SMOOTH RATIONAL PROJECTIVE VARIETIES WITH
NON-FINITELY GENERATED DISCRETE AUTOMORPHISM GROUP
AND INFINITELY MANY REAL FORMS

TIEN-CUONG DINH, KEIJI OGUISO, AND XUN YU

ABSTRACT. We show, among other things, that for each integer n > 3, there is a smooth
complex projective rational variety of dimension n, with discrete non-finitely generated
automorphism group and with infinitely many mutually non-isomorphic real forms. Our
result is inspired by the work of Lesieutre and the work of Dinh and Oguiso.

1. INTRODUCTION

It is quite recent that negative answers are given to the following long standing natural
questions (see eg. [BS64], [DIK00], [Kh02], [CF20] for positive directions):

Question 1.1. Let V be a smooth complex projective variety of dimension > 2.

(1) Is the automorphism group Aut (V) finitely generated if Aut (V) is discrete?
(2) Are real forms of V| i.e., systems of homogeneous equations with real coefficients
defining V| finite up to isomorphisms over R?

The first negative answers to these questions are given by Lesieutre [Lel8]. He constructs
a smooth complex projective variety V' of dimension 6 with Kodaira dimension (V) = —oo
denying both (1) and (2). This variety is not rationally connected. Expanding his idea,
Dinh and Oguiso ([DO19]) construct a smooth complex projective variety V' of any dimen-
sion > 2 with (V') > 0 again denying both (1) and (2). In somewhat different directions,
Dubouloz, Freudenburg, Moser-Jauslin construct smooth affine rational varieties for any
dimension > 4 with infinitely many real forms ([?]). However, it is still completely open if
there are counterexamples among smooth complex projective rational varieties, the most
basic varieties in birational algebraic geometry.

The aim of this paper is to construct a smooth complex projective rational variety V' of
any dimension > 3 denying both (1) and (2) (Theorem 1.3 below).

Before stating our main results, we recall precise definitions of crucial notions relevant
to Question 1.1 and our main results.

Definition 1.2. (1) A variety of dimension n is called rational if it is birational to the
projective space P over the base field.

(2) An R-scheme W — SpecR is called a real form of a C-scheme V' — SpecC if

W Xspeer Spec C — Spec C is isomorphic to V' — Spec C over SpecC. Two real

forms W; — SpecR (i = 1, 2) are isomorphic if they are isomorphic over SpecRR.
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By abuse of language, we sometimes say that a C-scheme V' is defined over R when
a real form T of V' is understood from the context. (See [Se02] and [CF20, Sect.2-4]
for more details about real forms.)

(3) Let V' — Spec C be a complex projective variety. Then the automorphism group

Aut (V) := Aut(V/Spec C)

of V' over SpecC has a natural locally algebraic group structure with at most
countably many connected components, via the Hilbert scheme of V' x V. We denote
by Auto(V) the identity component of Aut(V). It is of dimension dim H*(V,Ty)
when V' is smooth. Here, T}, denotes the tangent bundle of V. So it is natural to
ask if the group Aut(V)/Auty(V) is always finitely generated or not. We say that
Aut(V) is discrete if Auto(V) = {idy}. (See eg. [Br18], [Br19] for more details.)

(4) We denote by (V') the Kodaira dimension of a smooth complex projective variety
V. Then (V) € {—00,0,1,...,n—1,n}, where n = dim V. The Kodaira dimension
is a birational invariant in the sense that (V) = (V') if V and V' are smooth
birational projective varieties. (See eg. [Ue75] for more details.)

The following is our main theorem:

Theorem 1.3. (1) For each integer n > 3, there is a smooth complex projective ra-
tional variety V' of dimension n, with discrete, not finitely generated Aut(V'), and
with infinitely many mutually non-isomorphic real forms.

(2) LetV be a smooth complez projective variety of dimensionn > 3. If Aut(V')/Auty(V)
is not finitely generated, then k(V') € {—00,0,1,...,n — 2}.

(3) Conversely, for each pair of integers n > 3 and k € {—00,0,1,...,n — 2}, there is
a smooth complex projective variety V of dimension n and of Kodaira dimension
K, with discrete, not finitely generated Aut(V'), and with infinitely many mutually
non-isomorphic real forms.

Our proof of Theorem 1.3 (1) and (3) is explicit and is based on the surfaces constructed
in [Lel8] and [DO19]. Asin [Lel8] and [DO19], the most crucial part of the construction is
a realization of some non-finitely generated discrete subgroup G of Aut(S) of some special
surface S as a finite index subgroup of the automorphism group Aut(V') of another variety
V' via taking some products and suitable blowing-ups, so that V keeps the group G as
automorphisms but kills almost all Aut(S) \ G and at the same time produces essentially
no new automorphisms. This process is, in general, hardest for rational varieties compared
with other varieties, especially because of the last requirement "V produces essentially no
new automorphisms’ (cf. [Lel8, Page 198, Rem.4]).

