf) — Bil“(X) - Bil“(Y). (6)

Since Y is non-uniruled, the group Bir(Y') is strongly Jordan thanks to Theo-
rem 4.2 (see also [5; Corollary 3.8 and its proof]).

Let us compute Birg (Xy). We have:

1) Birg (Xf) = Aut(Xy) since dim(Xy) = 1;

2) since X %Y x P!, the genus 0 curve X has no K-points and therefore there
exists a ternary quadratic form

q(T) = a1 T} + axTy + a3T3

over K such that
(a) all the a; are non-zero elements of K,
(b) ¢(T) =0 if and only if 7= (0,0,0) (this means that ¢ is anisotropic),
(c) Xy is biregular over K to the plane projective quadric

X, ={(Th: Ty : T3) | ¢(T) = 0} C P%;

3) K is a field of characteristic zero that contains all roots of unity.

Now we consider a quadric, that is, a hypersurface in a projective space defined
by one irreducible quadratic equation over K. It is anisotropic if it has no point
defined over K. The following theorem was proved in [5].

THEOREM 6.3 [5]. Suppose that K is a field of characteristic zero that contains
all roots of unity, let d > 3 be an odd integer, V be a d-dimensional K -vector space,
and q: 'V — K be a quadratic form such that q(v) # 0 for all non-zero v € V.
Consider the projective quadric X, C P(V') defined by the equation ¢ = 0, which is
a smooth projective irreducible (d — 2)-dimensional variety over K. Let Aut(X,) be
the group of biregular automorphisms of X,. Let G be a finite subgroup of Aut(X,).
Then G is commutative, all its non-identity elements have order 2, and the order
of G divides 2971,

Thus, if G is a non-trivial finite subgroup of Aut(X), then either G = Z/2Z or
G = (Z/27)°.
Now applying Remark 2.9(iv), from (6) we get that Bir(X) is Jordan.

REMARK 6.4. Actually, in Theorem 6.2 the variety X is considered as a pointless
(X(K) = @) rational curve defined over a field K, where K contains all roots of
unity. “Pointless surfaces” were studied by C. Shramov and V. Vologodsky in [79]
and [80].
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For complex compact manifolds the absence of points in the generic fibre has to
be reformulated in terms of sections.

Let (X,p,Y) be a rational bundle over a compact complex connected non-uniru-
led manifold Y (see Definition 5.1), that is,

e X and Y are compact connected manifolds;

e Y is non-uniruled;

e p: X — Y is a surjective holomorphic map;

e p~}(U) is a holomorphic locally trivial fibre bundle over a dense analyti-
cal Zariski open subset U C Y with fibre P! and with the corresponding
projection map p: p~1(U) — U.

According to Lemma 5.4, every map f € Bim(X) maps the general fibre of p to
a fibre of p. Let

Aut(X), = {f € Aut(X) | 7() =id},  Bim(X), = {f € Bim(X) | 7(f) = id}

be the kernels of 7 and 7, respectively.
Then we have the following short exact sequences:

0 — Aut(X), — Aut(X) = Aut(Y), (7)
0 — Bim(X), — Bim(X) 5 Bim(Y). (8)

DEFINITION 6.5. Let (X, p,Y) be an equidimensional rational bundle over a com-
pact complex connected non-uniruled manifold Y. We call an irreducible analytic
subspace D of X an almost section if the intersection number (D, F') of D with
afibre F=p~l(y),y €Y, is 1.

REMARK 6.6. For f € Bim(X), let S; be the indeterminacy locus of f, which
is an analytic subspace of X of codimension at least 2 [73; p. 369]. Let Sy =
p(gf), which is an analytic subset of Y [73], [54; Chap. VII, Theorem 2|. Since the
dimension of a fibre of p is one, Y\ Sy is an analytical Zariski open dense subset U
of Y. Hence the restriction f|p, of f to the fibre P, = p~1(y) of p over a general
point y € Y belongs to Aut(P,). Thus f induces an automorphism of V = p~*(U)
onto itself.

Let D be an almost section of X.

(i) Let a: X — X be such a modification of X that the following diagram is

commutative:
X
/ \
f

X---2-- - X

where b: X — X is a holomorphic map (it always exists [56; Theorem 1.9]). Then
f(D) =ba=1(D) is an analytic subset (|73], [21; Theorem 3.6]) which is a union of
finite number of irreducible components D1, ..., D,.

(i) We may assume (maybe after shrinking U) that D meets every fibre Py,
y € U, at precisely one point. Then f(D) also meets P,, y € U, at precisely one
point.
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(iii) It follows from (ii) that precisely one irreducible component of f(D), say,
D1, meets a fibre P,, y € U. The intersection D; N Py, y € U, consists of a unique
point.

Thus D is an almost section. It follows that the image of an almost section
under f € Bim(X), contains precisely one almost section. In particular, f cannot
contract an almost section.

Similarly, if ®: X — Z is a bimeromorphic map of a P!'-bundle (X,p,Y) to
a Pl-bundle (Z,q,Y) such that ¢ o ® = p, then the image of an almost section
contains an almost section.

The following results were proved by Yu. Prokhorov and C. Shramov in a more

general setting. We formulate below an application of these results to the case of
P!-bundles.

THEOREM 6.7. Let (X,p,Y) be a P*-bundle over a compact complex connected
non-uniruled manifold Y. Let P, = p~'(y) be a fibre of p over a general point
y € Y. Then the following hold.

1) Every countable union of finite subgroups of Bim(X), can be embedded into
Bim(Py) [68; Lemma 4.1].

2) If X is Kahler, then Bim(X),, is Jordan [68; Corollary 4.3].

3) If there exists an almost section D on X, then X ~ P(E) for some rank 2
holomorphic vector bundle £ on'Y [78; Lemma 3.5].

4) Assume that no almost section exists on X. Assume that Bim(Y") is strongly
Jordan. Then Bim(X) is Jordan [78; Corollary 5.8].

5) If there exists f € Bim(X),, of finite order d > 2, then there exist at least two
distinct almost sections on X . If f is biholomorphic, these almost sections
can be chosen to be disjoint. (See [78; Lemma 4.1].)

To this we add the following lemma.

LEMMA 6.8. In the notation of Theorem 6.7, assume that there exists precisely
one almost section on X . If Bim(Y') is Jordan, so is Bim(X).

PROOF. Assume that D is the only almost section. Let f € Bim(X),, f # id.
The set f(D) contains an irreducible component D; that is an almost section (see
Remark 6.6). Therefore, D = D; and D is contained in the set Fix(f) of fixed
points of f. Let V C Y be an analytical Zariski open dense subset such that the
restriction f, of f to the fibre P, is a non-identical automorphism of P, for all
v € V. Since f, has at most two fixed points, we have the following alternative:

e cither Fix(f) N P, = D N P, contains one point and f, has infinite order;
e or (Fix(f)NP,)\ (DNP,) contains a point for the general v € V and Fix(f)
contains an almost section distinct from D, which is impossible.

Thus, every element f € Bim(X), different from id has infinite order. Therefore,
G N Bim(X), = {id} for every finite group G C Bim(X) and 7: G — Bim(Y') is
a group embedding. Hence the Jordan index Jpim(x) < JBim(y)-

The opposite case, when the P'-bundle has many almost sections, is when X =
Y x P! It is considered in the next chapter.
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Chapter 3. P'-bundles over complex tori

In this chapter we deal with P!-bundles of special type, namely, (£, p, T), where
L is a holomorphic line bundle over a complex torus 7' and £ = P(£ @ 17). Most
examples of compact complex connected manifolds with non-Jordan group Bim(X)
(at least for dimensions greater than 3) are P!-bundles of this type. Manifolds of
this type were studied by one of the authors in [85] (the projective case) and [87]
(the non-algebraic case). The goal of this chapter is to present a unified approach
for both situations. It is based on a construction motivated by symplectic geometry
and inspired by an algebraic approach to theta functions developed in [46]. The
chapter starts with symplectic constructions, then theta groups follow, and then we

arrive at the description of certain subgroups of Bim(L).

7. Symplectic group theory

This section contains elementary but useful facts about Jordan properties of
central extensions of commutative groups by C*.

Consistent with the tradition, some groups are written in the multiplicative and
some in the additive form. We hope that no confusion will arise.

DEFINITION 7.1. A symplectic pair is a pair (A, e) that consists of a commutative
group A and an alternating bilinear pairing

e: Ax A—C".
Here alternating means that
e(a,a) =1 Va € A.
Bilinearity means that

e(ay + ag,b) = e(ay,b)e(az, b),
e(a,by + b2) = e(a, by)e(a, ba)

These properties imply that for all a,b € A

Va,al,ag,b, bl,bz c A.

1=ce(a+b,a+b) =e(a,a)e(a,b)e(b,a)e(b,b) = e(a,b)e(b,a),

that is,
e(a,b) = e(b,a)™" Va,be A.

As usual, e gives rise to the group homomorphism
U.: A— Hom(A,C*), b {T.(b): A—C* ar e(a,b)}. 9)
A subgroup B of A is called isotropic with respect to e if
e(B, B) = {1}.
We define the kernel of e by
ker(e) :={a € A|e(a, A) = {1}} = ker(T.);

this is a subgroup of A, which is isotropic with respect to e.
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We say that e is non-degenerate if ker(e) = {0}, that is,
U,.: A — Hom(A,C")

is an injective homomorphism. If e is non-degenerate, then we call (A, e) a non-de-
generate symplectic pair.

EXAMPLE 7.2. Let d be a positive integer, let Sq = (1Z/Z)? = (Z/dZ)?, and let
€i: Sy xSy —C*, (a1 +Z,b1+2),(as+ Z,by + Z) — exp(2wid(a1bs — azby)).

Then (Sg, eq) is a non-degenerate symplectic pair.

REMARK 7.3. Let (Ajeq) and (Ag, e2) be non-degenerate symplectic pairs. Con-
sider the bilinear alternating form

€169 (Al @Ag) X (Al @AQ) — (C*,

(a1,az2), (b1, ba) = e1(a1, b1) - e2(az, bz).
Then (A; ® As, ere) is a non-degenerate symplectic pair.

REMARK 7.4. If (A,e) is a symplectic pair and B is a subgroup of A, then
(B, e|p) is also a symplectic pair. Here e|p is the restriction of e to B x B.

REMARK 7.5. (i) Each symplectic pair (A4, e) gives rise to a non-degenerate sym-
plectic pair (A, e), where

A= A/ker(e), é(aker(e),bker(e)) = e(a,b) Va,be A. (10)

(ii) Clearly, a subgroup B of A is isotropic with respect to e if and only if its
image B in A is isotropic with respect to . In particular, B is isotropic if and only
if B + ker(e) is isotropic.

(iii) Let B be a subgroup of A. One can restate the property of B to be isotropic
with respect to e as follows. The composition of ¥.: A — Hom(A,C*) with the
restriction map Hom (A, C*) — Hom(B,C*) is a group homomorphism

A 2= Hom(A, C*) — Hom(B, C*). (11)

Clearly, the kernel B+ of this homomorphism (which is the orthogonal complement
of B in A with respect to e) contains B if and only if B is isotropic.

(iv) Suppose that B coincides with BL. This means that if @ € A\ B, then
e(B,a) # {1}. In other words, B is a mazimal isotropic subgroup of A with respect
to e.

Conversely, suppose that B is a maximal isotropic subgroup of A with respect
to e. Since B is isotropic, it follows that

BcCcB-CA, B B)=1{1}.

If B+ # B, then there is a € B+ \ B such that e(a, B) = {1}. This implies that
the subgroup B; of A generated by B and a is isotropic, which contradicts the
maximality of B.

It follows that B = B~ if and only if B is a mazimal isotropic subgroup of A.
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REMARK 7.6. Suppose that A is finite. Then the finite groups A and Hom(A, C*)
are (non-canonically) isomorphic; in particular, they have the same order. It follows
that in the case of finite A the pairing e is non-degenerate if and only if ¥, is a group
isomorphism.

LEMMA 7.7 (useful lemma). Let (A,e) be a symplectic pair such that A/ ker(e)
is a finite group. If B is a mazximal isotropic subgroup of A, then the index [A : B]
equals \/#(A/ ker(e)). In particular, if e is non-degenerate, then

[A: B] = \/#(A) = #(B).

PrROOF. In light of Remark 7.5, B contains ker(e) and therefore it suffices to
prove the desired result for non-degenerate (A, ) (instead of (A, e)). In other words,
without loss of generality, we may assume that ker(e) = {0}, that is, A = A is finite
and e = € is non-degenerate.

