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PERIODIC SUBVARIETIES OF A PROJECTIVE VARIETY UNDER
THE ACTION OF A MAXIMAL RANK ABELIAN GROUP OF
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Abstract. We determine positive-dimensional G-periodic proper subvarieties of an n-
dimensional normal projective variety X under the action of an abelian group G of maximal rank
n — 1 and of positive entropy. The motivation of the paper is to understand the obstruction for X
to be G-equivariant birational to the quotient variety of an abelian variety modulo the action of a
finite group.
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1. Introduction. We work over the field C of complex numbers. Let X be a
normal projective variety of dimension n > 2. Denote by NS(X) := Pic(X)/ Pic’(X)
the Néron—Severi group, i.e., the (finitely generated) abelian group of Cartier divisors
modulo algebraic equivalence. The rank of its torsion-free part is called the Picard
number of X. For a field F = Q, R or C, NSp(X) stands for NS(X) @z F. The first
dynamical degree of an automorphism g € Aut(X) is defined as the spectral radius of
its natural pullback action ¢g* on NS¢ (X):

d1(g) = p(g”|nse(x)) = max {|A| : X is an eigenvalue of g*|ns.(x)}-

Note that by Lemmas 2.1 and 2.2, our definition of the first dynamical degree for
possibly singular varieties coincides with the usual one defined in Dinh-Sibony [13,
§2.1] for compact Kéhler manifolds. Also, by the fundamental work of Gromov [16]
and Yomdin [33], the (topological) entropy of an automorphism g € Aut(X) can be
defined as the logarithm of the spectral radius of the pullback action ¢g* on the total
cohomology ring ®H*(X,C). Then by [13, Corollary 2.2], an automorphism g is of
positive entropy (resp. null entropy), if and only if di(g) > 1 (resp. di(g) = 1). See
also [36, Lemma 2.2] and references therein.
For a subgroup G < Aut(X), we define the null-entropy subset of G as

N(G) = {g € G : g is of null entropy, i.e., di(g) = 1}.

We then call such G < Aut(X) is of positive entropy (resp. null entropy), if N(G) =
{id} (resp. N(G) = G). Assuming that X is a compact Kahler manifold and G is
commutative, Dinh—Sibony [13] showed that G contains a free abelian subgroup G; of
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positive entropy such that rank G; < n — 1. If rank G; = n — 1, then the null-entropy
subset N(G) is finite.

In general, we have a Tits alternative! type result for any subgroup G < Aut(X).
That is, either G contains a subgroup isomorphic to the non-abelian free group Z * Z,
or (G is virtually solvable (i.e., a finite-index subgroup of G is solvable). In the latter
case or when G|ng.(x) is virtually solvable, there is a finite-index subgroup G of G
such that N(G1) is a normal subgroup of G; and G1/N(Gy) is a free abelian group
of rank r < n — 1. We call this r the dynamical rank of G and denote it as r = r(G),
which is independent of the choice of the finite-index subgroup G; of G. See [6, 10, 35]
and references therein for details.

When the dynamical rank of G is maximal (i.e., r = n — 1), inspired by Dinh—
Sibony [13], we expect in general that N(G) is finite except the case when X is an
abelian variety. This has been confirmed recently in [11]. Note that there indeed exist
examples of abelian varieties and their quasi-étale quotients admitting the action of
commutative groups with maximal dynamical rank (cf. [13, Example 4.5]; see also our
Example 1.5). On the other hand, we are particularly interested in the geometry of
those projective varieties with the action of maximal rank abelian groups of positive
entropy. Along this direction, the third-named author obtained the following partial
result already.

THEOREM 1.1 ([39]). Let X be a normal projective variety of dimension n > 3
with at worst Q-factorial kit singularities, and G < Aut(X) such that the group G* ==
G|nse(x) induced by the pullback action of G on NSc(X) is isomorphic to Z¥"~1, and
every element of G* \ {id} is of positive entropy. Assume further that any one of the
following conditions holds.

(i) X is not rationally connected?.

(ii) X has no G-periodic® proper subvariety of positive dimension.
Then after replacing G by a finite-index subgroup, X is G-equivariant birational to a
quasi-étale torus quotient.

By a quasi-étale torus quotient, we mean a quotient of an abelian variety T by a
finite group F', which acts freely on T" outside a codimension-2 subset of T. Note that
such T'— T/ F is étale in codimension-1. The purpose of this paper is to understand
the obstruction for a normal projective variety X with the action of a maximal rank
abelian group G of positive entropy, to be G-equivariant birational to a quasi-étale
torus quotient. By virtue of [39] and [11], the remaining case we need to consider
is the case when X is rationally connected or contains some non-trivial G-periodic
proper subvariety of positive dimension.

It should be noted that there are rationally connected varieties which also have
quasi-étale covers by abelian varieties (see Example 1.5 for details). The seemingly
non-compatible rational connectivity and being quasi-étale torus quotient are allowed
to co-exist, due to the existence of non-canonical klt singularities. More precisely,
a quasi-étale torus quotient which has at worst canonical singularities must be non-
uniruled (even have vanishing Kodaira dimension by Kollar—Larsen [24, Theorem 10])

ITits alternative is named after Jacques Tits, who first proved in [31] the deep and remarkable
fact that general linear groups satisfy this property.

2An algebraic variety X is rationally connected (resp. rationally chain connected) in the sense of
Campana and Kollar-Miyaoka—Mori, if any two closed points on X are contained in an irreducible
rational curve (resp. a chain of rational curves).

3A Zariski closed subset Z of X is G-periodic if a finite-index subgroup of G set-theoretically
stabilizes Z.
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and hence is not rationally connected.
Our main results are Theorems 1.2, 1.3, 1.7 and Proposition 1.8 below.

THEOREM 1.2. Let X be a normal projective variety of dimension n > 2, and
G < Aut(X) such that the following conditions are satisfied.
(i) X has at worst Q-factorial klt singularities.
(i) Glnse(x) is virtually solvable with maximal dynamical rank v(G) =mn — 1.
Then after replacing G by a finite-index subgroup, the following assertions hold.
(1) The union Pery (X, G) of all positive-dimensional G-periodic proper subvarieties
of X is a Zariski closed proper subset of X.
(2) LetPer(X,G) = Z1UZ3U---UZ,y, be the irreducible decomposition. Then either
Zy, is uniruled*, or a finite-index subgroup of G fixes Z), pointwise.
(3) The Picard number p(X) > n. If p(X) = n > 3, then X is G-equivariant
birational to a quasi-étale torus quotient.’
(4) Either X is an abelian variety and hence has no positive-dimensional G-periodic
proper subvariety, or X has at most p(X) —n distinct G-periodic prime divisors.

The assertion (1) of Theorem 1.2 follows from [39, Proposition 3.11] or Proposition
2.7, with the help of [11, Theorem 4.1] or Proposition 2.3 to deal with the solvable
group case. We include them here for the convenience of the reader. Note that
the condition (i) of Theorem 1.2 (or Question 1.6) is not restrictive, since we can
always take a G-equivariant resolution due to Hironaka [20] and even assume that X
is smooth. (See also Kollar’s book [22, 3.4.1, Proposition 3.9.1 and Theorem 3.36]
for a modern description.) Meanwhile, the condition (ii) is birational in nature (see
Proposition 2.3 and [39, Lemma 3.1]).

If we assume further that X contains a G-periodic non-uniruled prime divisor
D, we obtain a more clear geometric characterization of the pair (X, D) by theorem
below. The main ingredient is to run a G-equivariant Minimal Model Program (G-
MMP for short) developed in [39)].

THEOREM 1.3. Let X be a normal projective variety of dimension n > 2, and
G < Aut(X) such that the following conditions are satisfied.
(1) Glnse(x) is virtually solvable with mazimal dynamical rank r(G) =n — 1.
(ii) X contains a G-periodic non-uniruled prime diwvisor D.
Then after replacing G by a finite-index subgroup, the following assertions hold.
(1) X is rationally connected.
(2) Let ZyUZyU---UZ,, be the irreducible decomposition of the union of all positive-
dimensional G-periodic proper subvarieties of X, with Zy = D. Then for k > 2,
Zi is uniruled. In particular, every G-periodic prime divisor, other than D, is
uniruled.
(3) A finite-index subgroup of G fixes D pointwise.
Furthermore, there exists a surjective in codimension-1 G-equivariant birational map
X --»Y with Dy the push-forward of D, such that we have:
(4) FEvery positive-dimensional G-periodic proper subvariety of Y is contained in Dy .
In particular, the positive-dimensional part of SingY is contained in Dy .