We are primarily interested in smooth complex projective varieties. However, concerning
the base field of the non-finite generation part of Theorem 1.3, it might be worth mentioning
the following:

Remark 1.4. Let p be a prime number and £ be an algebraically closed field containing the
rational function field F,(¢). In the proof of Theorem 1.3 (1), we will use a special rational
surface S defined over R constructed by Lesieutre [Lel8]. (See Section 3.) Replacing S by
a rational surface defined over F,(¢) in [Lel8, Page 203], we find that for each n > 3 and
for each prime number p > 3, there is a smooth projective rational variety V' of dimension
n defined over k, with discrete, not finitely generated Aut(V'). Indeed, the construction
and proof of Section 3 is valid if we replace both R and C by k.
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By Theorem 1.3 and [DO19], the most major remaining open problem for Question 1.1
is now the following:

uestion 1.5. 1) Is there a smooth complex projective rational surface V' with dis-
J
crete, not finitely generated Aut(V)?
2) Is there a smooth complex projective rational surface V' with infinitely many mu-
( plex proj y many
tually non-isomorphic real forms?

Unfortunately, our method is not available to answer Question 1.5. See [Bel6], [Bel7]
for some constraint from complex dynamics.

As in [Lel8] and [DO19], throughout this paper, we use the following three general facts
frequently. See eg. [Su82, Page 181, Cor.1] for Theorem 1.6, [Ue75, Th.14.10] for Theorem
1.7 and see [Lel8, Lem.13] for Theorem 1.8.

Theorem 1.6. Let G be a group and let H be a subgroup of G such that |G : H] < oo.
Then G is finitely generated if and only if H is finitely generated.

Theorem 1.7. Let V be a smooth complex projective variety and let Bir (V') be the group
of the birational automorphisms of V. Then |Im (p,,)| < 0o for all m > 0, where p,, is the
(contravariant) group homomorphism

pm : Bir (V) — GL (H*(V,mKy)) ; f— f*.

Throughout this paper, we denote by ¢ the complex conjugate map. Then c is the
generator of the Galois group Gal (C/R) and Gal (C/R) = {id, c}.

Theorem 1.8. Let V' be a smooth projective complex variety defined over R. Suppose that
there is a finite index subgroup G of Aut(V') such that Gal (C/R) = {id, ¢} acts on G as
identity via g — cogoc and G has infinitely many conjugacy classes of involutions. Then
V' has infinitely many mutually non-isomorphic real forms.

For a complex projective variety X and non-empty closed algebraic subsets Y; (i € I) of
X, we define

Aut (X,Y; (i € 1)) = {f € Aut (X)| f(Y;) = Y; (i € I)}.

This is a subgroup of Aut (X) and fy, € Aut(Y;) (i € 1) if f € Aut (X,Y; (i € I)). For
simplicity, we denote the group Aut (X, {P}) by Aut (X, P) if P is a closed point of X.

Whenever we consider a complex variety V with a natural real form (which will be
understood by the construction in our case), we denote it by V. By abuse of notation, we
denote by the set of real points Vg(R) of Vg simply by V(R) and regard it as a subset of
the set of closed points of V. More precisely, if v is a closed point of V', i.e., if v € V(C),
then we denote v € V(R) exactly when ¢(v) = v under the complex conjugate map ¢ of V'
with respect to the real form Vg.
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Tokyo in December 2019. We would like to express our thanks to the University of Tokyo
for hospitalities.
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2. LESIEUTRE’S SURFACE

In this section, we recall from [Lel8] the core rational surface, which we call Lesieutre’s
surface. Lesieutre’s surface will play a crucial role in our proof of Theorem 1.3 (1).

Let L; (0 <4 < 5) be six lines defined over R in P? such that the intersection points
Py = L;N L5 (0 <i# j<5) are mutually distinct and the points Py, Py, Py are not
colinear for any partition

{0,1,2,3,4,5} = {i, 5} U{k, 1} U{m,n}.
We choose such six lines so that
Pio=0, Poo=1, P3p=2, Pyy=3, Psp =00

under a fixed affine coordinate x of L = P*. Let S — P? be the blow-up of P? at the 15
points Pj;.

We denote by F;; C S the exceptional curve over F;; and by L; C S the proper transform
of L. Set
Note that L; = P! and (L;, L;) = —4. Under the identification C' = L via S — P?  we
may use the same affine coordinate x for C = P! as L{. Then

P1:O, P2:1, P3:2, P4:3, P5:OO

with respect to the coordinate x.

Definition 2.1. We call this surface S Lesieutre’s surface. By construction, S is defined
over R, i.e.,

S = SR X SpecR SpeC(C )
where Sy is the blow up of P§ := Proj Rz, 71, 25] at the R-rational points P;; € P} (R).
In order to distinguish with other real forms, we call this Sg the natural real form of S.