Since C* is a divisible group, every group homomorphism B — C* extends to
a group homomorphism A — C*. This means that the restriction map

Hom(A,C*) — Hom(B,C")

is surjective. Since A is finite, the non-degeneracy of e means (in light of Remark 7.6)
that Hom(A, C*) = ¥U.(A). On the other hand the maximality of B means that the
kernel of the surjective composition

v,
A =~ Hom(A,C*) - Hom(B,C")

coincides with B (see Remark 7.5), and therefore there is an injective group homo-
morphism
A/B — Hom(B,C"),

which is also surjective and therefore is an isomorphism. This implies that
#(A/B) = #(Hom(B,C")) = #(B),

which finishes the proof if we take into account that #(A/B) = #(A)/#(B).

REMARK 7.8. Suppose that ker(e) is either finite or divisible. Then every finite
subgroup B of A is the image of a finite subgroup B C A under A — A. Indeed, if
ker(e) is finite, then one can take as B the preimage of B in A. If ker(e) is divisible,
then it is a direct summand of A, that is, A splits into a direct sum A = ker(e) & A’
and the map A — A induces an isomorphism A’ =2 A. Now one can take as B the
(isomorphic) preimage of B in A’.

DEFINITION 7.9. A symplectic pair (A, e) is called almost isotropic if there exists
a positive integer D that enjoys the following property.

Each finite subgroup B of A contains an isotropic (with respect to e) subgroup A
such that the index [B : A] < D. The smallest D with this property is called the
isotropy defect of (A, e) and denoted by D4 .

EXAMPLE 7.10. If e=1, then every subgroup is isotropic, and therefore D 4 .= 1.
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REMARK 7.11. Suppose that ker(e) is either finite or divisible.
(i) It follows from Remarks 7.8 and 7.5 that (A, e) is almost isotropic if and only
if (A, €) is almost isotropic. In addition, if this is the case, then

DA,e = DA,@ (12)

Indeed, let A be a finite subgroup of A and B be an isotropic subgroup of largest
possible order in A. In particular, B is a maximal isotropic subgroup of A. Since
B, = B+ (Anker(e)) is an isotropic subgroup of A that contains B, the maximality
of B implies that By = B, that is, B D A Nker(e). This implies that the index
(A : B) equals the index [A : B] where the subgroups A and B are the images in A
of A and B, respectively. Taking into account that B is an isotropic (with respect
to €) subgroup of the finite group A C A, we conclude that

DA,e = -DA7é'

Conversely, suppose that B is an isotropic (with respect to €) subgroup of max-
imum order of a finite group A C A. As above, this implies that B is a maximal
isotropic subgroup of A. By Remark 7.8, A contains a finite subgroup .4 whose
image in A coincides with A. Let B the preimage of B in A. Then B is isotropic
with respect to e and the index [A : B] coincides with the index [A : B]. This
implies that

DA,e < DA’éa

which ends the proof.
(ii) Assume additionally that A is finite. Applying Lemma 7.7 to subgroups of A
and using (12) we conclude that

Dae =Dz =\/#(A). (13)

DEFINITION 7.12. A theta group attached to a symplectic pair (A, e) is a group G
that sits in a short exact sequence

1-CcLcLa-o (14)

that enjoys the following properties.
The image of C* is a central subgroup of G, and the alternating commutator
pairing

AxA—Cr, 3(g1),7(g2) — i (919297 "95 ') € C* Vgi,90 € G,

attached to the exact sequence (14) coincides with e.

REMARK 7.13. Every central extension G of a commutative group A by C*
gives rise to the symplectic pair (A4, e) where e(ay,as) € C* is the commutator of
the preimages of a1 and as in G (for all a1,as € A). This makes G a theta group
attached to (A, e).

REMARK 7.14. (i) Clearly, an element g of the theta group G lies in the centre
of G if and only if
e(j(9),j(h)) =1 VheG.
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Since j(G) = A, the element g is central if and only if j(g) € ker(e). This implies
that the centre of G coincides with 57! (ker(e)).

(ii) Clearly, a subgroup H of G is commutative if and only if its image j(H) C A
is an isotropic subgroup of A with respect to e.

REMARK 7.15. Let G be a theta group that sits in the short exact sequence (14).
If B is a subgroup of A, then obviously the preimage j~!(B) is a theta group
attached to the symplectic pair (B, e|p).

LEMMA 7.16. Let B be a finite subgroup of A. Then there exists a finite sub-
group B of the theta group G such that j(B) = B.

PROOF. In what follows we identify C* with its image in G and view it as a cer-
tain central subgroup of G. Let d be the exponent of B.

Consider the finite multiplicative subgroups ug and pg2 of all dth roots of unity
and d?th roots of unity, respectively, in C*. We have

ta C pgz C C* C G;

in addition,
e(B,B) Ce(B,A) C pa- (15)

For every b € B choose its lifting b € G such that
=1, b l=b1 Vbe B (16)

this is possible since C* is a central divisible subgroup of C*. Indeed, let b, € G be
any lifting of b to G, that is, j(b;) = b. Then

21 = b} € ker(j) = C*.
We choose any
z= <z €C"
and put b = z71b; € G. We have
i0) =3z +ib) =0+b=0b, b= ("N =2t =1

Set N .
B:={vb|~ € pqz, b€ B} CG.

Clearly, B is finite, j(é) = B, and
leppr CB=B"':={u'|ue B}

(the latter equality follows from the invariance of the central subgroup pg2 and the
subset {b | b € B} under the map u +— u™?).

So, in order to prove that Bis a subgroup of G, it suffices to check that B is
closed under multiplication in G. Let by,bs € B and b3 = by + by € B. We need to
compare b1 by and bs in G. Clearly, there is v € C* such that

I~)3 = 76152.
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Notice that . ) .
W=0pl=0l=1cC"C@q.

On the other hand, in light of (15),
Yo = 815281_152_1 S e(bl,bg) € g C C" cq.

It follows that the images of by and by in the quotient G/pg commute, and
therefore the image of b1bs in G /g has an order which divides d. This means that

(5152)d € Ud,

and therefore

It follows that

This implies that 'yd2 =1, that is, v € pg2 and therefore
5152 = 77163 S E
This ends the proof.

THEOREM T7.17. Let (A, e) be a symplectic pair. Suppose that A = A/ ker(e) is
finite. Assume also that either ker(e) is divisible or A is finite. Let G be a theta
group attached to (A, e).

Then G is a Jordan group and its Jordan index equals \/#(A).

PROOF. Assume that G sits in a short exact sequence (14). We can view C* as
a central subgroup of G. Let A be a finite subgroup of G and B be a commuta-
tive subgroup of mazimum order in A. Then B contains the * intersection Ancr,
and therefore the index [A.B]~01nc1des with the index [j(A):j(B)]. The com-
mutativity of B means that j(B) is an isotropic subgroup in j(A). This implies
that
Ja 2 Dae.

Conversely, let A be a finite subgroup of A and B be an isotropic subgroup of
maximal order in A. By Lemma 7.16 there is a finite subgroup A of G such that

i) =A.
Let B be the preimage of B in A. Then
j(B)=B, [A:B]=[A:B]

By Remark 7.14(ii), B is commutative because its image B is isotropic. The equality

of indices implies that
Jo < Dae,

which, combined with the previous opposite inequality, implies that Jg = Dj.
Now the explicit formula for Jg follows from Remark 7.11.
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8. Symplectic linear algebra

In this section we construct theta groups that arise from (not necessarily non-de-
generate) alternating bilinear forms on integral lattices.

DEFINITION 8.1. (i) An admissible triple is a triple (V, E,II) that consists of
a non-zero real vector space V' of finite positive even dimension 2¢g, an alternating
R-bilinear form
E:VxV-R

on V, and a discrete lattice IT of rank 2¢ in V such that E(II,II) C Z. Put
Mg :={veV|E(l) cZVlcl}.

By definition IT3 is a closed real Lie subgroup of V' that contains I as a discrete
subgroup.

(ii) A symplectic pair attached to the admissible triple (V, E, II) is a pair (Kg 11, €g)
where Kg 11 := Hi: /II and the bilinear pairing eg is defined as follows:

eg: IE /I x L/ — C*,  (vy + 1, vy + 1) — exp(27iE (v, v2)).

DEFINITION 8.2. Recall that a subgroup C' of a commutative group D is called
saturated if it enjoys the following equivalent properties:
e there are no elements of finite order in the quotient D/C' except 0;
e if x is an element of D such that there is a positive integer m with mz € C,
then z € C.

Our goal is to find the isotropy index of (Kg 11, eg). In order to do this, consider
the kernel of E, that is, the subset

ker(E)={veV |E(V)={0}} CV.

Clearly, ker(E) is a real even-dimensional (recall that F is alternating) vector sub-
space of V containing I15. Put

Iy ;=T Nker(E) C ker(E).

Clearly, I1j is a saturated subgroup of II. The integrality property of E implies that
the natural homomorphism of real vector spaces

My @R — ker(E), lo@A—A-lp Vipellp, \eR

is an isomorphism. In particular, the following conditions are equivalent:
(a) E is non-degenerate, that is, ker(E) = {0};
(b) I = {0}
Consider several cases.
Case 1. If £ =0, then

My =V, Kpn=Ig/T=V/I, ep=1,

ker(eg) = Kg n is divisible, and Kg 11/ ker(e) = {0} is finite. By Remark 7.11 the
isotropy defect D, e, €quals 1.
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Case II. Suppose that E is a non-degenerate form. Let {sq,...,s24} be any basis
of the Z-module II. Clearly, it is also a basis of the R-vector space V. Let

E = (E(sj,sr)) € Matay(Z)

be the 2g x 2g skew-symmetric matrix of E with integer entries with respect to
this basis. Let det(E) and Pf(E) be the determinant of E and the Pfaffian of E,
respectively. Then

det(E) € Z, Pf(E)€Z;  0+det(E)=Pf(E)>

In particular, det(E ) is a positive integer. Clearly, det(E ) does not depend on the
choice of a basis of II, and therefore |Pf(E)| does not depend on this choice either.
That is why we denote det(E) by det(E,II) and |Pf(E)| by [Pf(E, 1))

We claim that 115 /11 is finite, the form

ep: O/ x /T — C*

is non-degenerate, and its isotropy defect is |P{(E,II)|.
Indeed, there is a basis {fi, h1,..., fg, hg} of II such that

[37; Chap. XV, Exercise 17 on p. 598 (English ed.) or Chap. XIV, Exercise 4 on
p. 426 (Russian ed.)]. Put

dj:E(fj,hj)EZ VJ:L,g

The non-degeneracy of £ means that d; # 0 for all j. Replacing h; by —h; if
necessary, we may and will assume that d; > 0 for all j. If E is the matrix of £

- ~ 9
with respect to this basis, then the Pfaffian Pf(E) of E is £+ [] d;, and therefore
j=1

g
|PE(E,IT)| H
We claim that .
1
ﬁz@defj@%hj)- (17)

Indeed, a vector

g9 g
v= (ZAjfj) + (Zujhj> with all \j, ;1; € R
j=1 j=1

lies in 113 if and only if
ZBE(fj,’U): Gl Z > (hj,’l)):—dj)\j Y7,

which is obviously equivalent to (17).
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It follows from (17) that

g

/T = (@ f; 8T 1) /(T ;ST hy) (18)

j=1

Clearly, different summands of I1/L are mutually orthogonal with respect to eg
while the restriction of eg to each

%(Z-fj@Zhj)/(ij S L hy)
J

is isomorphic to (Sg;,eq,;). In particular, this restriction is a non-degenerate sym-
plectic pair. This implies that the direct sum (II3/I1, eg) is also a non-degenerate
symplectic pair. On the other hand, clearly,

4 /11 = é( Z/Z)Q.