4A variety V of dimension d is uniruled, if there exists a dominant rational map P! x W --» V
for some variety W of dimension d — 1. Note that being uniruled is a birational property.

5We remark that if the Picard number p(X) > n2, then X is not equal to a quasi-étale torus
quotient. Indeed, X is then not dominated by any abelian variety 7" via a generically finite surjective

morphism. This is because the Picard number p(T) < (dim T)? = n?2.
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(5) Ky + Dy ~g 0 (Q-linear equivalence); both Ky and Dy are Q-Cartier; the pair
(Y, Dy) and hence Y both have at worst canonical singularities.

(6) Dy has at worst canonical singularities and Kp, ~q 0.

(7) —mDy|p, is an ample Cartier divisor on Dy for some integer m > 0.

REMARK 1.4. In dimension 2, Theorem 1.3 means that if X is a normal projective
surface with an automorphism g of positive entropy and D is an irrational g-periodic
curve, then X is a rational surface, D is an elliptic curve pointwise fixed by a power
of g, and all other g-periodic curves are rational. See Lemma 3.7 and Remark 3.8 for
an elementary treatment. Also, there indeed exists an explicit example satisfying the
conditions (i) and (ii) in Theorem 1.3. See [9, Theorem 2 or Example 3.3]. Indeed, in
that example, X is a smooth rational surface and D is a smooth elliptic curve.

EXAMPLE 1.5. Here we give examples of rationally connected varieties which are
quasi-étale torus quotients at the same time.

Let E = E¢,, = C/(Z+ Z () be the elliptic curve with period (m, = exp 2= for
some m € {2,3,4,6} and A =E" = Ex---x E. Let pi, = ((n), the group of m-th
roots of unity, act on E by multiplication and act on A diagonally. Then the quotient
variety X := A/, has at worst Q-factorial klt singularities by [25, Proposition 5.20].
Moreover, for any 2 < n < m, X is a rationally connected variety, which is also a
quasi-étale torus quotient.

Indeed, for any id # g € pm, the Zariski closed set EY of g-fixed points in F is a
finite subset of E, so is AY9. Thus the ramification locus of A — X, as the union of
all g-fixed points for all g # id, is a finite set. It follows that X is a quasi-étale torus
quotient when n > 2.

On the other hand, under the condition n < m, the age of the automorphism [(,,]
at a fixed point o € Al is o <1 (see [30, §2] for the definition of age). Then the
Reid-Tai criterion implies that X has non-canonical singularities. Take a resolution
X’ of X. Note that Ky is Q-linearly equivalent to zero and X has non-canonical
klt singularities. Thus Kx/ is not pseudo-effective. Hence by [5, Corollary 0.3] X’
is uniruled, so is X. Also, the natural SL, (Z)-action on A descends to X. As in
[10, Example 1.4], SL,,(Z) admits a free abelian subgroup isomorphic to Z®"~! whose
every non-trivial element ¢ has spectral radius > 1. Thus the natural action of g on A
is of positive entropy. In other words, the dynamical rank of Z®"~1| 4 is maximal, so
is Z®"~1x by Lemma 2.1. We then consider the so-called special maximal rationally
connected (MRC) fibration X --» Y of X in the sense of Nakayama [28, Theorems
4.18 and 4.19], where the general fibres are rationally connected and the Z®"~!-action
on X descends to a biregular action of Z®"~! on Y. The maximality of the dynamical
rank implies that this special MRC fibration is trivial (cf. [35, Lemma 2.10]). Thus Y
is a point and hence X is rationally connected. See also Kolldr-Larsen [24, Corollary
25] for another proof of the rational connectedness of X.

For instance, [34, Example 4.2] gives an explicit calculation for the case (m,n) =
(3,2).

From Theorems 1.3 and 1.1, we see that the varieties containing G-periodic non-
uniruled prime divisors provide potential examples which are not G-equivariant bi-
rational to quasi-étale torus quotients in our setting. Moreover, a positive answer
to the question below roughly means that when r(G) = n — 1 is maximal, X is
G-equivariant birational to a quasi-étale torus quotient if and only if X has no non-
uniruled G-periodic prime divisor.
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QUESTION 1.6. Let X be a normal projecitve variety of dimension n > 3, and
G < Aut(X) such that the following conditions are satisfied.
(i) X has at worst Q-factorial klt singularities.
(ii) Glnse(x) is virtually solvable with maximal dynamical rank 7(G) =n — 1.
Is it true that the following assertions hold?
(1) Suppose that X does not have any G-periodic non-uniruled prime divisor. Then
X is G-equivariant birational to a quasi-étale torus quotient.
(2) Suppose that X has a G-periodic non-uniruled prime divisor. Then X is not
G-equivariant birational to a quasi-étale torus quotient.

The theorem below gives an affirmative answer to Question 1.6 (2), see also Propo-
sition 3.2. The implications (2) = (1) and (3) = (1) below are proved in [39,
Theorem 2.4]. We include them here for the convenience of the reader.

THEOREM 1.7. Let X be a normal projective variety of dimension n > 3, and

G < Aut(X) such that Glxs.(x) s virtually solvable with mazximal dynamical rank

r(G) =n — 1. Consider the following conditions:

(1) After replacing G by a finite-index subgroup, X is G-equivariant birational to a
quasi-étale torus quotient X'.

(2) After replacing G by a finite-index subgroup, X is G-equivariant birational to a
projecitve variety X' with only kit singularities, such that X' has no positive-
dimensional G-periodic proper subvariety.

(3) After replacing G by a finite-index subgroup, X is G-equivariant birational to a
projecitve variety X' with a G-periodic divisor D', such that (X', D') is Q-factorial
klt and Kx: + D' is pseudo-effective.

(4) FEvery connected component of the union of all positive-dimensional G-periodic
proper subvarieties of X is rationally chain connected.

Then the conditions (1), (2) and (3) are equivalent, and imply the condition (4).

The following proposition generalizes a well-known result on surface — there are
only finitely many g-periodic curves if g is an automorphism of positive entropy on
a projective surface. We prove a result of this type up to dimension 3 in the present
paper. Naturally, we would like to know whether it is still true in higher dimensions.

PROPOSITION 1.8. Let X be a normal projecitve variety of dimension n = 2 or
3, and G < Aut(X) such that the following conditions are satisfied.
(i) X has at worst Q-factorial kit singularities.
(i) G = (g1, 9n_1) = ZP"~ 1 is of positive entropy.
Then for any non-trivial g € G, the following assertions hold.
(1) If X is an abelian variety, then there is no g-periodic prime divisor.
(2) If X is not an abelian variety, then there are at most p(X) —n distinct g-periodic
prime divisors.

2. Preliminary results.

NoTaTION. We refer to Kollar—Mori [25] for the standard definitions, notation,
and terminologies in birational geometry. For instance, see [25, Definitions 2.34 and
2.37] for the definitions of canonical singularity, Kawamata log terminal singularity
(klt), divisorial log terminal singularity (dit), and log canonical singularity (lc).

Let X be a normal projective variety. X is called Q-factorial, if every integral
Weil divisor M on X is Q-Cartier, i.e., sM is a Cartier divisor for some integer s > 1.
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Let M be an R-Cartier divisor (an R-linear combination of integral Cartier divi-
sors) on X. We call M is nef, if the intersection M - C > 0 for every irreducible curve
C on X. Denote by Nef(X) the closed cone of all nef R-Cartier divisors on X. We
call M is pseudo-effective, if it is contained in the closure of the cone of all effective
R-divisors on X.

For a birational map f: X --» Y, denote its domain by dom f. Then for an
irreducible subvariety B of X such that f is defined at the generic point of B, define
the birational transform f(B) C Y as the Zariski-closure of f(BNdom f) in Y. Then
the push-forward f.B of B under the birational map f is defined (linearly) as follows:

B = f(B), if dim f(B) = dim B;
A 0, otherwise.