By definition, Lesieutre’s surface is a smooth projective rational surface defined over R.

Proposition 2.2. Let S be Lesieutre’s surface. Then:
(1) | —2Ks| = {7 Li}-

(2) Aut(95) is discrete. More strongly, the contravariant group homomorphism
Aut(S) — Aut(Pic(S)) = Aut(NS(S)) ; f+— f*
18 injective.
(3) Aut(S, Ps) = Aut(S,C, Ps).
(4) Every element of Aut(S) is defined over R with respect to the natural real form Sg.
In particular, the Galois group Gal(C/R) acts on Aut(S) as identity.

Proof. The assertion (1) follows from the adjunction formula and (L;, L;) = —4 < 0. The
assertion (2) is proved by [Lel8, Thm.3 (1)]. Note that Aut(S) preserves the divisor
S o Li by (1). Then the assertion (3) is clear, because C' = Lg is the unique irreducible
component of 27 L; containing P;. The first part of the assertion (4) is already explained.
The second assertion of (4) is proved in the course of proof of [Lel8, Lem.19]. We shall
reproduce the proof here for the convenience of the readers. Since the curves Fj;; and L;
are defined over R and their classes generate Pic(S) = NS(S5), it follows that Gal(C/R)
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acts on Pic (S) as identity. Thus Gal(C/R) acts on Aut(S) as identity by (2). Note that
the representation in (2) is equivariant under the Galois action. U

By Proposition 2.2 (3), we have a representation
re s Aut(S, Ps) = Aut (S, C, Ps) — Aut(C, P5) = {f(z) = at+br|ac C,be C*} ; g— gic -
Note that {f(z) = a+ 2 |a € C}) is a subgroup of Aut(C, Ps).
Definition 2.3.

G:=r'({f(zx)=axz|aeC}) ={peAut(S,C, P)|dlpc)s = £1} .

Here d(y\c)p, is the differential map of o : C' — C at Ps.

The group G is the same group as G* in [Lel8, Page 204]. Note that 7¢(G) is much
smaller than the group {f(z) =a+z|a € C}.

Proposition 2.4. The group G satisfies:
(1) Im(re) (resp. ro(G)) contains the following elements fi, fa, f3 (resp. fi, f3):

fil) =241, folz) =2z, f3(z)=—-z.
(2) G is not finitely generated.
(3) G has infinitely many conjugacy classes of involutions.

Proof. The fact that fi, fo € Im(r¢) follows from [Lel8, Lem.4]. Set fy(z) =3 — 2. Then
f1 € rc(G) by [Lel8, 2nd paragraph, Page 204]. Since fy o fi(x) = —ux, it follows that
f3 € rc(G). This proves the assertion (1).

We show the assertion (2). The group

Gt =r'({f(z) =a+z|a€C})

is a subgroup of index two of G. So, by Theorem 1.6, it suffices to show that G is not
finitely generated.
Observe that ro(G™) is an abelian group, as it is a subgroup of the abelian group

{f(z) =2z+alaeC}~(C,+).
and

fo fio f3() =4 o

Hence ro(G™) has a subgroup

("o frofiIn€B) =~ (| ,n€2)

This subgroup is not finitely generated. Thus the abelian group r¢(G™) is not finitely
generated, either. Hence G is not finitely generated.

We show the assertion (3). As in [Lel8, Page 204], we consider the subgroup Ge, of G
defined by

{fe€G|f(Lo) = Lo, f(Ls) = Ls, f(L1 ULy) =Ly ULy, f(LyUL3) = Ly U L3} .

Since f(320_ o Li) = S.0_y L; for any f € Aut(S) by Proposition 2.2 (1), G, is a finite
index normal subgroup of G. On the other hand, it is shown by [Lel8, Cor.18| that G,
contains infinitely many conjugacy classes of involutions. Then G, has infinitely many
classes of involutions under the conjugate action of G on G, as G, is a finite index normal
subgroup of G. Hence GG has infinitely many conjugacy classes of involutions as well. [
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Definition 2.5. Let S be Lesieutre’s surface. We choose and fix 7 € G such that r¢(7s) =
f3, that is, r¢(75)(z) = —z on C' =P

3. PROOF OF THEOREM 1.3 (1)

We shall prove Theorem 1.3 (1).

Construction 3.5 and Proposition 3.6 below will complete the proof of Theorem 1.3 (1).
We employ the same notations for Lesieutre’s surface as in Section 2.

In the rest, the following elementary lemmas will be used frequently.

Lemma 3.1. Let Y and Z be complex projective varieties and let G be a subgroup of
Aut(Y x Z). Assume that Aut(Y) is discrete and the projection Y X Z — Z is equivariant
with respect to G. Then G C Aut(Y') x Aut(Z).