Therefore,

# (5 /11) = H \/# Hg/nzﬁ = |Pf(E,1I)).

This implies that (Kg 1, eg) is almost isotropic and its isotropy defect is |Pf(E, II)|.
Case IIbis. We keep the notation and assumptions of Case II. Consider the
form nFE, where n is a positive integer. Then

j=1 j=1
Hence the corresponding isotropy index

Dk =nY - |Pf(E,TI)|

nE,I1,enE

for all positive integers n.
Case I1II. Now consider the case of degenerate non-zero F, that is, the case when

{0} # I # IL

Clearly, Il is a free abelian group of some positive even rank 2gy < 2g. Since Ilj is
a saturated subgroup of I, it is a direct summand of I, that is, there is a (non-zero
saturated) subgroup II; of IT that is a free abelian group of rank 2g — 2go and such
that

T =TIy @ I,
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In other words, there is a basis {u1,...,uzgy;V1,...,V2g—24,} of the Z-module II
such that {u1,...,usg,} is a basis of Iy and {vi,...,v25-94,} is a basis of II;.
Consider the real vector subspaces

290 291
Vor=> Ru; CV,  Vi:=)» Ry CV.
j=1 k=1

Clearly,
V=V,®V, Iy =VonII, 1II; =ViNIl

in addition, V = ker(F), the subspaces Vj and V; are mutually orthogonal with
respect to F and the restriction of E to V7,

E: Vi x Vi =R, u, v — E(u,v),
is a mon-degenerate alternating bilinear form. It is also clear that
El(Hl,Hl) = E(Hl,H1) C E(H,H) C Z.

On the other hand, the restriction of E to Vj, which we denote by FEj, is identically 0.
This implies that (as the symplectic pair)

(Kpm,er) = (Kg,n,,€5,) ® (Kg, 1, €R, )-

By Case I as applied to (Vo, Eo,Ily), the group Kg, 1, = Vo/Io is divisible as
a quotient of a complex vector space, and eg, = 1. By Case II as applied to
(Va, Eq,11h), the group Kg, 1, is finite of order |Pf(E,I1)|? and the pairing

€p, - KEhHl X KEhHl — C*
is non-degenerate. Hence ker(eg) = Kg, 11,, and therefore ker(eg) is divisible and
KEyn/ker(eE) = KEl,Hl

is a finite group. This implies that (Kg m,eg) is almost isotropic and its isotropy
defect is

Dicpes = \/#(Kpn/ker(ep)) = \/#(Kp, n,) = [PHELTL)| (19)

by Theorem 7.17.
Case I1Ibis. We keep the notation and assumptions of Case III. Let

M:VxV —-R

be an alternating bilinear form that enjoys the following properties:

(a) M(II,1I) C Z;

(b) ker(E) C ker(M).
If n is an integer, then we write M(n) for the alternating bilinear form nE + M
on V. Clearly,

M(n)(IL II) C nE(IL,II) + M(IL,II) C nZ + Z = Z.
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LEMMA 8.3. There exists a degree g — go polynomial P(t) € Z[t] with integer
coefficients and leading coefficient |Pf(FE1,111)| that enjoys the following property:
For all but finitely many positive integers n the symplectic pair (Kni(n),mm, em(n))
almost isotropic with isotropy defect

DKM(n),HveM(n) - P(n) (20)

NPROOF. Indeed, let M;: V7 x V7 — R be the restriction of M to V;. Let El and
M, be the matrices of Fy and M; with respect to the basis {fi,..., fog—24, } Of ;.
The non-degeneracy of E; implies that det(E;) # 0, and therefore the determinant

det(nEl + Ml) = det(El) det(n 12_(]—290 +El_1M1)

does not vanish for all but finitely many integers n. (Here and in what follows
Ing—24, is the identity square matrix of size 2g — 2g¢.) Taking into account that
nE; + Ml is the matrix of the restriction of nE + M = M(n), we obtain that for
all but finitely many integers n

ker(M(n)) = ker(nE + M) = ker(E) = V. (21)

In what follows we assume that n is any integer that enjoys property (21) (this
assumption excludes only finitely many integers n). Now we can apply the results
of Case III to M(n) = nE 4+ M (instead of E) and get that (Kni(n)m, emn)) is
almost isotropic and its isotropy defect is

|Pf(ﬂE1 + M17H1)| =/ det(nE1 + M1) = \/det(El) det(n Igg_ggu +E1_1M1)
= ‘Pf(El, H1)| \/det(n IQg_ng +E;1M1)

Clearly, there is a polynomial Q(t) € Z[t] with integer coefficients such that for all n
under consideration B -

This implies that
Q(n)? = det(nE; + M;) = det(E}) det (n1ag—24, —I—Eflﬁl).

It is also clear that there exists a monic degree 2g — 2gy polynomial R(t) € Qlt]
with rational coefficients such that for all our n

R(n) = det(nlayg_ag, +Ef1]\71).
This implies that
Q(n)? = det(E)R(n) = [PH(E1, ;) PR (n).
Since R(t) is monic of degree 2g — 2gg, we have
deg(Q) = g — 9o

and the leading coefficient of Q(t) is +|Pf(Ey,II4)].



AUTOMORPHISM GROUPS OF P'-BUNDLES 35

Let P(t) be the polynomial with positive leading coefficient that coincides either
with Q(¢) or with —Q(¢). Then P(t) is a degree g — go polynomial with integer
coefficients and leading coefficient |Pf(E,II;)| such that

P(n) = £ Pf(nEy + M).

Since the leading coefficient of P(t) is positive, we see that P(n) is positive for all
but finitely many positive integers n. Hence

P(n) = |Pf(nEy + My)| = [Pf(nEy + My, 11,)|

for all such n. This completes the proof.

THEOREM 8.4. Let g be a positive integer, V be a 2g-dimensional real vector
space, and (V, E,1I) and (V, M,II) be admissible triples such that

E#0 and ker(E) C ker(M).

If n is an integer, then we write M(n) for the alternating bilinear form nE + M
onV.

Let G be a group that enjoys the following properties: there are infinitely many
positive integers n such that G contains a subgroup G,, that is a theta group attached
to (Kni(n), 11, em(n)) -

Then G is not Jordan.

PrOOF. It suffices to check that the Jordan index of G,, tends to infinity as n
tends to infinity. But this assertion follows from the results of Cases II, III, ITIbis
of this section combined with Theorem 7.17.

9. Line bundles over tori and theta groups

In this section we use results from the previous two sections in order to compute
the Jordan index of certain automorphism groups of holomorphic line bundles on
complex tori.

Let V be a complex vector space of finite positive dimension g, IT be a discrete
lattice of rank 2¢g in V', and

H:VxV-=C

be an Hermitian form on V such that its imaginary part
E:VxV =R, (v1,v2)—Im(H(v1,v2)),

satisfies
E(IL,II) C Z.

One can view V as the 2g-dimensional real vector space. Then E becomes an
alternating R-bilinear form on V such that

E(ivl,ivg) = E(Ul,UQ) V’Ul,vg eV.
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In addition,
H(vy,vq) = E(ivy, v9) + 1E(v1,v2) Yui,ve € V
(see [12; Lemma 2.1.7]). This implies that H and E have the same kernels, that is,
ker(H) :={w eV |Hw,V)=0} ={we V| E(w,V) =0} =: ker(E).

DEFINITION 9.1 (see [11], [33]). A pair (H,«) is called Appell-Humbert data
(A.-H. data) on (V,1I) if H, E, TI are as above and « is a map (“semicharacter”)

a:IT—-U(l)={z€C: |z|=1} cC*
such that
a(ly + 1) = (1)UL a(ly) Vi, iy €1 (22)
In particular, if [; = Iy = 0, then «(0) = «(0)?, that is,
a(0) = 1.

Notice that a classical theorem of Appell and Humbert ([33; Theorem 1.5], [11;
Theorem 21.1]) classifies holomorphic line bundles on the complex torus V/II in
terms of A.-H. data.

The construction in section 8 gives us the symplectic pair (Kg m,eg). The aim
of this section is to construct a theta group Qﬁ(HLa) attached to this pair that
corresponds to any A.-H. data (H,«). We define &(H,V) to be a certain group
of biholomorphic automorphisms of L(H, «). Here L(H, ) is the total body of the
holomorphic line bundle £(H, a) over V/II that corresponds to A.-H. data (H, «).

First, we start with a certain theta group &(H,V) attached to the symplectic
pair (V,ég) where

ep: VXV —=C" (v1,v3) — exp(2riE(vg, v1)).
We define @(H ,V) as a certain group of holomorphic automorphisms of
V]L =V xL

where L is a one-dimensional C-vector space. Namely, &(H, V) consists of the
automorphisms By, » indexed by v € V', A € C* that are defined as follows:

Brux: (v,¢) — (v+u,Nexp(rH(v,u)c)) YveV, cel.
One may easily check (see [87; §2.1]) that
BH i x © BHjus ho = BHjui+us,drop  Where  p= exp(nH (uz,u1)) (23)
and the inverse is
BI_{}%)\ =By, —uy/x Wwhere v =exp(—mH(u,u)). (24)

This implies that 6(}[ , V) is indeed a subgroup of the group of biholomorphic
automorphisms of V. (Our &(H, ) will be defined as a subquotient of &(H,V).)
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Notice that for all A € C* the automorphism By o x sends every (u,c) to (u, Ac).
This implies that the map

mult: C* — (’;(H, V), A= Buona,

is an injective group homomorphism, whose image lies in the center of Q~5(H V).
This allows us to include &(H, V) in a short exact sequence of groups

1—C ™Y SH, V)LV -0
where j sends By ,.x to u. It follows from (23) and (24) (see also [87; §2.1]) that

B uix © BHuzxa © B;I,lul,kl °© B;I,lu27/\2
= mult(exp(2miE (uz,u1))) = mult(ég(ui, ug)). (25)

This implies that é(H, V) is a theta group attached to the symplectic pair (V, €x).
Consider the following subgroups of &(H,V):

%(H7H):571(H):{BH,%)\ | AEC*,UEH}; (26)

G(H,IE) = j7H(IIE) = {Brux | A € C*Lu e L) (27)

By Remark 7.15, &(H, II) and &(H, 1) are theta groups attached to the sym-
plectic pairs (IL, é[n) and (T, €lyy), respectively. Since II C Il the group

®(H, 1) is a subgroup of &(H, I135). It follows from (25) that ®(H, 1) is actu-
ally a central subgroup of &(H,11%), because

E(IL115) = {0}.

We define B(H, ) as the quotient of Q~5(H ,1I3) by a certain central subgroup that
depends on the “semicharacter” . In order to define this subgroup, let us consider
the discrete free action of the group II on V, by holomorphic automorphisms defined
as follows. An element [ of IT acts as

1
Ao VL — W, (v,¢) — (v + 1, ca(l) exp (WH(U, 1)+ §7TH(I, l))) (28)
YVveV, cel,

that is, B
Ao =mult(a(l)Byi € &(H,II). (29)

Direct calculations based on (22) show that
Ao Ao, = Abaii+, Vi, le €11,

that is, _
AT — &(H ), 1+ A,

is an injective group homomorphism, whose image we denote by

I = II(H, o) := AT(IT) ¢ 6(H,TI) C &(H,II3).
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Notice that II meets mult(C*) precisely at the identity element of & (H, I15). Notice
that the quotient Vi /II(H,«) is precisely the total body £(H,«) of the holomor-
phic vector bundle L(H, «) over V/II attached to the A.-H. data (H, «) where the
structure map

p: L(H,a) = VL /TI(H,a) — V/II
is induced by the projection map
W=VxL-V
[12; Chap. 2, §2.2, p. 30]. Put
6(H,a) := &(H,115)/II(H, ). (30)

The faithful action of ES(H, 1) on Vi, induces a faithful action of &(H,«) on

L(H, ). Under this action each coset
Biu 11 € &(H,115)/TI(H, o) = 8(H, a)

maps C-linearly and isomorphically the fibre of p over v + II € V/II to the fibre
over (v + u)II € V/II for any pair

u+T €Ty /T C V/II, and v+ €V/I, and \eC*.

In particular, mult(\)II acts as the automorphism [A] that leaves invariant each fibre
of p: L(H,a) — V/II and acts on this fibre (which is a one-dimensional C-vector
space) as multiplication by A (for all A € C*). Clearly, each [A] lies in the centre of
&(H, ).

LEMMA 9.2. The group &(H,«) is a theta group attached to the symplectic pair
(Kem er).

Proor. Clearly,

[mult]: C* — &(H,a), X+ [A],
is an injective group homomorphism, whose image [mult](C*) is a central subgroup
of (H,«). On the other hand, 7 induces the surjective group homomorphism
j: 6(H,a) = &(H,1I%) /I — O/l = K,
By AT+ u + 11 € TT5/11.

Clearly, the kernel of j consists of all By, W= [mult](A), that is, it coincides with
[mult](C*). Hence &(H, «) sits in the short exact sequence

1 ™Y w(H,0) Lk /1 — 0.

It follows from (25) that &(H, «) is a theta group attached to the symplectic pair
(Kem,er).