In particular, if f is isomorphic in codimension-1 and D is a prime divisor, then

For an automorphism g of X, we use g|x to emphasize that g acts on X. For a
g-invariant subspace V of some cohomology space H*(X,C), we use ¢g*|y to denote
the natural pullback action ¢g* on V. The spectral radius p(g*|v) is the maximal
absolute value of all eigenvalues of g*|y as a linear transformation on V.

The result below shows that our notion of the first dynamical degree of an au-
tomorphism as in the introduction is equivalent to the same one on its equivariant
resolution, and hence equivalent to the usual definition in Dinh—Sibony [13, §2.1] by
Lemma 2.2.

LEMMA 2.1. Let X andY be two normal projective varieties of dimensionn > 2,
and f: X =Y a g-equivariant generically finite surjective morphism. Then we have
di(g9|x) = di(gly). In particular, g|x is of positive entropy (resp. null entropy) if
and only if so is gly.

Proof. The proof of [36, Lemma 2.6] also applies to our situation. Let W —
X — Y be a g-equivariant resolution due to Hironaka [20]. By using the Lefschetz
hyperplane theorem (on W), we reduce to the surface case. Then both d;(g|x) and
dy(gly) are equal to di(g|w). O

Recall that for a compact Kiahler manifold X, the first dynamical degree dy(g) of
a surjective endomorphism ¢ of X is defined as the spectral radius of the pullback
action g* on HV1(X | R) (cf. [29, §A.2]). The following lemma asserts that for smooth
projective varieties these two definitions of dy (another one given in the introduction)
for endomorphisms or automorphisms coincide.

LEMMA 2.2.

(1) Let (X,w) be a compact Kdihler manifold of dimension n, and g a surjective
endomorphism of X. Let V be a g-invariant subspace of HY1(X,R) containing a
Kihler current B.S Then di(g) equals the spectral radius p(g*|v).

(2) Suppose that X is a smooth projective variety and g is a surjective endomorphism

of X. Then p(g*|ma(xr) = p(9" Insa(x))-
Proof. (1) It suffices to show that di(g) < p(g*|v). Let P be the closed cone
in HY(X,R) consisting of classes of positive closed (1, 1)-currents, and C := PN V.

6 A Kihler current B is a real (1, 1)-current such that B — ew is a positive (1, 1)-current for some
e> 0.
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Note that P is a strictly convex cone preserved by the pullback action g*, so is C.
Replacing V' by the subspace spanned by C, we may assume that V' = C+ (—C). Take
an interior point By € C. Then B’ := B; + €B is still contained in the interior of C
(also in the interior of P) for sufficiently small € > 0. We can define a linear form
x: H"Y(X,R) = R by x(¢) = [ £ uw™ ' Note that for a non-trivial class T' in P,
one has x(T') > 0 (cf. [29, Lemmas A.3 and A.4]). So by applying [29, Proposition
A.2] to the triplets (Hl’l(X, R), P, B’) and (V,C, B’), we obtain the following

di(g) = lim x((g™)*B)™ = p(g’|v)-

m— 00

Note that in the proof above we have replaced V' by a subspace, so we actually prove
that di(g) < p(g*|v). This proves the assertion (1).

(2) In this case, NSg(X) is a g-invariant subspace of H!(X,R) containing an
ample divisor, whose first Chern class induces a Kéahler class. So the assertion (2)
follows from the first one. This proves Lemma 2.2. 00

Consider the following hypotheses. We note that the natural map G|yg,(x) —
G|nsc(x) is an isomorphism, for the comparison with the same hypothesis in [39].

HypP(A). Let X be a normal projective variety of dimension n > 2, and G <
Aut(X) such that the group G* := G|ns.(x) induced by the pullback action of G on
NSc(X) is isomorphic to Z®"~1 and every element of G* \ {id} is of positive entropy.

HypP(A’). Let X be a normal projective variety of dimension n > 2, and G <
Aut(X) such that G|ng,(x) is virtually solvable with maximal dynamical rank r(G) =
n — 1.

Obviously, Hyp(A) implies Hyp(A’). The converse is also true up to finite-index
by the following proposition.

PROPOSITION 2.3. Suppose that (X, G) satisfies Hyp(A’). Then, replacing G by
a finite-index subgroup, the null-entropy subset N(G) of G is a (necessarily normal)
subgroup of G and virtually contained in the identily connected component AutO(X)
of Aut(X), i.e.,

IN(G) : N(G) nAut’(X)| < oo.

In particular, the pair (X,G) with G replaced by a finite-index subgroup, satisfies
Hyp(A).

Proof. Let 7: X — X be an Aut(X)-equivariant resolution of X (cf. Hironaka
[20]). Replacing G' by a finite-index subgroup, we may assume that Glev( %) is

solvable and has connected Zariski-closure in GL (NSC()N( )). On the other hand,
for any g € G, we have di(g|5) = di(g|x) by Lemma 2.1. Thus, if we identify G|5
with G|x, via the natural map 7, then

N(G)|g = N(G)|x = N(Gl|x) = N(Gl|),

where the second equality holds by definition. By [11, Theorem 4.1 (1)], we know
that N(G)|g is virtually contained in Aut®(X). Hence N(G)|x is virtually contained
in Aut’(X), since the Aut(X)-equivariant birational morphism X — X induces an
isomorphism Aut’(X) — Aut’(X). Therefore, N(G)|nse(x) = N(G)|NSC()}) is finite,
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since the continuous part Aut’(X) acts trivially on the lattice NS(X) (modulo tor-
sion), and hence acts trivially on NS¢(X). Now as in [39, Lemma 3.1], replacing G
by a finite-index subgroup, we have G|NSC()}) ~ G|5/N(G|g) ~ Z%"~1, and also
Glnse(x) 2%~ 0

Let X be a normal projective variety of dimension n > 2, and G < Aut(X).

Denote the union of all positive-dimensional G-periodic proper subvarieties of X by
Per, (X, G), i.e.,

Per, (X,G) = U Y,
Y is G-periodic

where Y runs over all positive-dimensional G-periodic proper subvarieties of X.
The result below follows from the equivariance assumption.

LEMMA 2.4. Let f: X1 — X5 be a G-equivariant generically finite surjective
morphism. Then we have the following relation:

Pery (X1,G) = f ' (Pery (X2, G)),

where f~1 denotes the set-theoretical inverse. 0

In the rest of this section, we prove some preliminary results under Hyp(A). First
note that if X is smooth, a quasi-nef sequence with 1 < k <n

0#Ly---Ly € Ly-- Ly -Nef(X) € H**(X,R)

was constructed in [35, §2.7]. Here as in [39, Lemma 3.4], we give a generalization of
[13, Theorem 4.3] to the singular case. Besides, we introduce a nef and big R-Cartier
divisor A, which plays an important role in running the Log Minimal Model Program
(LMMP for short) with scaling (cf. [3, Corollary 1.4.2] or [2, Theorem 1.9 (i)]).

LEMMA 2.5. Suppose that (X, G) satisfies Hyp(A). Then there are nef R-Cartier
divisors L; for 1 <i <mn with Ly---L, # 0, such that for any g € G,

9 L; = expxi(9)Li (numerical equivalence)
for some characters x;: G — (R, +), and the group homomorphism
p:G—= (RL ), g (xa(9)s-- 5 xn-1(9))
has image a spanning (discrete) lattice of (Rea"’l, —|—) and satisfies the following:
Kerp = N(G), G*~G/N(G) = Imp~ 781 (1)

In particular,

1s a nef and big R-Cartier divisor.

Proof. Let m: X — X be a G-equivariant resolution of X due to Hironaka [20).
We follow the proof of [13, Theorem 4.3], and consider the action of G on the pullback
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7* Nef(X) of the nef cone Nef(X) C NSg(X) (instead of the Kihler cone K(X) C
H''(X,R) there). Then there are nef R-Cartier divisors 7*L; with 1 < i < n on X
as common eigenvectors of G acting on 7* NSg(X), i.e., g*(7*L;) = exp xi(g)7* L,
such that x1+-- -+ x» = 0 and the induced homomorphism ¢ satisfies (f). By taking
a push-forward, these L; satisfy ¢*L; = exp x;(¢)L;. For details, see [39, Lemma 3.4]
or [38, proof of Theorems 1.2 and 2.2, p. 137].