Proof. Let f € G. By the second assumption, f is of the form

f(yv Z) = (fz(y)7 fZ(Z))a
where fz € Aut(Z) and f, € Aut(Y). Then we have the morphism

Z = Aut(Y); z— f..

Since Aut(Y') is discrete by the first assumption, it follows that f, does not depend on
z € Z. Hence f = (fy, fz) for some fy € Aut(Y). This implies the result. O

Lemma 3.2. Let f : P"™ — X be a morphism where X is a projective variety of dimension
<m. Then f is constant.

Proof. Let H be a very ample divisor on X. Since (f*H)™ = 0 and f*H is effective, it
follows that f*H = 0 in Pic (P™) ~ Z. This implies the result. O

Lemma 3.3. Let A be a finite subset of P™ containing m + 2 points in general position in
the sense that no m + 1 points among these m + 2 points are contained in a hyperplane of
P™. Then Aut(P™, A) is finite.

Proof. The group G of all automorphisms which fix each point of A is a finite-index sub-
group of Aut(P™, A). It is enough to show that G is trivial. This is true because if f is
an automorphism then it is given by a square matrix of size m + 1. It has at most m + 1
linearly independent eigenvectors. U

The following generalization has its own interest. We will also apply it for abelian varieies
in Section 5.

Lemma 3.4. Let X be any compact Kdahler manifold of dimension n. There is a number
N such that if A is a finite subset of X containing N points in general position, then
Aut (X, A) is finite. In particular, when all morphisms P"~* — X are constant (e.g. X is
a complex torus), then Aut()?) 1s finite, where X is the blow-up of X at the points in A.

Proof. The second assertion is a consequence of the first one because for such an X we
have
Aut(X) = Aut(X, Ey) = Aut(X, A),
where F 4 is the set of exceptional divisors of X = X.
The first assertion is a consequence of Fujiki-Lieberman’s theorem ([Fu78, Thm.4.8],
[Li78]). Indeed, since Aut(X) is a complex Lie group of finite dimension and Auty(X) is
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associated to holomorphic vector fields of X, if P, € X is a general point, then Aut (X, P;)
has dimension smaller than the one of Aut(X). By induction, there exists N such that for
general Py, ..., Py_1, the group Aut(X, Py,..., Py_1) is discrete. It follows that the set
of points which are fixed by some non-trivial element of this group is a countable union
of proper analytic subsets of X. Choose Py € X outside this set. Then we have that
Aut(X, Py, ..., Py_1, Py) is finite. Hence so is Aut(X,{Py,..., Py_1, Px}), because

[Aut(X, {Pla--wPNflyPN}) :Aut(X,Pl,...,PN,l,PN)] S NI
O

Construction 3.5. Let n > 3 and set m = n — 2. Let P = ProjR[zo,...,2,] be the
projective space defined over R and regard PR’ as the natural real form of the complex
projective space P™. We fix the affine coordinates z; = z;/x¢ and denote by Ry := (0)1*, €
P (RR) the origin with respect to the affine coordinates (z;)7,. (See the end of Introduction
for the precise meaning of P (R).) Let ¢ be the involution of P™ defined by ¢((2;)7,) =
(—z;)™,. Note that ¢ is defined over R.

Let us choose a finite set

R = {Ro,Rl, .. ,Rg(m+1)} = {Ro,Rl, .. ,Rm+1 , L(Rl) S e L(Rm+1>} C ]P)m(R)

such that R; (0 < i < m + 1) are in general position in the sense that no m + 1
points of them are contained in a hyperplane of P". Then R is invariant under ¢ and
L € Aut(P™, Ry, {R;}2"). Let
XO =95 X Pm,
where S is Lesieutre’s surface. Then X is a smooth projective variety of dimension n =
m + 2 defined over R with the natural real form Xyr = Sg x Pg.
We will use the same notations of the points and curves on S as in Section 2.
Let
m o X1 — Xo
be the blow-up of X, at the points in {Ps} x R C Xo(R). (Once again, see the end of
Introduction for the precise meaning of Xo(R).) We denote by T{p, r,)Xo the tangent space
of Xy at (Ps, Rp). Denote also by

Ey = P(T(p, ryXo) = P C X,

the exceptional divisor corresponding to the point (Ps, Ry) € X and by E; (1 < i <
2(m + 1)) the remaining 2(m + 1) exceptional divisors. Then X; and Ej are defined over
R with natural real forms X; g and Eyr . We choose

0#veTIpCCTpS, 0#weTpP"
such that the point (v, w) € T(p; ry)Xo defines the point
[(v,w)] € Eo(R) C X1(R).

Let

Ty & X2 — Xl
be the blow-up at the point [(v,w)] in X;(R). Then X is defined over R with a natural
real form X, induced by X;r. We denote the exceptional divisor of my by F'.

Proposition 3.6. Let X5 be as in Construction 3.5. Then:
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(1) Xy is a smooth complex projective rational variety of dimension n = m + 2 > 3
defined over R.