REMARK 9.3. Tt is well known [12; Lemma 2.2.1] that if (Hy,aq) and (Ha, as)
are A.-H. data on (V,II), then the pair (Hy + Hs, ajz) also is A.-H. data on (V,1I)
and the holomorphic vector bundles L(H; + Ha, aja2) and L(Hy, 1) @ L(Ha, )
are canonically isomorphic.
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10. P!'-bundles bimeromorphic to the direct product

In this section we prove the non-Jordanness of the groups of bimeromorphic
self-maps of certain P!-bundles over complex tori of positive algebraic dimension.

Let V be a complex vector space of finite positive dimension g, IT be a discrete
lattice of rank 2¢g in V', and T' = V/II be the corresponding complex torus. Recall
that 17 stands for the trivial holomorphic line bundle 7" x C over T'. If x is point
of T, then we write L, for the fibre of a holomorphic vector bundle £ over T', which
is a one-dimensional complex vector space. We write £ for the projectivization P(€)
of the two-dimensional holomorphic vector bundle £ = £ @ 1. The fibre &, of £
over x is the set of pairs (s,,c), where s, € L, ¢ € C and the fibre £, of £ over x
is the set of equivalence classes of (s, : ¢), where either s, # 0 or ¢ # 0 and the
equivalence class of (s, : ¢) is the set of all

(s = pe), peCr.

LEMMA 10.1. Suppose that L = L(H, «), where (H,«) is A.-H. data. Then there
is a natural group embedding

O (H,a) — Aut(L(H, a)).
PrROOF. First, let us define the group embedding
&(H,a) — Aut(L(H,a) $ 17) (31)
by the formula

g: (82, (z,¢)) = (9(s2), (z + j(9), ) (32)
Vge®B(H, o), zecV/II=T, ceC, s, € L, CL.

In particular, g induces an isomorphism of two-dimensional complex vector spaces
between the fibres of L(H,«a) @ 11 over x and over x + j(g). Since &(H,a) —
Aut(L(H, «)) is a group embedding, we conclude that if j(g) = 0, then g, is multi-
plication by a scalar if and only if ¢ is the identity element of & (H, «). This implies
that (31) and (32) induce a group embedding

G(H, o) — Aut(P(L(H,a) ® 17)) = Aut(L(H, @) (33)

such that each g € &(H,«) sends every (s, : ¢) € L(H,a), to (g(sz) : ¢) €
L(H,a)z4j(g)- This completes the proof.

Let £ be a holomorphic line bundle over the complex torus 7' = V/II. Then £ 2
L(H, «) for certain (actually, unique) A.-H. data H, @) on (V,II) [33; Theorem 1.5].
Let us denote by &(L) the group &(H,«). By Lemma 10.1 there exists a group
embedding

B(L) — Aut(L). (34)

LEMMA 10.2. Let £ and N be holomorphic line bundles over T = V/IL. Assume
that L admits a non-zero holomorphic section. Then the compact complex manifolds
N and L @ N are bimeromorphic for all positive integers n. In particular, for all
such n there is a group embedding

B(L" @ N) — Bim(N). (35)



40 T. BANDMAN, YU.G. ZARHIN

PROOF. Let t be a non-zero section of £. Then t" is a non-zero section of L£".
So it suffices to prove the lemma for n = 1, that is, to prove that £ and £ ® N are
bimeromorphic.

The holomorphic C-linear map of rank 2 vector bundles

NEBlT—>(£®N)EB1T7
(825 (m,0)) — (82 @ t(x); (m,¢)) VaeT, s, €Ny, ceC,

induces a bimeromorphic isomorphism of their projectivizations ANV and £ ® N.
Hence the groups Bim(N) and Bim(£ ® N) are isomorphic. Now the second asser-
tion of our lemma follows from Lemma 10.1.

COROLLARY 10.3. We keep the notation and assumptions of Lemma 10.2. In
particular, L is isomorphic to L(H,«) and admits a non-zero holomorphic section.

Suppose that N is isomorphic to L(Hy, 3), where the kernel ker(Hy) of the Her-
mitian form Hy contains the kernel ker(H) of the Hermitian form H.

Then the group Bim(N') is not Jordan.

PRrROOF. Consider the alternating R-bilinear forms E:= Im(H ) and M := Im(H,)
on V. We have
ker(E) = ker(H) C ker(Hp) = ker(M),

and therefore ker(E) C ker(M). Notice also that the alternating form M(n) =
nE + M is the imaginary part of the Hermitian form nH + H, for all positive
integers n; in addition, obviously, the holomorphic line bundle

LN = L(H, )" @ L(Hy, 3) = L(nH + Hy,af") = L(M(n),af").

In light of Lemma 10.2 there is a group embedding

&(nH + Hy, a3") — Bim(N).
On the other hand, applying Lemma 9.2 to (nH + Hy, af") (instead of (H, a)),

we conclude that &(nH + Hy, ") is a theta group attached to the symplectic pair
(KM(n), 1> eM(n))- Now the desired result follows from Theorem 8.4.

DEFINITION 10.4. Let T = V/T be a complex torus. We write Ty, for its alge-
braic model, which is also a complex torus (even an abelian variety) provided with
a surjective holomorphic homomorphism of complex tori

To: T — T,

with connected kernel (actually, all the fibres of 7, are connected) [11; Chap. 2, § 6].
We write dim,(7') for dim(7T,) and call it the algebraic dimension of T.
Clearly,
dim(7,) < dim(7T);

equality holds if and only if T' = T,, that is, T" is an abelian variety.

THEOREM 10.5 (Theorem 1.7 of [87]). Suppose that a complex torus T = V/II
has a positive algebraic dimension. Then Bim(T x P') is not Jordan.
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ProOF. Take N' = 17. Then N’ = T'x P1. On the other hand N = 17 = £(0, 1),
where 0 is the zero Hermitian form on V' and

1:II— {1} CcU(1) cC”

is the constant semicharacter (actually, character) of II that identically equals 1.
Clearly,
ker(0) = V.

Since dim,(7T) > 0, the algebraic model T, is a positive-dimensional abelian
variety. Then T, admits an ample holomorphic line bundle £, with a non-zero
section. Since 1: T' — T, is surjective, the inverse image £ = 1* L, is a holomorphic
line bundle on 7' that also admits a non-zero section. We have £ = L(H, «) for
some A.-H. data (H, «). Obviously,

ker(H) C V = ker(0).
Therefore, we can apply Corollary 10.3 and obtain that the group Bim(N) is not
Jordan. It remains to recall that N' =T x P!,
The following assertion is a generalization of Theorem 10.5.

THEOREM 10.6 (special case of Theorem 1.8 in [87]). Let 1p: T — A be a surjec-
tive holomorphic group homomorphism from a complex torus T = V/II to a positive-
dimensional complex abelian variety A. Let M be a holomorphic line bundle over A
and F be a holomorphic line bundle over T that is isomorphic to the inverse im-
age * M.

Then the group Bim(F) is not Jordan.

PROOF. A positive-dimensional complex abelian variety A is a complex torus
A =W/T (where W is a complex vector space of finite positive dimension m and
T is a discrete lattice of rank 2m in W) that admits a polarization, that is, a positive
(and therefore non-degenerate) Hermitian form

Hy: WxW —C,
whose imaginary part
E4: W x WHR, (’U}l,'LUQ) HIm(HA(wl,wQ)),

satisfies the condition
EA,(T,T) CZ.

Replacing H4 by 2H 4 if necessary, we may and will assume that
EL(T,T) C2-Z.

Then obviously (Ha, 1r) is A.-H. data on (W,T"). The positiveness of H, implies
that the corresponding holomorphic line bundle £L(H4,1) over A has a non-zero
holomorphic section (the corresponding theta function) (see [33; Theorem 2.1]).
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It follows from [11; Lemma 2.3.4 on p. 33| that every surjective holomorphic
homomorphism v : T — A is induced by some surjective C-linear map ¢: V — W
in the sense that

S CT; Y+ =¢@w)+TeW/T=A Vo+IIeV/I=T.

The surjectiveness of ¢ implies that the induced holomorphic line bundle £ =
Y*L(H,1r) over T also has a non-zero holomorphic section.

Let (Ha,3) be A.-H. data on (W, T') and L(H 4, 3) be the corresponding holomor-
phic line bundle over A = W/T'. Then the inverse image ©*L(H 4, 3) is isomorphic
to L(H4 o, 3 o 1) where the A.-H. data (H4 o v, 3 o v) for (V,T) are as follows
(see [33; Lemma 2.3.4]):

Hyot:VxV —=C, (v1,v2)— Ha(dv1,duvs);

- - (36)

Boy: T —U®), I+ B(1)).

In light of the non-degeneracy of H 4, this implies that
ker(H o 1)) = ker(¢)) C ker(Ha o) C V. (37)

Now let (Ha,[3) be the A.-H. data on (W,I') such that M is isomorphic to
L(Ha,B). In light of (36), F is isomorphic to L(H4 o 1,3 o 7). In particular,
L =4*L(Ha,1r) is isomorphic to L(H4 o ¢, 111). Here

g =1ro¢: I — {1} c U(1)

is the trivial character of II. Since £ admits a non-zero holomorphic section, the
inclusion (37) allows us to apply Corollary 10.3 to N' = F and Hy = H4 o ¢ and

conclude that Bim(F) is not Jordan.

REMARK 10.7. Let V, II, T, and F be as in Theorem 10.6. Suppose that F &
L(H,a). Let o : II — U(1) be a map such that (H, ') also is A.-H. data on (V,II).
Let F’ be a holomorphic line bundle on 7' that is isomorphic to £(H,«’). Then
the same arguments as in the proof of Theorem 10.6 prove that Bim(F’) is also
non-Jordan (see Theorem 1.8 of [87]).

Chapter 4. Non-trivial P'~-bundles over a non-uniruled base

In this chapter we consider the group Aut(X) for a non-trivial P!-bundle over
a non-uniruled compact complex connected Kéhler manifold Y. Recall that there
is a homomorphism 7: Aut(X) — Aut(Y) and its kernel is denoted by Aut(X),.
First we classify automorphisms f € Aut(X),, that is, those automorphisms that
do not move fibres of p. We get that if Aut(X), # {id}, then either X or its double
cover is a projectivization P(£) of rank 2 vector bundle over Y or its double cover,
respectively. Thus, if Y is Kéhler, then X is too [82; Proposition 3.5]. Thus the
group Aut(X) is Jordan by a theorem of J. H. Kim [34]. It appears that if X
is scarce (that is, does not have many sections: see Definition 11.5 below), then
Autg(X) is commutative and Aut(X) is very Jordan. This is, for example, the case
when Y is a torus of algebraic dimension zero.
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11. Automorphisms of P'-bundles that preserve fibres

This section contains the classification of those automorphisms of a P'-bundle X
that preserve the fibres of p: X — Y. There are three different types; each type is
described in a separate subsection.

Let (X,p,Y) be a P'-bundle over a compact complex connected manifold Y,
that is,

e X Y are compact connected complex manifolds of positive dimension;
e p: X — Y is a surjective holomorphic map;
e X is a holomorphically locally trivial fibre bundle over Y with fibre P! and
with the corresponding projection map p: X — Y.
Let P, stand for the fibre p~*(y). Let U C Y be an open non-empty subset of Y.
We call a covering U = |JU; of Y by open subsets U;, i € I, to be fine if for every
i € I there exists an isomorphism ¢;: V; = p~1(U;) — U; x P(lx,;:y,-) such that
o (u,z), u €U, z; = x;/y; € C, are local coordinates in V; := p~}(U;) C X;
e pro ¢; = p, where pr: U; x P — P! is the natural projection (see (NA.14)
in §3).

DEFINITION 11.1. A k-section S of p is a codimension 1 irreducible analytic
subset D C X such that the intersection X N P, is finite for every y € Y and
consists of k distinct points for a general y € Y. By a bisection we mean a 2-section
that meets every fibre at two distinct points. Obviously, an ordinary holomorphic
section S of p is a l-section. A section S is defined by the set a = {a;(y)} of
functions a;: U; — P! such that p(y,a;(y)) = id, y € U;. We will denote this
by S = a.

LEMMA 11.2. Let Ay, Az, Az be three distinct almost sections of p (see Defi-
nition 6.5). Assume that there is an analytic subspace ¥ C Y of codimension at
least 2 such that the Ay, k = 1,2,3, are pairwise disjoint in V = p~Y(U), where
U=Y\X.

Then there exists an isomorphism ®: X — Y x P! such that pr o ® = p, where
pr: Y x P! — P! is the natural projection (see (NA.14) in § 3).