Note that A is nef by its definition. Then it is big because

The latter inequality follows from [13, Lemma 4.4]. More precisely, that lemma implies
that Ly --- L, is nonzero and hence positive since these L; are nef. O

For a nef R-Cartier divisor L on a projective variety X, define the null locus of L
as

Nul(L)= |J 2

L|z is not big

where Z runs over all positive-dimensional proper subvarieties of X. Note that L|z
is nef, so it is not big if and only if LI™% . Z = 0.

LEMMA 2.6 (cf. [39, Lemma 3.9]). Suppose that (X, G) satisfies Hyp(A). Then
Per, (X, G) = Null(4),

and it is a Zariski closed proper subset of X, where A is constructed in Lemma 2.5.
In particular, A is ample if and only if every G-periodic proper subvariety of X is a
point.

Below is the key proposition in [39] which was used to prove [39, Theorem 2.4].
Note that we do not need the pseudo-effectivity of Kx + D or dim X > 3.

PROPOSITION 2.7 (cf. [39, Proposition 3.11]). Suppose that (X,G) satisfies
Hyp(A). Assume that for some effective R-divisor D whose irreducible components are
G-periodic, the pair (X, D) has at worst Q-factorial klt singularities. Let A =" L;
be the nef and big R-Cartier divisor as in Lemma 2.5. Then after replacing G by a
finite-index subgroup and A by a large multiple, the following assertions hold.

(1) There is a sequence 75 o - -- o1 of G-equivariant birational maps:

X =Xg - Xy o T X, T Xsp1 =Y ()

such that each 7j: X; --» X411 for 0 < j < s is either a divisorial contraction of
a (Kx; + Dj)-negative extremal ray or a (Kx, +Dj)-flip; the 731 Xy — Xop1 =Y
is a birational morphism such that Kx, + Ds = 77 (Ky + Dy) is R-Cartier; here
D; C X; for 0 <i<s+1 is the push-forward of D and Dy = Dgy1.

(2) For 0 <i < s+ 1, the push-forward A; of A on X; is a nef and big R-Cartier
divisor.

(3) For 0 < i < s+ 1, the pair (X;, D; + A;) and hence the pair (X;, D;) have at
worst klt singularities; X; is Q-factorial for 0 < j <s.

(4) Ky + Dy + Ay is an ample R-Cartier divisor, where Ay = Agy1.

(5) For 0 <1< s+ 1, the union of all positive-dimensional G-periodic proper subva-
rieties of each X; is a Zariski closed proper subset of X;. Further, A;|z =0 for
every positive-dimensional G-periodic proper subvariety Z of X;.
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(6) For0<1i<s+1, the induced action of G on each X; is biregular. Further, each
(X, G) also satisfies Hyp(A).

Note that if (X, D) is only a dlt pair, one has the following proposition (but need
Kx + D to be pseudo-effective). The main idea is to apply Proposition 2.7 to the klt
pair (X, (1 — €)D) for some 0 < € < 1.

PROPOSITION 2.8 (cf. [39, Proposition 2.6]). Suppose that (X,G) satisfies
Hyp(A). Suppose further that for some effective Q-divisor D whose irreducible com-
ponents are G-periodic, the pair (X, D) has at worst Q-factorial dlt singularities, and
Kx + D is a pseudo-effective divisor. Then, after replacing G by a finite-index sub-
group, the following assertions hold.

(1) There is a G-equivariant birational map X --» Y which is surjective in
codimension-1. Moreover, the induced action of G on'Y is biregular.
(2) The pair (Y, Dy) has only log canonical singularities and Ky + Dy ~q 0, where

Dy is the push-forward of D.

(3) Every G-periodic positive-dimensional proper subvariety of Y is contained in the

support of Dy .

Under Hyp(A), the rank of the Néron—Severi group has the following lower bound
(see also [13, Theorem 4.3]).

LEMMA 2.9. Suppose that (X, G) satisfies Hyp(A). Then we have:

(1) The Picard number p(X) > n.

(2) Assume there exists a numerically non-zero R-Cartier divisor M such that g* M =
M for any g € G. Then p(X) > n+ 1.

(3) If p(X) =n and Kx 1is Q-Cartier, then Kx = 0.

Proof. (1) We use the notations as in Lemma 2.5. Namely, we have n distinct
characters x; whose corresponding common eigenvectors are nef R-Cartier divisors
L;, respectively. It then follows that these L;’s are linearly independent in NSg(X),
so p(X) > n.

(2) The assumption is equivalent to say that the R-Cartier divisor M is a non-
zero common eigenvector of G corresponding to the trivial character (i.e., G — 0).
Then the same reason as in the assertion (1) implies that M and all L;’s are linearly
independent in NSg(X).

(3) Tt follows from the assertion (2) by taking M = Kx. O

PROPOSITION 2.10. Suppose that (X, G) satisfies Hyp(A) and X has at worst
Q-factorial kit singularities. Let B, ..., Bs be distinct G-periodic prime divisors on
X. Then we have:

(1) If the irregularity ¢(X) = 0, then By, ..., By are linearly independent in NSg(X).

In particular, they are linearly independent in NSg(X).

(2) If there is a projective birational morphism X — X' such that Bi,...,Bs are
exceptional divisors, then they are linearly independent in NSg(X).”
(3) If By,...,Bs are linearly independent in NSg(X), then s < p(X) — n.

Proof. (1) Replacing G by a finite-index subgroup, we may assume that all of
B; have been stabilized by G. Suppose to the contrary that these B; are linearly
dependent in NSg(X). Then we have Y7, a;B; = 0 in NSg(X) for some a; € Q, not
all zero. After rearranging the order of B;, we may assume that E; = Zf;l a;B; =

"The linear independence of exceptional divisors is a purely birational geometric property. Ac-
tually, we do not need B; to be G-periodic in the proof of the assertion (2).
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> ie 11 0jBj =t B2, where a;,b; = —a; are positive rational numbers. Since ¢(X) =
0 by assumption, we have F; ~ FEs (linear equivalence) after replacing E; by some
multiples. Hence the Titaka D-dimension x := (X, E7) > 1.

Replacing FE; by some mkE;, we may assume that the map &g, @ X --»
PHO (X, OX(El)) gives rise to the litaka fibration associated to Fj, so that its image

has dimension equal to k. Take a G-equivariant resolution 7: X=X (cf. Hironaka
[20]), such that the linear system |7* E1| equals | M|+ F', where M is base point free, F’
is the fixed component of |7*E4|, and both of their divisor classes are G-stable. Now
the rational map ®|g,|: X --» PHO (X, Ox (El)) is birational to the G-equivariant
morphism @)1 X — Y C PH(X,0¢(M)) with dimY = .

If Kk = n, then M is a nef and big divisor. So by [36, Lemma 2.23], G is virtually
contained in Aut’(X) and hence is of null entropy on X, and also on X (cf. Lemma
2.1). This contradicts that the dynamical rank »(G) = n — 1 > 1. Thus we have
1 <k <n-—1. In other words, @‘ M| 1S a non-trivial G-equivariant fibration with
general fibres of dimension n — x € {1,...,n — 1}. Then by [35, Lemma 2.10], the
dynamical rank r(G) < n — 2, which contradicts Hyp(A). So we have proved the
linear independence of these B; in NSg(X).

The second part of the assertion (1) follows from a linear algebra argument.

(2) Suppose that these B; are linearly dependent in NSg(X). Then we have
i, a;iB; = 0 in NSg(X) for some a; € R, not all zero. As in the proof of the
first assertion, we may assume that F; := Ef;l a;B; = 222:514-1 b;Bj =: E,, where
a;,b; are positive real numbers. By the negativity of contraction (cf. [3, Lemma 3.6.2
(1)]), there exists a B;, for some 1 < iy < s; which is covered by curves ¥ such that
E; - ¥ < 0. However, for a general curve ¥ in the covering family of B;,, we have
Bj;-¥ >0 for any s; +1 < j < sy and hence Ey -3 > 0. This is a contradiction.

(3) We continue using the notations as in Lemmas 2.5 and 2.9. By the argument
similar to the proof of Lemma 2.9 (2), we can show that Li,..., Ly, B1,...,Bs are
linearly independent in NSg(X'). Thus we have n+ s < p(X). This ends the proof of
Proposition 2.10. O

The following lemma generalizes a fact, which asserts that every effective divisor
on an abelian variety is nef.

LEMMA 2.11. Suppose that m: T — X is a finite surjective morphism between
normal projective varieties. Suppose further that T satisfies one of the following con-
ditions.
(i) T has at worst kit singularities and contains no rational curve; Kp ~q 0.
(ii) T is an abelian variety.