(2) Aut(Xy) is discrete and not finitely generated.

(3) Xy has infinitely many mutually non-isomorphic real forms.

Proof. Set X = X5. We shall employ the same notation as in Construction 3.5.
The assertion (1) is clear by the construction.
We show the assertions (2) and (3) by dividing the argument into several steps.

Claim 3.7. Aut(X,) = Aut(S) x Aut(P™).

Proof. Recall that Xg = S x P™ and HY(X,, —2Ky,) = H°(S, —2Ks) @ H*(P™, —2Kpm)
by the Kiinneth formula. Since the linear system | — 2Kg| consists of a single element by
Proposition 2.2 (1), while —2Kpn is very ample, the anti-bicanonical map

®|—2KX0| : XO — P

coincides with the second projection py : Xy — P™. Since the linear system | — 2K x,| is
preserved by Aut(Xj), it follows that the second projection py : Xy — P™ is Aut(Xy)-
equivariant. Since Aut(S) is discrete by Proposition 2.2, the result follows from Lemma
3.1. OJ

Claim 3.8. (1) There is no non-constant morphism ¢ : P™ — X
(2) Let ¢ : P™* — X| be a non-constant morphism. Then o(P™*!) is one of the
irreducible components of 77 ({Ps} x R), i.e., one of the exceptional divisors E;
(0<i<2(m+1)).
(3) Let ¢ : P™* — X, be a non-constant morphism. Then o(P™!) is one of the
following divisors:

F o E) ~E (1<i<2(m+1)).

Proof. We show the assertion (1). Note that m+1 > 2. Since the Picard number p(S) > 2,
there is no surjective morphism P™*! — S if m+1 = 2. Therefore there is no non-constant
morphism Pt — S or P! — P™ by Lemma 3.2. Hence the morphism p; o ¢ is constant
for the projections p; (i = 1,2) from Xy = 5 x P™ to the i-th factor. Hence ¢ is constant.

Since 7 o ¢ is constant by (1), the assertion (2) follows.

We show the assertion (3). Recall that the proper transform E| of Ey on X, is the
blow-up of Ey = P™*! at the point [(v,w)]. Hence E} is of Picard number p(E}) = 2.
Hence there is no surjective morphism P™™' — E{. Therefore, by Lemma 3.2, E admits
no non-constant morphism from P™*!. This together with the assertion (2) implies the
assertion (3) exactly for the same reason as in the proof of (2). O

From now, we regard the subgroups of Aut(X) and Aut(X7) as subgroups of Bir (Xj) via
the birational morphisms 7; and my. For instance, we say that G7 = Go (resp. G C Ga)
for a subgroup G; C Aut(X) and a subgroup Go C Aut(X;) if G; = G (resp. G C Gs)
in Bir (Xj). We also identify Aut(Xy) = Aut(S) x Aut(P™) by Claim 3.7.

Claim 3.9. (1) Aut(X;) = Aut(Xo, {Ps} x R) = Aut(S, C, Ps) x Aut(P™, R).
(2) Aut(Xy, [(v,w)]) = Aut(Xy, [(v, w)], Eo) C Aut(S, C, Ps)x Aut(P™, Ry, {R;}207Y).

Proof. The assertion (1) follow from Claim 3.8 (2). Since [(v,w)] € Ey and [(v,w)] ¢ E;
for ¢ > 1, the assertion (2) follows from the assertion (1). O
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From now, we use Aut(Xy, [(v,w)]) C Aut(S,C, P5) x Aut(P™, Ry, {R} (mt1) ) and de-
note an element of Aut (X7, [(v, w)]) as in the form:

(p,9) € Aut(S, C, Ps) x Aut(P™, Ry, {R;}20" ).
Let € € {0,1}. We define
H = {(p, ) € Aut(S,C, Ps) x Aut(P™, Ro, { R} D) | d(pie) b, (v) = (—=1) 0},

Here ¢ is the involution defined in Construction 3.5 and d(y|c)p; is the differential map of
@jc: C — C at P5. By definition, the index € in (¢, ) € H is uniquely determined by ¢.

Claim 3.10. H is a finite index subgroup of Aut(Xi,[(v,w)]) and H = G under the
identification (¢, () = ¢. Here G is the group in Definition 2.3.

Proof. Let
H' = {(¢,g) € Aut(S, C, P5) x Aut(P™, Ry, {R; Y27 | (0, 9)(C(v,w)) = C(v,w)}.

Here we recall that C(v, w) is the 1-dimensional linear space in T\ p, r,)Xo spanned by (v, w)
and the action of (p,g) on C(v,w) is nothing but the differential map. Then, by Claim
3.9, we have
Aut(Xy, [(v,w)]) = H'.