PROOF. Indeed, let {U;} be a fine covering of Y and let
agi(u)w; — bgi(u)y; =0, u € U,

be the equation of Ay NU, k = 1,2,3, over U;. We define a meromorphic func-
tion F(x) in every V; by

[a1i(u)x; — bii(w)ys] [z (w)bs; (u) — asz;(u)ba;(u)]
[agi(w)x; — b2i(w)ys] [ari(w)bzi(u) — azi(u)byi(w)]’

Then F(x) is globally everywhere defined and meromorphic in V. Its restrictions
to ANV, As NV, and A3 NV are equal to 0, oo, and 1, respectively.

The fibre of p has dimension 1, thus X \ V = p~1(X) has codimension 2 in X.
Hence the function F' can be extended to a meromorphic function on the whole of X
by Levi’s continuation theorem (Theorem 5.9). Thus, we have the bimeromorphic
map ®: X — Y xP! &(z) = (p(z), F(x)), which induces an isomorphism of V onto
U x P! that is compatible with p. According to Lemma 5.12, ® is an isomorphism.

F(x) = =p(x).  (38)
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REMARK 11.3. In particular, if there are three disjoint sections in X, then X ~
Y x P

REMARK 11.4. Note that a section is an almost section. If A is an almost section
but not a section, then the set

S(A)={yeY|p'y) cACY

has codimension at least 2 because

(a) & := p~1(S(A)) is a proper analytic subset of A with dim(A4) = dim(Y) = n;
thus dim(3) < n — 1;

(b) every fibre of restriction of p to  has dimension 1.

DEFINITION 11.5. We say that three sections S7, So, and S; in X are a good
configuration if 51 NSy, = 51 NS5 =@ and Sy N 53 # F. We say that three almost
sections Ay, Ao, and A3 in X are a special configuration if A; N Ay = A1 N Az =
Ay N Asz. We say that X is scarce if X admits no special configurations.

LEMMA 11.6. Let Sy, S3, S3, and Sy be four distinct sections of p such that
S1NSy = and S3N Sy = 9. Then X ~Y x PL.

PROOF. If S3N (S; USy) = @, then X ~ Y x P! (Remark 11.3). Assume
that X £ YV x Pl Let @ # S3N Sy = D C Sy. Let {U;}ier be a fine covering
of Y. In every V; = p~1(U;) we choose coordinates (y,z;) in such a way that
SoNV; ={z =0} and S1 NV, = {z; = oo}. Then z; = \;jz in V; NV}, where the
Aij are holomorphic functions not vanishing in U; N U;.

Let S3NV; = {(y,zi = pi(y)),y € Ui}, where p; = X\ijp;, and Sy NV; =
{(y, zi = @i(y)), y € Ui}, where ¢; = \ijqi. Then r(y) := pi(y)/qi(y) is a globally
defined meromorphic function on ¥ which omits value 1 (since S3N Sy = &). Thus,
r:=r(y) = const. But then ¢; vanishes at D and S3 NSy D D. Contradiction.

REMARK 11.7. We have also proved the following fact: If X contains two disjoint
sections S7 and Ss, then
e there is a holomorphic line bundle £ := £(S, S2) such that X ~P(L @ 1y);
e there is a fine covering |J U; of Y and coordinates (u, z;), u € U;, 2z € C,
in Vj, such that el

S’lﬂVi:{zi:oo}, SQQW:{ZZ'ZO};

® z; = a;;%;, and the cocycle a = {a,;} defines L.

LEMMA 11.8. If there exist three distinct almost sections A1, As, and Az of p,
then there exists a bimeromorphic map ®: X — Y x P! such that pr o ® = p.

PROOF. We keep the notation of the proof of Lemma 11.2.
Let

3
S(A) ={yeY |p'(y) CA}, i=1,23 and I =|JT(4).
1

Let ¥ = p~1(%).
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The function F(z) defined by (38) is defined and meromorphic at every point
outside the set

D= (A NA3)U (A3 NA3)U (A NA)US.

Since codimension of D is at least 2, the function F' can be extended to a mero-
morphic function on X by Levi’s theorem. Consider a map ®: X — Y x P!,
x +— (p(x), F(x)). It is meromorphic and induces an isomorphism on every fibre P,,
u & p(D), to P'. Thus ® is bimeromorphic.

LEMMA 11.9. If X admits a good configuration Sy, Sa, Ss, then X admits a spe-
cial configuration.

PrOOF. By assumption S; NS = 51 NS3 = @ and S3 N Se # . Recall that
Sy is the zero section of the line bundle £(S1, S2) (see Remark 11.7). Let {U,}icr
be a fine covering of Y and (u, z;), u € U;, z; € C, be coordinates in V; such that
S1NV; = {z; = oo} and SoNV; = {z; = 0}. Let the non-zero section of £, namely, S,
have the equation z; = h;(u) in V;. For any ¢ € C* the equations z; = ch; also define
a section Sy # S3 of L. By construction Sy NS5 = S5NSy = S5NS, = J{h; =0}.
Thus, So, S3, and Sy is a special configuration. el

Now we consider the subgroup Aut(X), of those automorphisms f of X that
do not move fibres of p, that is, such that p o f = f. Similarly to Lemma 11.2,
every f € Aut(X), defines locally a holomorphic map 9¢: ¥ — PSL(2,C) and the

function
62 ()
det(¢7(y))
(see (NA.15) in §3) is everywhere defined and holomorphic, hence is a constant
on Y (see [7; Remark 4.9]). We denote this constant by TD(f).
Assume that X # Y x P! Let f € Aut(X), and f # id. Recall that Fix(f) is
the set of all fixed points of f. Let {U,};cr be a fine covering of Y. We summarize

in Lemmas 11.10 and 11.11 below the properties of non-identity automorphisms
f e Aut(X), with TD(f) # 4 (see [7]).

LEMMA 11.10. Assume that (X,p,Y) is a P'-bundle and X # Y x P'. Let
f € Aut(X),, where f # id and TD(f) # 4. Then one of following two cases holds.

Case A: the set Fix(f) consists of exactly two disjoint sections Sy, S2 of p.
We say that [ is of type A with data (S1,S2), an ordered pair. In the notation
of Remark 11.7, let {U;}ier, £(S1,S52), and a = {a;;} be the corresponding fine
covering, holomorphic line bundle, and cocycle, respectively. Then

1) there is a number Ay € C* such that in every V;

flu, z) = (u, Arz); (39)
2) if Go C Aut(X), is the subgroup of all f € Aut(X), such that f(S1) = S1,
f(Sg) = 52, then G() = (C*;
3) the restriction f — f|p, defines a group embedding of G into Aut(P,).

Case C: the set Fix(f) is a smooth unramified double cover S of Y. (We call such
an automorphism f an automorphism of type C with data S.) Here S is a bisection

of p.

TD(y), y+ TD(¢¥(y))
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PROOF. TD(f) # 4 implies that f has exactly two distinct fixed points in every
fibre P, = p~!(y), y € Y. Thus Fix(f) is either a union of two disjoint sections or
a 2-section of p. In case A equality (39) follows from the fact that

f(U,Zi) = )\iZi7 f(u, Zj) = )\ij = )\jaijzi = aij)\izi.

The constant Ay = A; # 0 does not depend on the choice of the fibre, hence f is
determined uniquely by its restriction to any given fibre. On the other hand, for
every A € C* there exists an automorphism fy € Aut(X), defined in every V; by

(u, z;) — (u, Az;).

Therefore, Gy = C*. The lemma is proved.

LEMMA 11.11 (see [7]). Let S be a bisection of the PL-bundle (X,p,Y).
Consider

X:=Xg:=8xy X={(s,2) €S x X CXxX|p(s)=px)}

We denote the restriction of p to S by the same letter p, and let px and p stand

for the restrictions to X of the natural projections S x X — X and S x X — 5,

respectively. We write inv: S — S for the involution (the only non-trivial deck

transformation for p|s). Then ()?,;5, S) is a PL-bundle with the following properties.
(a) The diagram

Px
—_—

X
|
S P\s
commutes.

(b) px: X — X is an unramified double cover of X .
(c) Every fibre p=1(s), s € S, is isomorphic to

Pys) = p_l(p(s)) ~ P

P

(d) The P -bundle X over S has two disjoint sections, namely,
Sy =8,(f):={(s,s) e X|seScX}
S_:=8_(f):={(s,inv(s)) e X | s€ S X}

They are mapped onto S isomorphically by px . } B
(e) Every h € Aut(X), induces an automorphism h € Aut(X); defined by

h(s, z) = (s, h(z)).
(f) The involution s + inv(s) can be extended from S to a holomorphic involution
of X by
inv(s,z) = (inv(s), x).
() Every section N = {y,o(y)} of p in X induces the section N := {(s,o(p(s)))}

of p in X. We have px(N) = N is a section of p, thus N cannot coincide with Sy
or S_.
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11.1. Automorphisms with TD = 4. If fe Aut(X),, f # id, and TD(f) = 4,
then there is precisely one fixed point of f in the fibre P, = p~!(y) over the general
point y € Y. This means that Fix(f) contains precisely one almost section D of p.
In this case we say that f is of type B with data D.

LEMMA 11.12. Let (X,p,Y) be a P-bundle, where X and Y are compact con-
nected complex manifolds, dim(Y') = n, f € Aut(X),, f #id, and TD(f) = 4. Let
D be the only almost section contained in Fix(f). Let ¥ = {y € Y | P, C D} and
U=Y\X,V=pYU)CX. Let S be the union of all irreducible components of
Fix(f) distinct from D, and let S = p(S).
Then
(i) there is a fine covering {U;}ics of U and coordinates (u,z;) in V; = p~1(U;)
such that D NV; = {z; = oo};

(ii) f(u,2;) = (u, 2z + 1:i(w)), where the 7; are holomorphic functions on U;;

(iil) ifi,j € J, then z; = p,;jz; + vij where p;; and v;; are holomorphic functions
in U; NU; and p;; does not vanish. Moreover, the p;; depend on D and the
choice of coordinates in V; but not on f;

(iV) ifi,j € J, then Tj = pi; 7 i Uy N Uy,

(v) S has pure codimension 1 in'Y .

PROOF. Recall that the set ¥ has codimension at least 2 in Y (Remark 11.4).
Now we prove the assertions of the lemma.

(i) follows from the fact that D is a section of p over U.

(ii) follows from the fact that D C Fix(f), thus the restriction of f onto a fibre P,
y € U;, is an automorphism of P! which is either identity or has the only fixed point
Z; = OQ.

(iii) follows from the fact that z; is obtained from z; by an automorphism of P!
with z = oo fixed.

Since X admits an almost section, we see that X ~ P(£) for some rank 2
holomorphic vector bundle £ on Y with projection 7: &€ — Y (|78; Lemma 3.5]
and Theorem 6.7). This means that we have a fine covering {U;} and a cocycle
A;; € GL(2,0(U; NUj)) of two by two transition matrices for £ such that

[ Wﬁl(Ui) ~U; x C2?
)
Yi Yj

xivyi;
o if UyNU; # @, then
Since DNV is a section of p over U, we can choose a basis in (Ciy in such a way
that the preimage of D N U; in U; x (Ciy is U; x {(x;,0)}, z; € C.
e For these coordinates we have

ofj-Pi)

Ny by
AZJ = |: 0’] X]:| s (41)

where b5, Ai j, Aij, and the functions
dij = )\i,j:\i,j = det(Aw) (42)

e Moreover,

are holomorphic in U; N Uj.



48 T. BANDMAN, YU.G. ZARHIN

Now let z; = x;/y;, 2 = x;/y;. Then

AijTi + bijyi
zj = Lo g HijZi + Vij. (43)
YiAi,

Thus pi; = A7 ;/dij = Aij/Xij depends on the choice of D and is defined by the
eigenvalue of the basis vector in the invariant subspace representing D. It does not
depend on the choice of f with the given data D.

Note that both {\; ;} and {); ;} form cocycles for a covering of U.

Item (iv) follows from the fact that f is globally defined and D is fixed, thus

fus25) = (us 25 + 75(uw) = (u, pigzi + vig + 75(w) = (u, pij (2 + 7)) + vig).

Item (v) follows from the fact that the functions 7; are holomorphic and SNU; =
{r; = 0}. Indeed, let S; C S be an irreducible component of S. It cannot be an
almost section, thus Sy = p(Sl) is a proper analytic subset of Y. Moreover, since
Y C D, we have: 51 4 E S1 ¢ 3. Thus, S;NU is a dense open subset of S;. Since
SNU; = {r = 0} has pure codimension 1 (if SN U; # @), the same is valid for
every component of it that intersects U;. Thus, dim(S;) =n — 1.