Then we have:

(1) Every pseudo-effective R-Cartier divisor on X is nef.

(2) Every big R-Cartier divisor on X is ample.

Proof. Since 7 is finite and by the projection formula, an R-Cartier divisor D
on X is pseudo-effective, big, nef or ample if and only if so is #*D. Thus we only
need to prove this lemma for X = T. Further, we may assume that 7" satisfies the
condition (i) since the condition (ii) implies the condition (i). By the Kodaira lemma,
which states that every big R-divisor is the sum of an ample Q-divisor and an effective
R-divisor (cf. [27, Lemma 3.16]), it suffices to prove the assertion (1). Since the cone
of all pseudo-effective R-Cartier divisors on 7T is the closure of the cone of all effective
R-Cartier divisors on 7" in NSg(T') and the nef cone Nef(T) is closed, we only need
to show that every effective R-Cartier divisor on 7" is nef. For this, it suffices to show
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that every effective Cartier divisor on 7' is nef. Suppose to the contrary that some
effective Cartier divisor D on T is not nef. By [25, Corollary 2.35], (T, eD) is klt for all
sufficiently small rational number € > 0. Now K7 4 €D ~q €D is not nef. Therefore,
applying the cone theorem in MMP to (T,eD) (cf. [25, Theorem 3.7]), we obtain an
extremal rational curve on T', which contradicts the condition (i). This proves Lemma
2.11.0

The following result proves the implication (1) => (2) in Theorem 1.7.

LEMMA 2.12. Let X be a quasi-étale torus quotient T/ F for some abelian variety
T and a finite group F acting freely outside a codimension-2 subset of T, and G <
Aut(X) such that (X, G) satisfies Hyp(A). Then X has no positive-dimensional G-
periodic proper subvariety.

Proof. Let T — X be the Galois covering (or minimal split covering in the sense of
Beauville; see [1, §3]) corresponding to the unique maximal lattice L in 7 (X \ Sing X))

such that 7' is an abelian variety. T hen there exists a group G (which is the lifting
of G) acting faithfully on 7', such that G = G/F. See also [38, §2.15]. Note that
the action of G on X can be identified with a not necessarily faithful action of G
on X (with finite kernel). Replacing G' by a finite-index subgroup, we may assume
that the new G acts faithfully on both T and X (cf. [38, Lemma 2.4]), and both
(T,G) and (X, G) satisfy Hyp(A) (cf. [39, Lemma 3.1]). By Lemma 2.11, the nef and
big R-Cartier divisor Aon T as_constructed in Lemma 2.5, is ample. Hence every
G-periodic proper subvariety of Tisa point (see Lemma 2. 6) The same holds for X
by Lemma 2.4. O

3. Some general results from birational geometry. In this section, we es-
tablish some general results which will be used in the last two sections to prove our
main theorems and propositions. They should be of interest in their own right.

We first quote the following result, which will be frequently used in the sequel of
the paper.

LEMMA 3.1 (cf. [18, Corollary 1.5]). Let (X, A) be a dit pair for some effective
Q-divisor A and ¢: W — X a birational projective morphism. Denote by Ex(¢) the
exceptional locus of ¢, i.e., the set of points on W at which ¢ is not an isomorphism.
Then we have:

(1) Ewvery fibre of ¢ is rationally chain connected.
(2) Ewvery irreducible component of Ex(¢) is uniruled. In particular, if D is a non-

uniruled prime divisor on W, then so is the push-forward of D on X.

The proposition below gives an affirmative answer to Question 1.6 (2).

PROPOSITION 3.2. Suppose that (X,G) satisfies Hyp(A). Suppose further that
X is G-equivariant birational to a quasi-étale torus quotient. Then we have:
(1) Every connected component Zj of Pery(X,G) (i.e., the union of all positive-
dimensional G-periodic proper subvarieties of X ) is rationally chain connected.
(2) FEwvery irreducible component of Pery (X, G) is uniruled. In particular, Question
1.6 (2) has a positive answer.

Proof. Since the assertion (2) follows readily from the first one, we prove only
the assertion (1). Suppose that X is G-equivariant birational to a quasi-étale torus
quotient Y := T/F for some abelian variety 7" and a finite group F' (note that YV’
is klt). Since the image of a rationally chain connected Zariski closed set is still
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rationally chain connected, we may replace X --+ Y by a GG-equivariant resolution of
indeterminacy (cf. Hironaka [20]), and assume that X — Y is already a G-equivariant
birational morphism (see Lemma 2.4 and [39, Lemma 3.1]). Note that the image of Zj
on Y is G-periodic and hence a point P by Lemma 2.12. By Zariski’s main theorem,
the inverse image on X of the point P on the normal variety Y is connected. This
inverse of P is also G-periodic and contains Zx, so it equals Zj, since Zj, is a connected
component of Pery (X,G). Then by Lemma 3.1, Z, is rationally chain connected. O

Below is an easy fact whose proof is left to the reader.

LEMMA 3.3 (cf. [19, Exercise 2.1]). Let X be a normal projective variety and D
a Weil Q-divisor. If D is R-Cartier, then it is Q-Cartier.

It is well-known that the birational automorphism group of a projective variety
of general type is finite (cf. [32, Theorem 14.10]). Below is a similar result.

LEMMA 3.4. Let X be a non-uniruled normal projective variety, and G < Aut(X)
such that the linear equivalence class of an ample divisor H is G-periodic. Then G is
finite.

Proof. Replacing H by a large multiple, we may assume that H is very ample
and hence the complete linear system |H| defines a closed embedding from X into
some projective space PH° (X, Ox (H)) ~ PV, Identify X with its image. Replacing
G by a finite-index subgroup, we may assume that G itself stabilizes the linear equiv-
alence class of H. Thus the above embedding is G-equivariant. So G is contained
in Aut(PV, X), the Zariski closed subgroup of Aut(PY) stabilizing X. If G were in-
finite, then the linear algebraic group Aut(PY, X) contains the 1-dimensional linear
algebraic group G, or G,,, whose orbit of a general point is a rational curve. But
our X is non-uniruled. This is a contradiction. Hence G is finite. O

We give a criterion for the log canonical divisor Kx + D to be pseudo-effective.
See [26, Theorem 1.4 or 3.7] for a more general form.

LEMMA 3.5. Let X be a rationally connected normal projective variety, and D a
non-uniruled prime divisor such that Kx + D is Q-Cartier. Then Kx + D is pseudo-
effective.

Proof. Take a log resolution X — X for the pair (X, D), and denote by D the
proper transform of D. Note that the push-forward of a pseudo-effective divisor is
still pseudo-effective. Hence we may replace the pair (X, D) by (X, D), and assume
that it is Q-factorial dIt now.

Suppose to the contrary that Kx + D is not pseudo-effective. We shall follow the
proof of [26, Theorem 3.7]. After running a (Kx + D)-MMP with an ample scaling,
we reach a Fano fibration h: W — Y as follows (cf. [3, Corollary 1.3.3])

X:Xo—f—0>X1—&>---£m:2>Xm_1 &’CLXW =W

|s

Y.

Note that each f; above is either a divisorial contraction of a (Kx, + D;)-negative
extremal ray or a (Kx, + D;)-flip, where D; C X, is the push-forward of D. So
(Xi, D;) is still Q-factorial and dlt (cf. [25, Corollary 3.44]). Thus Dy = D,,, as the
push-forward of D on W is still a non-uniruled prime divisor since so is D (see Lemma
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3.1). Then the argument in [26, 4.7. Proof of Theorem 3.7, the second paragraph]
asserts that h: W — Y is a Pl-fibration with Dy a cross-section. Hence Dy is
birational to Y via the restriction map h|p, . Since X is rationally connected, so
are each X; and the h-image Y of W. Thus Dy is rationally connected and hence
uniruled. This is a contradiction. So the lemma is proved. O

The following lemma provides sufficient conditions to have canonical singularities.
Note that under the condition (ii) it is a log-version of [21, Lemma 2.4].

LEMMA 3.6. Let X be a normal projective variety of dimension n, and D an
effective Weil Q-divisor such that Kx + D is Q-Cartier and Kx + D =0 (numerical
equivalence). Suppose that one of the following two conditions hold.