Since t*(w) = (—1)‘w and w # 0, the condition (¢, °)C(v,w) = C(v, w) is equivalent to the
condition that d(y\c)p,(v) = (—=1)“. Then H is a subgroup of H'. Since the m + 2 points
{Ro} U{R;}™* C P™ are in general posmon by Lemma 3.3, Aut(P™, {Ro} U {R;}"1) is
a finite group. Hence so is Aut(P™, Ry, {R;}’ m+1)) because

Aut(P™, Ry, Ry, ..., Rogm+1)) C Aut(P™, Ro, {R;}) € Aut(P™, {Ro} U {R;}7"%1)

and
[Aut (P, Ry, {R;}2U7) - Aut(P™, Ry, Ry, ..., Rapmyny)] < 0.
In particular, the number of ¢’s in the definition of H' is at most finite. Thus [H' : H] < oc.
The last assertion is clear by the definitions of G and H with the remark before Claim
3.10. This proves the claim. 0

Claim 3.11. (1) Aut(Xy, [(v,w)]) is a finite index subgroup of Aut(X).
(2) H is a finite index subgroup of Aut(X).

Proof. By Claim 3.8 (3), we have
Aut(X) = Aut(X, {m, Y(E;), F |1 <i <2(m +1)}).

On the other hand, by construction, Aut(X7y, [(v,w)]) = Aut(X,F) C Aut(X). Since
{myY(E;),F|1 < i < 2(m+ 1)} is a finite family, this implies the assertion (1). The
assertion (2) follows from (1) and Claim 3.10. O

Now we are ready to complete the proof of Proposition 3.6 (2), (3).

By Claims 3.10 and 3.11 (2), H ~ G is a finite index subgroup of Aut(X). Since G is
not finitely generated by Proposition 2.4 (2), Aut(X) is not finitely generated as well by
Theorem 1.6. This proves Proposition 3.6 (2).

By the construction, X is defined over R. By Proposition 2.2 (4) and by the construction,
the Galois group Gal(C/R) acts trivially on H. Since G has infinitely many conjugacy
classes of involutions by Proposition 2.4 (3), the same holds for H because H ~ G. Since
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H is a finite index subgroup of Aut(X), it follows from Theorem 1.8 ([Lel8, Lem.13]) that
X has infinitely many mutually non-isomorphic real forms. This proves Proposition 3.6

(3). O

4. PROOF OF THEOREM 1.3 (2)

In this section, we prove Theorem 1.3 (2). Let V' be a smooth complex projective variety
of dimension n.

Consider the case where x(V) = n. Then the pluricanonical map @k, | for large
divisible m is a birational map onto the image. Thus Aut (V) is a finite group by Theorem
1.7.

Next, consider the case where (V) =n —1 > 1. Then the geometric generic fibre V; of
the pluricanonical map

CI)|mKV| :V--»B

for large divisible m is an elliptic curve defined over C(B), an algebraic closure of the
function field C(B). (See eg. [Ha77, Chap.IV, Sect.4] for basic properties of elliptic curves
over an algebraically closed field, which we will use from now on.) By Theorem 1.7, there
is a subgroup G of Aut (V') such that

[Aut(V) : G] < oo, Auto(V) C G C Aut(V5/C(B)).

Set

A = Auto(V;/C(B)).

Since V5 is an elliptic curve over C(B), the group A is an abelian group consisting of

translations and Aut(15/C(B)) is a semi-direct product of A and some finite cyclic group

Z/aZ. Thus Ais an abelian subgroup of Aut(V5/C(B)) such that [Aut(V5/C(B)) : A] < oo,
Hence

A =ANG

is also an abelian group and [G : A'] < co. Then [Aut(V) : A'] < co as well. Consider the
contravariant group homomorphism

p: Aut(V) — GL(NS (V))/(torsion)) ; f+— f*.

Since GL(NS (V') /(torsion)) ~ GL(N,Z) for some N and A’ is an abelian group, the
group p(A’) is isomorphic to a solvable subgroup of GL (N,Z). In particular, p(A’) is
finitely generated by the famous theorem of Malcev (see eg. [Se83, Chap.2]).

Since [p(Aut(V)) : p(4)] < oo by [Aut(V) : A'] < oo, the group p(Aut(V)) is
finitely generated as well by Theorem 1.6. Since p(Aut(V)) ~ Aut(V')/Ker p, the group
Aut(V)/Ker (p) is also finitely generated. Since [Kerp : Auto(V)] < oo by an algebraic
version of Fujiki-Lieberman’s theorem (see eg. [Br19, Thm.2.10]), Aut(V')/Auto (V) is also
finitely generated by the following exact sequence of groups:

1 — Kerp/Autg(V) — Aut(V)/Auto(V) — Aut(V)/Kerp — 1.

This proves Theorem 1.3 (2).
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5. PROOF OF THEOREM 1.3 (3)

We prove Theorem 1.3 (3).