Lemma 11.12 is proved.

PROPOSITION 11.13. In the notation of Lemma 11.12 let Sy,..., Sk be all the
irreducible components of S. Then
(i) For every l,1 < I < k, a non-negative number n; is defined that is the order of

the zero of T; along the component Sy if S;NU; # @. It depends on 1 but not oni. The
k

holomorphic line bundle L(f) corresponding to the effective divisor Ay = ansz

restricts to U to the holomorphic line bundle defined by the cocycle p;j. =1

(ii) Let Gp be the subgroup of Aut(X), of all those g € Aut(X),, that have
TD(g) = 4 and D C Fix(g). Then Gp is isomorphic to the additive group of
HO(Y, L(f)). Thus Gp = (C*)™, n > 0.

PROOF. Let S; be an irreducible component of S. For every U; such that S; N
U; # @ the order ny; of zero of 7; along S; is defined. In U; NU; we have 7; = 7;145.
Since p;; does not vanish, 7; has the same order of zero along S; N U;. Since 5; is
irreducible and U N S; is open and dense in Sj, the order n; is well defined (see, for
example, [31; Remarks 2.3.6]). By construction, the divisor of 7; in U; is Ay N U;,
thus the transition function for £(f) in U; NUj is 7;/7 = ;.

Let h € Aut(X),, and TD(h) =4, and D C Fix(g). Applying Lemma 11.12(iii)
we get that h(u, z;) = (u, z; + hi(u)), where h; = p;;h;. Thus the function defined

hi . .. . .
in every U; by Gp(u) = — is meromorphic in U. By Levi’s theorem Gj(u) is
-

meromorphic on Y. By construction its divisor (G) = —Ay, thus G € H(Y, L(f)).

On the other hand let G be a meromorphic function on Y with divisor (G) > —Ay
(that is, G € H°(Y, L(f))). For every i the function h; = G7; is holomorphic in Uj;,
hence we can define a holomorphic automorphism of every V; = p~1(U;) by

h(u, z;) = (u, z; + hi(u)). (44)
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Since h; := p;5h;, the map h is an automorphism of V. Moreover, all the points
of DNV = |J{z; = oo} are fixed by h. By Lemma 5.13 it can be extended to
a bimeromorphic map of X.

By Lemma 5.12,h € Aut(X),. Moreover, Fix(h) contains the closure of DNV,
that is, D. In the general fibre P, of p it has precisely one fixed point D N Py, thus
TD(h) = 4.

Hence we obtain a one-to-one map
¢: Gp — H°(Y,L(f)), heGpw— Gy € HY,L(f)).

From Lemma 11.12(iii) we get that the composition of g, h € Aut(X), is defined
by the cocycle g; + h; made up of the corresponding cocycles, which implies that

d(h o g) = o(h) + ¢(g).
This proves the proposition.

The next lemma answers the question when an almost section D C Fix(f) is
a section. We used this fact in [7], in dealing with automorphisms of type B.

LEMMA 11.14. In the notation of Lemma 11.12 and Proposition 11.13, if Ay = 0,
then D 1is a section.

Proor. First note that Ay = 0 implies that the corresponding line bundle L
is trivial and f # id in the fibre F, = p~!(y) if y € .

Since X admits an almost section, X ~ P(E) for some rank 2 holomorphic vector
bundle £ on Y (|78; Lemma 3.5], Theorem 6.7). This means that we have a fine
covering {U; }ier of Y and a cocycle A;; of 2 x 2 matrices (with entries holomorphic
in U; N Uj) such that

(a) p~Y(U;) =V; ~ U; x P} z; = x;/y; and if U; N U; # &, then

Tyt 7t

-
Yi Yj
(b) in every U; there exists a 2 x 2 matrix F; (representing f) whose entries are

holomorphic functions (in v € U;) and such that TD(F;) = 4, det(F;) =
d; #0, and f(u, (z; : y;)) = (u, (2} : y})), where

(©) F3(u)ids () = Ay () Fi(w) .

Since 4d; = tr(F};)? is a square, we can divide F; by tr(F;)/2 = v/d; and assume
that d; = 1 (we use that (; : y;) are homogeneous coordinates in P, . ).
Assume that D is not a section, that is, ¥ = {y € Y | p~!(y) C D} # @.
Let the fine covering of Y consist of open sets Up,...,Uy, and let Uy,..., U
N
meet X, while U =Y \X= |J U,.

i=k+1
Then for each ¢ > k we may assume the following.
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1) F, = Ll) 7;} = I+7;V where I is the identity matrix, the 7; are holomorphic

0 1

0 0

2) Recall that £f|U is defined on U by a cocycle {yu;;}, where p;; = 7;/7;
is a non-vanishing holomorphic function on U; N U; if U; C U and U; C U
(by Lemma 11.12). Since Ly is trivial, we may assume that the cocycle {p;;}
is trivial, that is, p;; = 1 and 7; = 1 do not depend on ¢ for U; C U =
Y \ . Moreover, from (42) and (43) we get that the A;; are triangular
matrices, and for the eigenvalues \;;, Aij of the A;; we have A = \jj.
Hence det(A;;) = A7;.
Thus, if both ¢, > k, we may assume that

| v
Ay = [ 0 /\z'.a]

functions in U;, and V' = [ } (by Lemma 11.12(ii)).

where \;j, v4; are holomorphic functions in U; N U;.

Take a point s € ¥ and let Uy be a neighbourhood of s. Let 7(s) be the number
of those neighbourhoods U; with ¢ > k in our fine covering for which U; N Uy # @.
Let r = 7(s). Let

Ue,....Upyr, t >k,
be those neighbourhoods for which U; NUy # @, t <i<t+r. Fort <i,j <t+r
we have the following:

(a) Fy = Aio(u)FiAio(u)_l =I4+W, =1+ Aj()(’u,)VAjo(u)_l =1+ Wj, where
W; = Aijo(u)V Ajo(u) 1, t < i < t+7; it follows that the matrix function W; defined
a priori in Uy N U; can be extended to a matrix function with holomorphic entries
to Up \ X, hence, to the whole of Uy and

Wi = Wi (45)
(b) if Uz N Uj N UO # J, then
AiO(u)Aj_Ol(u) = Ajj(u); (46)

(c) if we let

then
W%w:[ﬂnwwﬂm aﬂ@)}zwwm:[ﬂmmwxw 03 (u) ]

=) on(u)m(u —3(u)  oa(u)ya(u)

and

— 1 109 — /31’}/2 —Oélﬁg + ﬁ10é2:| |:>\z vy :|
Aio(u)Asgt(u) = — | 7172 =7 - 48
olu)Ajo (1) djo [7152 — 0172 —mP2+01az 0 Ay (48)
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Let ﬁij =U;NU; NUy # @. From (47) we get that o} = o3 and oy (u)y:(u) =
ag(u)y2(u) in [71-]-. Note that these equations are valid in the whole of Uy since W;
and W; are defined there.

In ﬁij the following three cases are possible: a3 = ag and v1 = ¥2, a1 = —as
and y; = —72, or a1 = ag = 0.

Case 1: a1 = as and 71 = 7, in (7” Plugging this into (48) we obtain the
following:

e [01152 — by —oafa+ 51042] _ b [04152 —bim —oafe + 51041]

djo [7102 — 6172 —71P2 + draz djo [ 102 — iy =202 + G

_ b |:d7,'0 + a1 (02 — 01) a1 (B — B2) } _ |:)\ij Vij:|
djo Y1(d2 — 61) djo — az(d2 — 61) 0 Ajl|’

Thus there are two cases again.

Case 1.1: 1 =0 in U;j, hence 4§ = 0 in Up. Then in the whole of Uy

el )

and of (u) does not vanish in Uy since codim(X) < 2 and Ay = 0, that is, Fy(u) # I
if ugX. Thus, DNVy = {yo =0} and XN Uy = @. This contradicts the inclusion
s €. B
Case 1.2: Y1 5_6 0 and 52 = 51 in UU Then 1 = >\ij = diO/djO- MOI‘GOVGI‘,
o101 — dio apdy — djo

Br=—"1—"0=p=
st V2

and v;; =0 in ﬁij N {1 # 0}. Since this set is open in U; NU;, we have v;; = 0 and

10

It follows that there is a compatible with p isomorphism V;UV; ~ (U;UU;) x PL,
where z = x;/y; = x;/y;. Thus we can replace U;, U; by U; UU; and obtain a new
fine covering of Y consisting of N —1 open subsets and such that 7(s) = r—1. Since
Up is connected we can repeat this process (recall that vy, =, # 0 in U; UU; so we
remain in Case 1.2) till we obtain a covering with 7(s) = 1.

Thus, since Uy \ ¥ is contained in U; U -+ U Upy, we get that p=1(Up \ ) ~
(Up \ X) x PL. By Lemma 5.12 and Lemma 5.13 this extends to an isomorphism
and D is the preimage of {z = oo}.

Case 2: a1 = —a and 71 = —72. Plugging this into (48) we obtain the following:

1 [0152 — By —aafe + 51042] _ 1 [04152 +5m —arfe — 51041]
dj()

Y02 = 0172 —mfe+diaa | djo (7102 + 071 2082 + S
_ b |:_di0 +aq(02 4+ 01) —a1(B1 + B2) ] _ |:)\ij Vij:|
djo Y1 (02 + 01) —djo — a1(02 + 91) 0 Njl’

Similarly to Case 1 we have the two following options.
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Case 2.1: vy =0. Then

el )

and D is a section of p over Uj.
Case 2.2: v Z0 and §; = —6; in ﬁ” Then —1 = A\;; = —dio/djo.
Then ﬁl = (04151 - d10)/’}/1 = 7ﬂ2 = 7(0&252 — djo)/’}/g and Vij = 0. Slmllarly to
Case 1.2 we get that p~1(Up \ X) ~ (Up \ ) x PL and D is a section of p over U.
Case 3: ag = ag = 0. According to (47)

1 0
Fo=1+W,; = |: :|
0 —t(w) 1
and 7} (u) does not vanish in Uy since Ay = 0. Thus D NV, = {z = 0}, which
contradicts the inclusion s € 3.
Lemma 11.14 is proved.

REMARK 11.15. We may assume that a fine covering of Y contains a finite cov-
ering of U since Uy \ ¥ can be covered by two neighbourhoods Uy N {a; # 0} and

Uo N {7i # 0} (see (47)).

LEMMA 11.16. Let f € Aut(X),, f # id, be an automorphism of type B with
data D. Assume that there exists an almost section A of p distinct from D. Then
X contains a special configuration.

PRrROOF. Since A # D, and A ¢ Fix(f), we have Ay := f(A) # D and A; # A.
Similarly, As := f(A1) # D and Ay # A;. Let us show that Ay # A.

If Ay = A, then in the fibre P, = p~1(y) over the general point y € Y there
is point @ = A N P, such that f(a) # a but f(f(a)) = a. But along the general
fibre P, the map f acts as a translation z — z + 7 where 7 # 0. This map has no
periodic points except z # oo. This contradiction shows that A, # A.

Let us show that A, Ay, A, is a special configuration. For a fibre P, we have the
following options:

e flp, =id; then P,NA =P, NA; = P,N A;
e flp, is translation 2 — 2z + 7 and P, N A # P, N D; then P,N A, P, N Ay,
and Py N Ay are pairwise disjoint sets;
e flp, is translation z — 2z + 7 and a := P,N A= P, N D, then P, N A; = a,
Py n AQ = Q.
It follows that ANA; = ANAs = AjNAs and A, Ay, A, is a special configuration.

COROLLARY 11.17. In the notation of Lemma 11.16, if X is scarce and Aut(X),
contains an automorphism f of type B with data D, then it contains no automor-
phisms of type B with data different from D, nor automorphisms of type A.

PROOF. Indeed, the existence of such automorphisms would imply the existence
of an almost section (in particular, a section in the case of type A) distinct from
the one contained in Fix(f).



AUTOMORPHISM GROUPS OF P'-BUNDLES 53

11.2. Automorphisms of type A.

LEMMA 11.18. Assume that X + Y x P'. Let Sy and So be two sections of p
such that S1 NSy = @. Let f € Aut(X),. Then one of the following holds:

(a) f(Sl) c S U SQ;

(b) f(SQ) c S u SQ;

(c) f(S1US2) = 51U 8.