(i) X is rationally connected and D is a non-uniruled prime divisor.

(il) X 4s non-uniruled.
Then (X, D) has at worst canonical (and hence dlt) singularities. Moreover, under
the condition (i), the prime divisor D itself as a variety is normal; under the condition
(ii), we further have D = 0 and hence X has at worst canonical singularities.

Proof. Take a log resolution : X — X for the pair (X, D) and denote the proper
transform of D by D. Under the condition (i), X is still rationally connected and
D is non-uniruled. So it follows from Lemma 3.5 that K 5+ D is pseudo-effective.
Under the condition (i), X is also non-uniruled and hence K 5 is pseudo-effective by
[5, Theorem 2.6]. Without loss of generality, we may assume that K g + D admits a
Zariski o-decomposition K g + D=P+N , where the R-divisors P and N are the

movable part and the negative part of K5 + D, respectively (cf. [27, Ch. III, §1.b]).
On the other hand, we have

K)?—FB:TF*(KX'FD)-FEl—EgEEl—EQ,

where E and Es are effective m-exceptional divisors and have no common component.
Now the same argument as in [21, Lemma 2.4] eventually shows that Ey = 0, and
hence (X, D) has only canonical singularities by definition. Note however that to con-
clude D = 0 under the condition (ii) we need to consider the Zariski o-decomposition
of the pseudo-effective divisor K 5. The rest of the proof is similar to [21, Lemma 2.4]
and left to the reader. O

When X is a surface, we have a more specific description of X and its periodic
curves.

LEMMA 3.7. Let X be a normal projective surface with an automorphism g of
positive entropy, and C a g-periodic curve. Then either X is a rational surface, or C
s a rational curve.

Proof. Replacing X by a g-equivariant resolution of singularities due to Hironaka
[20], we may assume that X is smooth. Since X admits an automorphism of posi-
tive entropy, by [7, Proposition 1], either X is a rational surface, or it has Kodaira
dimension £(X) = 0.

Thus we have only to consider (and rule out) the case where (X ) = 0 and C' is
irrational. Let X — X, be the smooth blowdown to the (unique smooth) minimal
model of X. Note that the image C,, of C is still a curve by Lemma 3.1, and g
descends to an automorphism on X,,. So we may replace (X,C) by (X,,,Cp,), and
assume that X is minimal. Hence Kx ~g 0. More precisely, X is either a K3 surface,
or an Enriques surface, or an abelian surface (cf. [7, Proposition 1]).
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Replacing g by some power, we may assume that g stabilizes the curve C'. The
generalized Perron-Frobenius theorem due to Birkhoff asserts that (g&!)*L,«1 =
d1(g%)Ly+1 for some nonzero nef divisors Ly+1. Then A := Ly+ L, is nef and also
big since A% > L, -+ Lg-1 > 0. It is perpendicular to C' because d; (gF!) > 1. Indeed,

Ly -C = (gil)*(Lgil C) = (gil)*L +1 - (gﬂ)*C = dl(gil)Lgil -C. (1)

It follows that Lg+1 - C'= 0, and hence A-C = 0. Thus C? < 0 by the Hodge index
theorem, since A2 > 0.
On the other hand, by the arithmetic genus formula, we have

g9 g9

0>0C%=(Kx+C)-C=2p,(C)—2>0,
since C' is irrational. This is a contradiction. Lemma 3.7 is proved. O

REMARK 3.8. Suppose X is a smooth projective rational surface with an auto-
morphism g of positive entropy. Then K% < 0. Indeed, since g*Kx ~ Kx, we have
A- Kx =0 as calculated in the equation (1) of the lemma above with C replaced by
Kx. Hence either Kx =0, or Kg( < 0. Since X is a smooth rational surface, Kx is
not numerically trivial, so K% < 0.

If C is a g-periodic curve on X, then the arithmetic genus p,(C) < 1. Otherwise,
the Riemann—Roch theorem and the Serre duality imply that

1O(X,0x(Kx +C)) = x(Ox) + %c- (Kx +C) = pa(C) > 2.

So the nef part of the Zariski-decomposition of Kx + C' is nonzero and g-invariant,
contradicting dq(g) > 1.

We end this section with the following rigidity result for the proof of Proposition
1.8 (2). It follows from [25, Lemma 1.6] and [8, Proposition 1.14 or Lemma 1.15].

LEMMA 3.9 (Rigidity Lemma). Let f: X — Y be a projective surjective mor-
phism of normal varieties. Suppose that all fibres of f are connected and of the same
dimension. Let f': X — Y’ be another projective morphism of varieties such that
' (f~Y(y0)) is a point for some yo € Y. Then there is a unique morphism 7: Y — Y’
such that f' =mo f.

4. Proofs of Theorems 1.2 and 1.3. Our proof of Theorem 1.2 will rely on
the following two lemmas.

LEMMA 4.1. Suppose that we have the sequence (1) of G-equivariant bira-
tional maps as in Proposition 2.7. Then we have the following relations among the
PGI‘Jr (Xl, G) .

(1) For a divisorial contraction 7; with 0 <1i < s and for the birational morphism T;
with i = s, we have

Pery (X;,G) = 7, " (Pery (Xiy1,G)).

Moreover, every irreducible component of the exceptional locus Ex(7;) is uniruled.
(2) If 1y is a (Kx, + D;)-flip for some 0 < i < s:
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then there is a Zariski closed subset A; C V; such that the flipping locus Ex(f) =
F7H(A;) and the flipped locus Ex(f) = (fY)71(A;). Further, Per (X;,G) =
f7H(Pery(V;,G)) and Pery (Xip1,G) = (f7) 7' (Pery(Vi, G)). Every irreducible
component of the flipping locus Ex(f) or the flipped locus Ex(fT) is uniruled.

Proof. (1) The first part follows directly from Lemma 2.4. For the second one,
we know that every (X;, D;) is klt (so is dlt) by Proposition 2.7 (3). Then it follows
from Lemma 3.1 that every irreducible component of Ex(7;) is uniruled.

(2) The first part follows from the uniqueness of flips (cf. [25, Lemma 6.2 and
Corollary 6.4]). Now the second part follows, using also the G-equivariance of the
morphisms f and f* and Lemma 2.4.

Hence we still have to prove the last part. We assume that f is a contraction of
a (Kx, + D;)-negative extremal ray R>o[¢]. Choose a suitable ample divisor H such
that

(Kx, + Di+€eH) £ =0 and (X;, D; + eH) is still klt

for some 0 < € < 1. By the cone theorem in MMP (cf. [25] or [15, Theorem 1.1]),
there is an R-Cartier divisor O, on V; such that Kx, + D, + e = f*0O,. By the
projection formula, ©; = Ky, + f.D; + ¢f.H. Then (V;, f.D; + €f.H) is a klt pair.
So Lemma 3.1 implies the last part. We have proved Lemma 4.1. O

The following lemma exposes the relationship among the irreducible components
of these Per (X;,G). We will also use this lemma to prove Theorem 1.3 (2) later.

LEMMA 4.2. Under the assumption of Lemma 4.1, for any 0 < i < s, every non-
uniruled irreducible component of Pery(X;, G) is G-equivariant birational to some
irreducible component of Pery (X;41, G) by 7, which is then isomorphic at the generic
point of that irreducible component.

Proof. We use the same notation as in Lemma 4.1. Let Z° be any non-uniruled
irreducible component of Per (X;, G).

If 7; is a divisorial contraction for some 0 < i < s or 75, by Lemma 4.1 (1) above,
Z' is not contained in the exceptional locus of 7;. Hence Z is G-equivariant birational
to its birational transform in X1, and the latter is also an irreducible component of
Per+ (Xi+1, G) .

If 7; is a flip for some 0 < i < s, by Lemma 4.1 (2), Z* is not contained in the
exceptional locus of f: X; — V;. Hence Z is G-equivariant birational to its birational
transform in V;, and the latter one is G-equivariant birational to its proper transform
in X;,1 via the map f™: X;.1 — V;. This last one in X;,; is also the birational
transform of Z? via the birational map 7;: X; --+ Xit1, and hence an irreducible
component of Pery (X;;1,G). In the above argument, we use the fact that both
exceptional loci of f: X; — V; and f: X, 1 — V; lie over the same Zariski closed
subset A; C V;. 0O

For a projective variety V, we take a resolution V — V and define the Albanese
map

alby: V — — = Alb(V) == Alb(V)

~ albg ~
as the natural composition V — - >V R @ Alb(V). Tt is known that alby is a well-
defined morphism when V' has at worst rational singularities.