Note that (V) = k(P") = —o0 if V' is a smooth complex projective rational variety.
Therefore, the case k(V') = —oo follows from Theorem 1.3 (1).

From now, we consider the case where x(V) > 0. For this, instead of Lesieutre’s surface,
we use the surface Sy constructed by [DO19, Sect.4] to construct the desired varieties.

In the rest, we denote M := S5. The surface M is constructed from a Kummer K3
surface of product type in [DO19, Sect.4]. Since, we will not use the explicit form of M, we
omit to repeat the detailed construction and just surmarize basic properties of the surface
M we will use. See [DO19, Sect.4] for the explicit form of M.

Proposition 5.1. There are a smooth projective complex surface M defined over R with
a natural real form Mg and a subgroup H of Aut(M) such that

(1) M is birational to a smooth complex projective K3 surface, in particular, k(M) =0
and Aut(M) is discrete;

(2) [Aut(M) : H] < oo and H is not finitely generated. Moreover, there is a point
P € M(R) such that h(P) = P for all h € H;

(3) cohoc = h for every element of H under the Galois action of Gal (C/R) = {id, ¢}
with respect to the real form Mg; and

(4) H has infinitely many conjugacy classes of involutions.

Proof. As mentioned, we choose the surface Sy in [DO19, Sect.4] as M. We choose the
group H in [DO19, Lem.4.6] as our H. Then M and H satisfy the required properties.
(1) is clearly satisfied. The first part of (2) follows from [DO19, Thm.2.8, Lem.4.6] and
Theorem 1.6. For the last part of (2), we may choose one of the two points P’ or P”
in [DO19, Def.2.7] as P. (3) follows from [DO19, Lem.4.6] and (4) follows from [DO19,
Lem.4.5]. O

Now we are ready to complete the proof of Theorem 1.3 (3).

Let T be a complex abelian variety of dimension [/, defined over R as an abstract variety.
Let A be a finite subset of T" such that Aut(7, A) is finite and ¢(A) = A under the complex
conjugate map ¢ of T" with respect to Tg. Such a subset A exists. Indeed, by Lemma
3.4, there is a finite subset A" C T such that Aut(7,A’) is finite. Then we may take
A=c(A)UA.

Let

T: X > MxT

be the blow-up at the points in {P} x A. Let E; ~ P! (1 <14 < |A]) be the exceptional
divisors of 7.

Claim 5.2. (1) X is a smooth complex projective variety defined over R and dim X; =
[+ 2 and k(X;) = 0.
(2) Aut(X;) is discrete and not finitely generated. Moreover, X; has infinite many
mutually non-isomorphic real forms.

Proof. The assertion (1) is clear from the construction. We show the assertion (2). If
[ = 0, then the result follows from Proposition 5.1. From now, we assume that [ > 1. Let
f € Aut(X;). Since T" has no rational curve, it follows that
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Since f(FE;) ~ P! with [ + 1 > 2 and M is not covered by rational curves by k(M) = 0,
it follows that w(f(E;)) is a point. Thus f ({EZ}L’ill) = {Ei}l-ill and therefore

Aut (X)) = Aut(X, {E}A)) = Aut(M x T, {P} x A).

Since the Albanese morphism M x T' — T is preserved by Aut(M x T') and Aut(M) is
discrete, it follow from Lemma 3.1 that

Aut(M x T) = Aut(M) x Aut(T).

Hence
Aut(X;) = Aut(M, P) x Aut(T, A).

Since Aut (T, A) is finite, Aut(M, P) x {id7} is a finite index subgroup of Aut(X;). Hence
H x {idr} ~ H, where H is the group in Proposition 5.1, is also a finite index subgroup
of Aut(X;). Hence Aut(X;) is discrete and is not finitely generated by Proposition 5.1 (2)

and Theorem 1.6. Then X; has infinitely many mutually non-isomorphic real forms by
Proposition 5.1 (3), (4) and Theorem 1.8. O

Let Z,, C P™* (m > 1) be a smooth complex hypersurface of degree m + 3 defined over
R. Set

Yiewm = X1 X Zon.
Claim 5.3. (1) Y4 is asmooth complex projective variety defined over R with dim Yy, =
2+ 14+ mand k(Y1) = k(Zy) = m.

(2) Aut(Y;y,,) is discrete and not finitely generated. Moreover, Y., has infinite many
mutually non-isomorphic real forms.