ProOOF. Note that a fibrewise automorphism moves a section to a section. Let
S3 = f(S1), S4 = f(S2). Since S; NSy = &, we have S3 NSy = &. According to
Lemma 11.6 this can occur only if the pairs (S3,54) and (S7,.S2) share a section.
This may occur only if one of the sections of the pair (S3, .S4) coincides with either Sy
or Sy. The lemma is proved.

Recall that the group Gy of all those f € Aut(X), that have the data (S1,52) is
isomorphic to C* (see Lemma 11.10).

Assume that the holomorphic line bundle £(S1, S2) is defined by a cocycle {\;;}
and £(S1,52)®? has a section T' C X defined by a := {a;(y)} such that a;(y) =
)\fjai (y)

Define

or: X = X, or(y,z) = (y ‘”(?’)).

ZZ
The fixed point set Fix(¢r) = {¢r(y, 2:) = (v, 2:)} is defined by TNV; = {27 = a,}.
If ¢ € Aut(X),, then the a; do not vanish. In this case a := {a;} provide a section
of LS?Q that does not meet the zero section, thus LS?Q is a trivial bundle and we
can define z; in such a way that a; = a = const # 0. Then we write T' = T, and
Ga = 1.

PROPOSITION 11.19. Let (X,p,Y) be a P-bundle, where X and Y are compact
connected complex manifolds, and X #Y x P'. Let Sy and Sy be two sections of p
such that S1 N Se = &. Let L := L(Sy,52) be the corresponding holomorphic line
bundle over Y. Let

o G C Aut(X), be the subgroup of all f € Aut(X), such that f(S1) = S;

o Gy C Aut(X), be the subgroup of all f € Aut(X), such that f(S2) = Sa;

o G C Aut(X), be the subgroup of all f € Aut(X), such that f(S1 U Sy) =
Sl U SQ;

o [ be the additive group of HO(Y,O(L));

o I be the additive group of HO(Y,O(L™1)).

Then

1) X does not admit a good configuration (see Definition 11.5) if and only if
F1 = F2 = {0},

2) G4 2 C* x Fy;

3) G2 = C*x FQ;

4) either G = Gy = G1NG2 = C* or 5?2 18 a trivial bundle and G = GolU¢, -Gy
for some a € C*.

PrROOF. Let A = {)\;;} be the cocycle corresponding to £. Take f € G1. Since
S1 = {z; = oo} is f-invariant, we have

[y, 2) = (y, aiz; + by) (49)
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in V;, where both a; and b; are holomorphic functions in U;. Since f is globally
defined, we have
)\ij(aizi + bl) = aj)\ijzi + bj.

It follows that a; = a; := a is constant (as globally defined holomorphic function)
and b; = \;;b;, hence b := {b;} is a section of £. On the other hand every section
b := {b;} of L defines f € G; by formula (49). Thus, G; is isomorphic to the group

of matrices
a b
0o 1|’

where ¢ € C* and b € F;. We have also shown that if f € G, is defined by
b = {bl} 75 0, then f(Sg) 7é SQ, and f(Sg) n Sl =g If f(SQ) N Sg = @,
then Sy, f(S2), So would be three pairwise disjoint sections, which contradicts to
X AY x PL.

Thus Sy, f(S2), Sz is a good configuration.

In the opposite direction: consider a good configuration Si, So, S3 such that
S3NS; = @ and S3 NSy # @. Since S3 is a section of p and does not meet S, it
is defined by a section b := {b;} as z; = b;(y), y € U;. Thus, Fy # {0}.

The case of GG and sections that meet S; but do not meet Sy can be treated in
the same way, by interchanging S, with S and Fy with F5. This proves 1)-3).

Let us prove 4). If for each f € G all points in S;USs are fixed, then G = Gy = C*
by Lemma 11.10. If this is not the case, take ¢ € G\ Go. Then ¢(S1) = Sz and
¢(S2) = S1. Thus, ¢(y, z;) = a;(y)/z in every V; and

Cai(y) _ a;(y)
Uit w (50)

where the a;(y) are non-vanishing holomorphic functions in U;. Thus {a;(y)} define
a section of £%2. Since a;(y) never vanish, we get that £®? is trivial. Therefore,
we may choose z; in such a way that a; = a € C*. Then ¢ = ¢,.

For any other f € G\ Gy the composition f o ¢ belongs to Gy, hence G =
Go U ¢ - Go. Proposition 11.19 is proved.

COROLLARY 11.20. Let (X,p,Y) be a P-bundle, where X and Y are compact
connected manifolds and X Y xP'. Assume that p admits no good configurations
but admits two disjoint sections S1 and So. Then one of the following holds:

1) Aut(X), = C*;
2) the holomorphic line bundle L(S1, S2)®? is trivial and Aut(X), = GoUd, Go,
for some a € C*; here Gy = C* and a € C*.
The restriction map Aut(X), — Aut(P,), f +— fl|p,, is a group embedding.

ProoF. It follows from Proposition 11.19 that F; = F» = {0}, thus Aut(X), = G.

11.3. Automorphisms of type C. Let (X,p,Y) be a Pl-bundle where X
and Y are complex compact connected manifolds. Assume that X + Y x P! and
f € Aut(X),, f # id, has type C. The analytic subset F' C X of all fixed points
of f contains no sections, but contains a bisection S that is a smooth unramified
double cover of Y (see Lemma 11.10). Below we use the notation of Lemmas 11.10
and 11.11.
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LEMMA 11.21. Assume that X = )?s LS xPL. Let N C X be a section of p
distinct from Sy and S—. Then Nx := px(N) is a section of p and S+, S_, N is
not a good configuration.

PROOF. Let us show that px: N — Ny is an unramified double cover. Indeed,
assume that this is not the case. Since X is the unramified double cover of X ,
the preimage p;(l (z) contains precisely two points for every @ € Nx. Thus, if
p}l (Nx) # N, then the preimage p;(l (Nx) consists of two irreducible components,
N and N;. Moreover, since px is unramified, we have N N N; = @. It follows that
there are two distinct pairs of non-intersecting sections of p, namely, Sy, S_ and
N, N;. According to Lemma 11.6, X ~ S x P!, which gives us a contradiction. It
follows that N is a double cover of Nx. Let s € S and y = p(s) = p(inv(s)). Then

p}l(NX NP,)=N ﬂp}l (Py)=Nn (;5_1(8) Uﬁ_l(inv(s)))

contains two points (since N meets every fibre of p at a single point).

Since N is double cover of Ny, it follows that (Nx N P,) contains precisely one
point. Therefore, Ny is a section of p.

Assume that N meets S} at a point a = (s,s) € )N(, s € S. Then it meets S_ at
the point inv(a) = (inv(s), s) since px(a) = px(inv(a)). Thus, N meets both Sy
and S_ and the configuration is not good.

COROLLARY 11.22. Assume that (X,p,Y) is a P'-bundle that admits a non-
identity automorphism f € Aut(X), of type C with data S. Assume that the cor-
responding double cover Xs A S x PL. Then

(i) one of the following holds:

o Aut(X); =C*,
. Aut()?)i, = Go Uy - Go, where Gy = C* and ¢ € Aut()?)f, interchanges
Sy with S_;

(ii) the restriction map Aut(X), — Aut(Py,), f = f|p,, is a group embedding

for everyy €Y

(iii) the map h v h is a group embedding of Aut(X), to Aut()?)ﬁ.

PROOF. Since there are no good configurations in X ¢ by Lemma 11.21, assertion
(i) follows from Corollary 11.20 applied to X.

Take u € Sand t €Y, t = p(u). If f|p, =1id, then by construction

(a) f|P = id, hence

(b) f =1id (by Corollary 11.20 applied to X), hence

(c) f|P = id for every s € S, hence

(d) f

Consequently, f is uniquely determined by its restriction to the fibre P, = p~1(¢).
This proves (ii).

On the other hand it was shown in (ii) that i = id implies that f|p, = id for
every y € Y, that is, h = id. Therefore, h — h is an embedding. This proves (iii).

p, = id for y = p(s) € Y.
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LEMMA 11.23. Assume that f € Aut(X),, f # id, and f is of type C with data
(bisection) S.

(i) If the corresponding double cover (see case C) X = Xg is not isomorphic to
S x P!, then the group Aut(X), has exponent 2 and consists of two or four elements.

(ii) If)? is isomorphic to S x P, then there are two disjoint sections S1,So C X
of p. Moreover, if X Y x P!, then Aut(X), is a disjoint union of its abelian
complex Lie subgroup T' =2 C* of index 2 and its coset I'. The subgroup T’ consists
of those f € Aut(X), that fix S1 and So. The cosetI” consists of those f € Aut(X),
that interchange S1 and So. Moreover, the restriction homomorphism Aut(X), —
Aut(P,), f — flp,, is a group embedding for everyy € Y.

ProOOF. We modify the proof of Lemma 4.7 in [7].

Choose a point @ € S. Let b = p(a) € Y. This means that a sits in the
two-element set S N P,. The lift f of f to X has type A with data (S4,5-) C X,
since the points of S are fixed by f. It is determined uniquely by its restriction

to P, (see Proposition 11.19). For the corresponding holomorphic line bundle £ :=

L(S_,S.) the section S, is the zero section. Let
{(NIJ} be a fine covering of S

(u, zj) be local coordinates in ‘7] = ﬁfl(ﬁj) such that z; |S+ =0, zj|57 = 00;
a € ﬁi, inv(a) € ﬁk, and U, NU; = a;
b=p(a) =p(inv(a)) € Y.

The following two assertions were proved in Lemma 4.7 of [7].

A. If we define the isomorphism a: C,, — C,, in such a way that the diagram

(a,id) zi _
Pb a X Pb 2
iid i |- (51)
(inv(a),id) 2k _
P, ————inv(a) x b, ———C,,
is commutative, then
v
2z = a(z;) = o

for some v = v(a) # 0.

B. Consider an automorphism h € Aut(X),. Let h be its pullback to Aut(X)
defined by h(s,z) = (s,h(z)). Let ni(z) = h|ﬁ , which means that h(a, 2;)

(a,m1(z;)). Let na(zx) = h
Then

™

Pavia’ which means that h(inv(a), zx) = (a,n2(zx)).

= a(ny(z)) = na(a(z)) = ne () (52)
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Proof of (i). Assume that X o Sxpt. )

According to Corollary 11.22, if h € Aut(X);, then either h(s,z;) = Az;, or
h(s, z;) = A/z; in every U, of our fine covering, where A € C* does not depend on s
or j.

Fix a € S. According to item B one of following two conditions holds:

(a) n1(z) = Azq, na(zk) = Az, 2 = v(a)/z;, and

v(a) | v(a)
\z; A Z;
by (52);
(b) n1(z:) = Nz, na(zr) = N 2k, 21 = v/2;, and
vz; - )\Zl
A v

by (52).

In the former case A\ = +1 and in the latter A = . Hence at most four maps
are possible. Clearly, the squares of all these maps are the identity map.

Note that all calculations are done for the fibre of p over the point a. We use the
fact that the map h is defined by its restriction to a fibre. A priori, v could depend
on the fibre. But since A does not, as a byproduct we obtain that the same is valid
for v.

Proof of (ii). Assume that X ~ S x PL. Let ¢: S x P! — P! be the projection
onto the second factor, and let (; = (|s, and (2 = (|s_. Since Sy N S_ = @, the
function z = (¢ — ¢1)/(¢ — ¢z) is well defined on X.

Since z =0 on Sy = {(s,s)} and z = 0o on S_ = {(s,inv(s))}, we may assume
that z; = z for all j. Recall that for every s

z

inv(s, 2) = (inv(s), a(z)) = (inv(s), ”(S)> (53)

This implies that v(s) is a holomorphic function on S, hence v = const. From (53)
we get that two disjoint sections N1 = {(s, z = /¥)} and Ny = {(s, 2 = —\/V)}
(for some choice of \/v) are invariant under the involution, which means that their
images are two disjoint sections S7 and Ss, respectively, in X.

Thus, X has two disjoint sections. Let us show that there is no good configuration
in X. Assume that S5 is a third section (of p) in X. On S3 = px (S3) C X the
function z is either a constant or takes all values in C. If it is constant, then X has
three disjoint sections (57, S2,53), thus X =Y x PL. If 2 takes all values on §3,
then S3 meets both S7 and Sy, thus Sy, Sz, S3 is not a good configuration.

Now (ii) follows from Corollary 11.20, which completes the proof of Lemma 11.23.