PERIODIC SUBVARIETIES OF A PROJECTIVE VARIETY 467

Proof of Theorem 1.2. By Proposition 2.3, replacing G by a finite-index subgroup,
we may assume that (X,G) satisfies Hyp(A). So we can apply Proposition 2.7 by
choosing D = 0. Then our assertion (1) is just Proposition 2.7 (5).

Proof of Assertion (2). We are going to prove this assertion by the backward
induction on the index i of X;. We will use the sequence (}) of G-equivariant birational
maps as in Proposition 2.7 with D = 0. Recall that for 0 < i < s+ 1, A; (an R-
Cartier divisor) denotes the push-forward of A on X;, where A = > L; is a nef
and big R-Cartier divisor as constructed in Lemma 2.5. By Proposition 2.7 (5), we
know that A;|z = 0 for every positive-dimensional G-periodic proper subvariety Z of
X;. Replacing G by a finite-index subgroup, we may assume that G stabilizes every
irreducible component of Pery (X;, G).

Let Z be an irreducible component of Pery (Y, G). By Proposition 2.7 (4) (with
D = 0 always in the current theorem), we know that Ky + Ay is an ample R-Cartier
divisor on Y. Then Ky |z is also an ample R-Cartier divisor on Z since Ay |z = 0.
Assume further that Z is non-uniruled. Then by Lemma 3.4 applied to H = Ky |z,
we know that G|z is finite. Hence a finite-index subgroup of G fixes Z pointwise. So
the assertion (2) holds true on Y = X41.

By induction we assume that for any irreducible component Z'*! of
Per, (X;11,G), either Zi! is uniruled, or a finite-index subgroup of G fixes Zi*1
pointwise. Now we choose any irreducible component Z¢ of Pery(X;,G). Assume
further that this Z? is non-uniruled. Then by Lemma 4.2, Z% is G-equivariant bira-
tional to its birational transform in X;; by 7;, and the latter is also an irreducible
component of Per; (X;+1,G). By the inductive hypothesis, a finite-index subgroup
of G fixes that latter birational transform of Z?, and then it also fixes Z’ pointwise.
This proves the assertion (2).

Proof of Assertion (3). The first part of the assertion (3) has been proved by
Lemma 2.9. If p(X) = n, the same lemma also tells us that Kx is numerically trivial.
Then K is pseudo-effective. Thus the second part follows from [39, Theorem 2.4]
(under the condition (ii) there).

Proof of Assertion (4). By Lemma 2.12, we only need to consider the case that X
is not an abelian variety. We first assume that the irregularity ¢(X) > 0. By Hironaka
[20], we can take an Aut(X )-equivariant resolution 7: X — X. Then ¢(X) = ¢(X) >
0 because X has only klt and hence rational singularities (cf. [25, Theorem 5.22]).
By [35, Lemma 2.13], alb; is a (necessarily Aut (X)-equivariant) surjective birational
morphism. Hence the same holds for alby because X has only rational singularities.
Note that for any G-periodic prime divisor D on X, the image albx (D) of D is a G-
periodic subvariety of the abelian variety Alb(X). It follows from Lemma 2.12 again
that such D is albx-exceptional. Then we get the upper bound of distinct G-periodic
prime divisors by Proposition 2.10. Next we assume that ¢(X) = 0. Suppose that X
has s distinct G-periodic prime divisors By, ..., Bs. Then the upper bound of s has
also been given by Proposition 2.10. This proves the assertion (4).

We have completed the proof of Theorem 1.2. O

Proof of Theorem 1.3. Take a G-equivariant log resolution 7 : X — X for the pair
(X, D), and denote by D the proper transform of D. Note that D is still a G-periodic
non-uniruled prime divisor. Replacing G by a finite-index subgroup, we may assume
that D is stabilized by G and (X, G) satisfies Hyp(A) (see Proposition 2.3 and [39,
Lemma 3.1]). Replacing (X, D) by (X, D), it suffices to show Theorem 1.3 for the
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dlt case. (We show the assertion (2) for instance. Suppose that X has a G-periodic
irreducible subvariety Z different from D. Then the m-proper transform Zs of Zo is
an irreducible component of Per (X G) different from D, so it is uniruled. Hence Z
is uniruled.)

Proof of Assertion (1). The surface case has been dealt with by Lemma 3.7, so we
only consider the case n > 3. If X were not rationally connected, then replacing G by
a finite-index subgroup, X is G-equivariant birational to a quasi-étale torus quotient
(cf. [39, Theorem 2.4]). On the other hand, by the affirmative answer to Question
1.6 (2) (i.e., Proposition 3.2), X is not G-equivariant birational to a quasi-étale torus
quotient. This is a contradiction.

Proof of Assertion (8). The dlt assumption implies that X is also klt, so we may
apply Theorem 1.2 to the pair (X, G). Then the assertion (3) is a direct consequence
of Theorem 1.2 (2), since D is a G-periodic non-uniruled prime divisor.

Proof of Assertion (4). By the assertion (1) above, we can apply Lemma 3.5 and
say that K x4+ D is pseudo-effective. This in turn allows us to apply Proposition 2.8 to
the dlt pair (X, D). Note that the G-equivariant birational map X --+ Y is originally
constructed in Proposition 2.7 for the klt pair (X, (1 — €)D) with € > 0 sufficiently
small. Then the assertion (4) comes readily from Proposition 2.8 (3).

Proof of Assertion (5). We first prepare the following for the proof of this as-
sertion. Note that (X, D) is dlt, then (X, D,) is klt, where D, := (1 — €)D for some
0 < e < 1 (cf. [25, Proposition 2.41]). So we can apply Proposition 2.7 to the klt pair
(X, D). Then there is a sequence 75 o - - - 0 79 of G-equivariant birational maps:

X=Xo- X S T X, T Xy =Y (%)

such that each 7;: X; --» X4 for 0 < j < s is either a divisorial contraction of a
(Kx,; + D j)-negative extremal ray or a (Kx, + D j)-flip; the 75: Xy = X1 =Y
is a birational morphism such that Kx, + D, s = 77 (Ky + D¢ y); here D.; C X; for
0 < i < s+1 denotes the push-forward of D,. It follows from [25, Corollaries 3.42 and
3.43] that each (X, D, ;) for 0 < i < s is klt. So (Y, D, y) is also klt. In particular,
by Lemma 3.1, each D, ; for 0 < i < s+ 1 is indeed a divisor since D is non-uniruled.

Now the first part of the assertion (5), i.e., Ky + Dy ~g 0, follows from Propo-
sition 2.8 (2).

By the first part we have proved and Proposition 2.7 (4), we know that

—eDy + Ay ~q Ky + (1 —€)Dy + Ay

is an ample R-Cartier divisor. Note also that Ay is R-Cartier by Proposition 2.7 (2),
and then so is Dy. Hence by Lemma 3.3, Dy is Q-Cartier, and then so is Ky.

Note that Y is rationally connected (since so is X) and Dy is a non-uniruled
divisor. Hence by Lemma 3.6 (i), Ky + Dy ~g 0 implies that (Y, Dy) has only
canonical singularities (and Dy is a normal variety), so does Y (cf. [25, Corollary
2.35]). This proves the assertion (5).

Proof of Assertion (6). By the adjunction theorem for dlt pairs (cf. [14, Propo-
sition 3.9.2] or [23, §16 and §17]), there exists an effective divisor Diff p,. (0) on Dy
such that

Kp, + Diffp, (0) = (Ky + Dy)|py ~0O.
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Note that Dy itself (as a variety) is non-uniruled and normal. Then by applying
Lemma 3.6 (ii) to the pair (Dy,Diffp, (0)), we have Diff p, (0) = 0 and Dy has at
worst canonical singularities. Thus Kp, ~g 0. This proves the assertion (6).

Proof of Assertion (7). By the assertion (4) we have proved, every positive-
dimensional G-periodic subvariety of Y is contained in Dy, so Per, (Y,G) = Dy. In
particular, by Proposition 2.7 (5), we have Ay |p,, = 0. We already see in the proof
of the assertion (5) that —eDy + Ay is an ample R-Cartier divisor, and then so is
(—eDy + Ay)|p, = —€Dy|p, . Note that by the assertion (5), Dy is Q-Cartier. The
assertion (7) follows.