Proof. Again, the assertion (1) is clear from the construction. We show the assertion (2).
Since |Kx,| consists of a single element and K, is very ample, the canonical map

m

Q)‘KYHm' : Yz—i-m = Xl X Zm — Zm

coincides with the second projection ps : Y., — Z,, for the same reason as in the proof of
Claim 3.7. In particular, the second projection py is Aut (Y1, )-equivariant. Since Aut(X;)
is discrete by Claim 5.2, it follows from Lemma 3.1 that

Aut(Yiim) = Aut (X)) x Aut(Z,,).
Since Aut(Z,,) is finite by Theorem 1.7, as before, the group
H x {ldT} X {idzm},

where H is the group in Proposition 5.1, is a finite index subgroup of Aut(Y;,,,) by Claim
5.2. The result now follows from the same reason as in the last part of the proof of Claim
5.2. O

Theorem 1.3 (3) now follows from Claim 5.2 with [ > 1 and Claim 5.3 with [ > 0 and
m > 1.



[Bel6]
[Bel7]
[Brig]
[Br19]
[BS64]
[CF20]
[DIKOO]
[DO19)]
[DFM.J21]
[Fu7s]
[Ha77)
[Kh02]
[Lels]

[Li78]

[Se83]
[Se02]
[Su82]

[Ue75]

NON-FINITELY GENERATED DISCRETE AUTOMORPHISM GROUP 13

REFERENCES

Benzerga, M., : Real structures on rational surfaces and automorphisms acting trivially on
Picard groups, Math. Z. 282 (2016) 1127-1136.

Benzerga, M., : Finiteness of real structures on KLT Calabi-Yau reqular smooth pairs of di-
mension 2, preprint (2017), 10 pages, arXiv:1702.08808.

Brion, M., : Automorphism groups of almost homogeneous varieties, arXiv:1810.09115, to ap-
pear.

Brion, M., : Notes on automorphism groups of projective wvarieties, 2019, available at
http://www-fourier.univ-grenoble-alpes.fr/~mbrion/notes.html

Borel, A., Serre, J.-P., : Théorémes de finitude en cohomologie galoisienne, Comment. Math.
Helv. 39 (1964) 111-164.

Cattaneo, A., Fu, L., : Finiteness of Klein actions and real structures on compact hyperkdihler
manifolds, Math. Ann. 375 (2019) 1783-1822.

Degtyarev, A., Itenberg, 1., Kharlamov, V., : Real Enriques surfaces. Lecture Notes in Mathe-
matics, 1746. Springer-Verlag, Berlin, 2000.

Dinh, T.-C., Oguiso, K., : A surface with discrete and nonfinitely generated automorphism
group, Duke Math. J. 168 (2019) 941-966.

Dubouloz, A., Freudenburg, G., Moser-Jauslin, : Smooth rational affine varieties with infinitely
many real forms, J. Reine Angew. Math. 771 (2021) 215-226.

Fujiki, A., : On automorphism groups of compact Kihler manifolds, Invent. Math. 44 (1978)
225-258.

Hartshorne, R., : Algebraic geometry, Graduate Texts in Mathematics, 52 Springer-Verlag,
New York-Heidelberg, 1977.

Kharlamov, V., : Topology, moduli and automorphisms of real algebraic surfaces, Milan J.
Math. 70 (2002) 25-37.

Lesieutre, J., : A projective variety with discrete non-finitely generated automorphism group,
Invent. Math. 212 (2018) 189-211.

Lieberman, D. 1., :  Compactness of the Chow scheme: applications to automorphisms and de-
formations of Kdhler manifolds, Fonctions de plusieurs variables complexes, IIT (Sém. Frangois
Norguet, 1975-1977), pp. 140186, Lecture Notes in Math. 670, Springer, Berlin, 1978.

Segal, D., : Polycyclic groups, Cambridge Tracts in Mathematics 82 Cambridge University
Press, Cambridge, 1983.

Serre, J.-P., : Galois cohomology, english ed., Springer Monographs in Mathematics, Springer-
Verlag, Berlin, 2002, Translated from the French by Patrick Ion and revised by the author.
Suzuki, M., : Group theory. I, Grundlehren der Mathematischen Wissenschaften, 247, Springer-
Verlag, Berlin-New York, 1982.

Ueno, K., : Classification theory of algebraic varieties and compact complex spaces. Lecture
Notes in Mathematics, 439, Springer-Verlag, 1975.

DEPARTMENT OF MATHEMATICS, NATIONAL UNIVERSITY OF SINGAPORE, 10, LOWER KENT RIDGE
RoAD, SINGAPORE 119076
E-mail address: matdtcOnus.edu.sg

MATHEMATICAL SCIENCES, THE UNIVERSITY OF TOKYO, MEGURO KOMABA 3-8-1, TOKYO, JAPAN,
AND NATIONAL CENTER FOR THEORETICAL SCIENCES, MATHEMATICS DIVISION, NATIONAL TAIWAN
UNIVERSITY, TAIPEI, TATWAN

E-mail address: oguiso®@ms.u-tokyo.ac. jp

CENTER FOR APPLIED MATHEMATICS, TIANJIN UNIVERSITY, 92 WELJIN ROAD, NANKAI DISTRICT,
TianJiN 300072, P. R. CHINA.
E-mail address: xunyu@tju.edu.cn