We have proved (see Lemma 11.12) that if X # Y x P! and there is f € Aut(X),,
f # id, of type B, then Aut(X), contains a subgroup isomorphic to (C*)" for some
positive integer n.

COROLLARY 11.24. Assume that X Y x P! and Aut(X), contains an auto-
morphism f #id of type B. Then Aut(X), contains no automorphisms of type C.
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PROOF. Assume that Aut(X), contains an automorphism of type C. Then by
Lemma 11.23, Aut(X), is either finite or consists of two cosets isomorphic to C*;
in both cases Aut(X), does not contain a Lie subgroup I' & (C*)" with n > 0.

PROPOSITION 11.25. Let (X,p,Y) be a P-bundle, where X and Y are complex
compact connected manifolds and Y is Kihler and not uniruled. Then Aut(X) is
Jordan.

PROOF. Indeed, we have proved that three cases are possible.

(a) Aut(X), = {id}; then Aut(X) embeds in Aut(Y"), which is Jordan according
to [34].

(b) Aut(X), contains an automorphisms of type A or B. Then X = P(€) for
some rank 2 vector bundle £ on Y. Thus, X is Kéhler [82; Proposition 3.5].

(c) Aut(X), contains an automorphisms of type C. Then the double cover X
of X fits into case (b). Thus, X is Kéhler.

In cases (b) and (c¢), Aut(X) is Jordan, once more, according to [34].

12. Structure of Auty(X) and Aut(X)

In this section we prove the main result of this chapter. Namely, we prove that
the group Aut(X) is very Jordan, provided that the P'-bundle (X,p,Y) is scarce.

THEOREM 12.1. Let (X,p,Y) be a P-bundle, where X, Y are complex compact
connected manifolds, X is not biholomorphic to the direct product Y x P', and Y is
Kahler and not uniruled. Assume that (X,p,Y) is scarce.

Then:

(i) the connected identity component Auto(X) of the complex Lie group Aut(X)

1§ commutative;

(ii) the group Aut(X) is very Jordan; more precisely, there is a short exact se-

quence

1 — Auto(X) — Aut(X) - F — 1, (54)

where I is a bounded group;
(iii) the commutative group Autg(X) sits in a short exact sequence of complex
Lie groups
1—-T— Auty(X) — H — 1, (55)

where H is a complex torus and one of the following conditions holds:
(a) T' = {id}, the trivial group;

(b) I'= (CH)";

(c) T =C*.

PROOF. We know that the set of almost sections is either infinite or contains at
most two of them (by Lemma 11.8 and Remark 6.6).

Consider two cases.

Case 1. There are no almost sections of p. Then Aut(X), is finite by Lemma 11.23.

Case 2. p has only two almost sections, A; and Ay, which meet.
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Assume that f € Aut(X),, f # id. Since f takes almost sections to almost
sections, Ay U A5 is invariant under f. According to Proposition 11.19, the following
cases are possible:

e Points of A; are fixed points of f. Then the same is true for As. Since A;
and As meet, f is neither of type A nor of type C. Since they are distinct,
f cannot be of type B (see Lemma 11.16). Thus f = id and Aut(X), = {id}.

e Not all points of A; are fixed points of f. This means that f(A4;) = Az and
f(A2) = Ay. Assume that g # f € Aut(X), and g # id. Since g # id, it
does not fix points of A; either (by the previous case). Then for h:=go f
we have h(A4;) = Ay, h(A3) = As. Hence, as in the previous paragraph,
h =id. It follows that f2 =id, g = f = f~ "

Thus in this case Aut(X), is finite.

Case 3: p has precisely one almost section. Then there are no automorphisms
of type A, since there are no two disjoint sections. If Aut(X), contains no auto-
morphisms of type B, then Aut(X), is finite by Lemma 11.23. If Aut(X), contains
an automorphism of type B, then, thanks to Corollary 11.24, Aut(X),, contains no
automorphisms of type C. Since all automorphisms of type B have to share this
section in their sets of fixed points, Aut(X), = (C*)™ by Proposition 11.13 (unless
Aut(X), = {id}).

Case 4: p admits precisely two almost sections S; and S and they do not
meet. Then they are sections. But X admits no good configuration. Thus, by
Proposition 11.19 the group Aut(X), contains a subgroup isomorphic to C* of
index at most 2.

Case 5: X 1is scarce and all almost sections meet pairwise (in particular, all
sections meet pairwise). Then Aut(X), contains no automorphism of type A. If
Aut(X), contains an automorphism of type B, then, by Lemma 11.16, the set of
sections cannot be scarce (provided that there is more than one of them), which is
contradiction. Hence Aut(X), is finite by Lemma 11.23.

Case 6: X is scarce and admits two disjoint sections S; and So. By Lemma 11.9,
X admits no good configurations, and by Lemma 11.16 it has no automorphisms
of type B. By Corollary 11.20, Aut(X), contains a subgroup isomorphic to C* of
index at most 2.

The proof now repeats the proof of Theorem 5.4 in |7] with only one modification:
C™* should be changed to (CT)™ and, accordingly, Lemma 2.10 should be applied.
The group Aut(X), can be included in the short exact sequence

1 — (Aut(X), N Autg(X)) — Auto(X) = Hy — 1, (56)

where Hy = 7(Auto(X)) C Tor(Y) is a torus (see Remark 5.6). According to
Cases 1-6, one of the following holds:
o Aut(X), N Auto(X) is finite (thus Aute(X) is a complex torus);
e Aut(X), N Auty(X) = (CH™,
o Aut(X), N Auty(X) = (C).
Thus, by Lemma 2.10 the group Autg(X) is commutative. Now the theorem
follows from the fact that Aut(X)/ Auto(X) is bounded (see Proposition 3.5).
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13. Rational bundles over poor manifolds

In this section we consider rational bundles over poor manifolds. We prove that
if Y is poor, then p is scarce and the results of the previous section apply.

DEFINITION 13.1. We say that a compact connected complex manifold Y of
positive dimension is poor if it enjoys the following properties:
e Y does not contain analytic subspaces of codimension 1 (a fortiori, the alge-
braic dimension a(Y") of Y is 0);
e Y does not contain rational curves, that is, it is meromorphically hyperbolic
in the sense of Fujiki [24].

A complex torus T with dim(7") > 2 and a(T") = 0 is a poor Kéahler manifold.
Indeed, a complex torus T is a Kahler manifold that does not contain rational
curves. If a(T) = 0, it contains no analytic subsets of codimension 1 [11; Chap. 2,
Corollary 6.4]. An explicit example of such a torus of dimension 2 is given in [11;
Example 7.4]. Explicit examples of poor tori of any dimension are presented in [8].
Another example of a poor manifold is provided by a non-algebraic K3 surface S
with the Néron—Severi group NS(S) = 0 (see [9; Chap. VIII, Proposition 3.6]).

Below Y is assumed to be a compact connected complex manifold.

PROPOSITION 13.2 [7; Proposition 3.6]. Let (X,p,Y) be an equidimensional ra-
tional bundle. Assume that'Y contains no analytic subsets of codimension 1. Then

(X,p,Y) is a P'-bundle.

PROOF. Let dim(Y) = n, and let
S ={z e X | rk(dp)(x) < n}

be the set of all points in X where the differential dp of p does not have the maximum
rank. Then S and S = p(S) are analytic subsets of X and Y, respectively (see,
for instance, [54; Chap. VII, Theorem 2|, [57; Theorem 1.22], [73]). Moreover,

codim(S) =1 (see [72]). Since Y contains no analytic subsets of codimension 1, we

obtain: S = @. Thus the holomorphic map p has no singular fibres.

LEMMA 13.3. Let (X,p,Y) be a Pl-bundle such that diim(Y') = n. For an almost
section A set B(A) = {y € Y | p~Y(y) C A}. If Y contains no analytic subsets of
codimension 1, then

(1) any n-section has no ramification points (i.e., the intersection X NP, consists
of n distinct points for everyy € Y);

(ii) if Ay and Ay are two almost sections, then p(A1 N Ag) C (A1) NX(As);

(iii) any two distinct sections of p in X are disjoint;

(iv) if there is an almost section A C X that is not a section, then X contains
neither sections nor n-sections.

PROOF. (i) Let R be an n-section of p, and let A be the set of all points x € R
where the restriction p|gr: R — Y of p to R is not locally biholomorphic. Then
the image p(A) is either empty or has pure codimension 1 in Y ([20; §1, 9], [56;
Theorem 1.6], [73]). Since Y contains no analytic subsets of codimension 1, we have
p(A) = @. Hence, A = @.
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(ii) Let B be an irreducible component of Ay N A;. Since dim(B) = n — 1
and dim(p(B)) < n — 2, we have p~!(p(b)) C B for every point b € B. Thus,

(iii) In particular, if A; and As are distinct sections, then ¥(A;) = X(Ag) = &
and A:= A1 NAy =0.

(iv) Since A is not a section, there is a point y € Y such that P, = p~!(y) C A.
Thus for any n-section S we have SN A # @. This contradicts assertion (ii) since
¥(S) = @. Hence such a section S does not exist.

COROLLARY 13.4. Let (X,p,Y) be a P*-bundle, dim(Y) = n. If Y contains no
analytic subsets of codimension 1, then one of the following holds:

(i) X ~ Y x PL;

(ii) X admits two disjoint sections, and Aut(X), contains a subgroup G = C* of
index at most 2;

(i) X admits two meeting almost sections, and Aut(X), is finite;

(iv) X admits precisely one almost section D; then either Aut(X), =2 C* (and D
is a section by Lemma 11.14) or Aut(X), = {id};

(v) X admits no almost sections and Aut(X), is finite.

PROOF. First, note that since Y does not admit meromorphic functions, given
a line bundle £ on Y, either H°(L£) = {0} or L is trivial and H°(L) = C.

Item (i): Assume that X admits m > 3 almost sections. By Lemma 13.3 they
are disjoint over an open set U C Y that has a complement of codimension 2. Thus,
X ~Y x P! by Lemma 11.2.

Item (ii) follows from Corollary 11.20.

Item (iii) is proved in Case 3 of the proof of Theorem 12.1.

Item (iv) follows from Proposition 11.13: if Aut(X), # {id}, then Aut(X), is
isomorphic to the additive group of C”. This means that for corresponding line
bundle we have 0 < m = H°(L). Hence m = 1.

Item (v) follows from Lemma 11.23.

LEMMA 13.5. Let (X,p,Y) be a P-bundle such that dim(Y) = n. If Y is poor,
then Bim(X) = Aut(X).

PROOF. Since Y contains no rational curves, it is not uniruled. According to
Corollary 5.5, every map f € Bim(X) is p-fibrewise, that is, there exists a group
homomorphism 7: Bim(X) — Bim(Y) (see Lemma 5.4) such that for all f €
Bim(X)

pof=7(f)op

Since Y contains no rational curves, every meromophic map into Y is holomorphic
([24], also see Remark 3.4). Thus 7(f) € Aut(Y).

For f € Bim(X) let §f be the indeterminacy locus of f, which is an analytic
subspace of X of codimension at least 2 [73; p. 369]. Let Sy = p(gf), which is an
analytic subset of Y (see [73], [64; Chap. VII, Theorem 2|). Since Y contains no
analytic subsets of codimension 1, codim(Sy) > 2. Moreover, f is defined at all
points of X \ p~!(S¢). By Lemma 5.12 both f € Bim(X) and f~! € Bim(X) can
be extended to X holomorphically, hence Bim(X) = Aut(X).
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We summarize the result in the following theorem.

THEOREM 13.6. Let (X,p,Y) be an equidimensional rational bundle over a poor
Kihler manifold Y. Then
o (X,p,Y) is a P'-bundle (see Proposition 13.2);
e Bim(X) = Aut(X) (see Lemma 13.5).
Assume additionally that Y is Kdhler and X is not isomorphic to the direct product
Y x P'. Then
e X admits at most two almost sections (Corollary 13.4);
e the connected identity component Auty(X) of the complex Lie group Aut(X)
is commutative (Theorem 12.1);
o the group Aut(X) is very Jordan (Theorem 12.1);
e the commutative group Autg(X) sits in a short exact sequence of complex
Lie groups
1—T— Auty(X) — H — 1, (57)

where H is a complex torus and one of the following conditions holds (Corol-
lary 13.4):

(a) T' = {id}, the trivial group;

(b) T =2 C*, the additive group of complex numbers;

(¢) T = C*, the multiplicative group of complex numbers.
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