Proof of Assertion (2). Suppose to the contrary that some Zj with k& > 2 is non-
uniruled. Note that in our proof of the assertion (5), we applied Proposition 2.7 to
the klt pair (X, D.) and produced the sequence (%) of G-equivariant birational maps.
So by Lemma 4.2, such Zj, is G-equivariant birational to some irreducible component
of Per (Y,G) by 75 0 --- o7, which is isomorphic at the generic point of Z;. On
the other hand, the assertion (4) says that Pery (Y, G) = Dy has only one irreducible
component. So such Zj is birational to Dy. By the irreducibility of Z; we know
that Zj coincides with D = Z7, which is a contradiction. This ends the proof of the
assertion (2).

We have completed the proof of Theorem 1.3. O

REMARK 4.3. With the assumption and notation in Theorem 1.3, we have:

(1) Tt follows from Proposition 2.10 with By := D that the Picard number p(X) >
n+ 1.

(2) Note that the positive-dimensional part of the singular locus Sing Y of Y is con-
tained in Dy by Theorem 1.3 (4). So we have dim(SingY") < max{0,dimY — 3}.
Indeed, by Theorem 1.3 (5), (Y, Dy) has at worst canonical singularities. After
(dimY — 2)-times hyperplane cutting as in [25, Corollary 5.18], we reach a canon-
ical surface pair (S, Dg) (cf. [25, Lemma 5.17 (1)]). So by [25, Theorem 4.5],
DsNSing S = &, and hence Y is smooth at its codimension-2 points lying inside
Dy-. This shows that dim(Dy N SingY) < max{0,dimY — 3}.

(3) Suppose dimY = 2. Then Y is smooth in a neighborhood of Dy, and Dy is a
(smooth) elliptic curve, since Dy is normal and Kp, ~q 0.

(4) Suppose dimY = 3. Then Y has at worst isolated singularities. Further, Kp, ~q
0 implies that Dy is either a smooth abelian surface or hyperelliptic surface, or
a normal K3 surface or Enriques surface with at worst Du Val singularities.

5. Proofs of Theorem 1.7 and Proposition 1.8.

Proof of Theorem 1.7. (1) = (2) is proved by Lemma 2.12.

(2) = (1) comes from [39, Theorem 2.4 or Lemma 3.10].

(1) = (3) is true by choosing D’ = 0, and note that quotient singularities are
Q-factorial klt and Kx+ ~q 0.

(3) = (1) follows from [39, Theorem 2.4] (under the condition (ii) there).

(1) = (4) is just our Proposition 3.2 (1). O

Finally, we shall prove Proposition 1.8. But prior to that, we give two lemmas
to deal with the abelian variety case. It should be noted that even for the abelian
variety case, unfortunately, we have not been able to generalize Proposition 1.8 (1) to
higher dimensions.
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LEMMA 5.1. Let X be an abelian variety of dimension n > 2 and D a prime
divisor. Then D as an algebraic variety is of general type if and only if D is a big
divisor.

Proof. Suppose that D as an algebraic variety is of general type. Note that D
is a Cartier divisor on smooth X so that the canonical divisor Kp is a well-defined
Cartier divisor. Let v: DY — D be the normalization of D and C the conductor of v
which is an effective divisor on D¥. Then

Kpr +C =v*Kp.

Also, by the (generalized) adjunction formula in [25, Proposition 5.73] and Kx = 0,
we have

Kp = (KX +D)|D = D|D
Take a log resolution p: D" — DV for the pair (D”,C'). We then have
Kp +p;'C+ By = p*(Kpv + C) + By,

where FE7 and FEs are effective p-exceptional divisors, and Kp is big since D is of
general type. Hence by the above three equalities we can show that

c-m" ' <h®(D',mKp) < h’(D',m(Kp + p; 'C + Ey))
=K (D', mp*(Kpv + C) + mEy) = h*(D”,m(Kp» + C))
=K’ (DY, mv*Kp) = h° (D", mv*(D|p)),

for some ¢ > 0 and m > 1. The first inequality comes from the definition of big Cartier
divisor, and the second equality holds by the projection formula for the morphism
w: D' — D". Tt follows that the Cartier divisor v*(D|p) is big, then so is D|p since v
is birational (or just by the definition of big Cartier divisors on non-normal varieties).
Hence D|p is nef and big, so 0 < (D|p)"~* = D™ (cf. [25, Proposition 2.61]). Note
that D on A is nef. So D is big.

Conversely, suppose that D is a big divisor (and contains the origin point). We
have seen that D is ample by Lemma 2.11. Then it is well-known that K(Ox (D)) =
Ker ¢ (p) is finite (see e.g. [4, Proposition 4.5.2]), where ¢ (p), the canonical map

from X to its dual abelian variety X := Pic?(X), is defined as following
bo ) X = X,z T;O0x(D) ® Ox(D)™' = Ox(T;D — D).

On the other hand, by [32, Theorem 10.9] or [4, §15.7], we also know that if denote
by

Z={zeX:x+DcD)

the identity connected component of the stabilizer of D in X, then Z is an abelian
subvariety of X contained in D such that the quotient variety D/Z is of general type.
Note that in our situation, Z is contained in the finite group scheme K(Ox (D)) and
hence equals 0. It follows that D is of general type which finishes the other direction
of Lemma 5.1. 00

LEMMA 5.2. Let X be an abelian variety of dimension n = 2 or 3, and G <
Autyariety (X) such that G ~ Z%"1 is of positive entropy. Then for any non-trivial
f € @G, there is no f-periodic prime divisor.
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Proof. If X is an abelian surface admitting an automorphism f of positive entropy
and C' is an irreducible f-periodic curve, then by [32, Lemma 10.1], x(C) > 0 and
hence C is irrational, which contradicts Lemma 3.7. Thus we only need to consider
the case X is an abelian 3-fold.

Suppose to the contrary that there exists at least one f-periodic prime divisor D.
Replacing f by some power, we may assume that f(D) = D. Write f = T, o g with
T, a translation and g a group automorphism (fixing the origin point). Also, after
replacing f by T_qo fo Ty, Gby T_40G oTy, and D by T_4(D) = D — d for some
d € D, we may assume that D contains the origin point. According to the Kodaira
dimension of D, we have the following three cases.

Case 1): k(D) = dim D = 2, i.e., D as an algebraic variety is of general type.
Then D is big by Lemma 5.1. It follows that f is of null entropy by Lemma 2.2 (see
also [36, Lemma 2.23]), contradicting our assumption on f.

Case 2): k(D) = 1. By [32, Theorem 10.9] or [4, §15.7], the identity connected
component Z of the stabilizer of D in X, ie., Z :={zx € X : x + D C D} is an
abelian subvariety of X containing in D, such that dim Z = dim D — k(D) = 1 and
D/Z is of general type. As in [37, Lemma 2.11], we can prove that g(Z) = Z and
hence 7: X — X/Z is an f-equivariant (and also g-equivariant) fibration with a fibre
7. Indeed, for any z € Z, we have

9(z)+ D =g(2) + f(D) = g(2) + (a+9(D)) =a+g(z+ D) Ca+g(D) = f(D) = D.

So g(Z) = Z because g is a group automorphism. Using the main result of Dinh—
Nguyeén [12], we have di(f|x) = di(g9|x) = max{di(g|x/z),d1(g|x)}, where di(g|r)
denotes the relative dynamical degree in their sense. Note that the g-action on X/Z
has a fixed point, the origin point. So by [12, Remark 3.4], d1(g|») = d1(g|z) and hence
equals 1 since dim Z = 1. On the other hand, f|x, stabilizes the nef and big divisor
D/Z (bigness comes from Lemma 5.1 again). Hence di(g|x/z) = di(f|x/z) = 1.
Overall, we have shown that d; (f|x) = 1, which is a contradiction.

Case 3): k(D) < 0. Then k(D) = 0 and D = § + Z is a translation of some
abelian subvariety Z of X (cf. [32, Theorem 10.3]). Now we have § + Z = D =
f(D) = a+g(D) = a+ g(d) + g(Z). Since g is a group automorphism and Z
contains the origin point, a + ¢g(6) — 0 € Z and hence g(Z) = Z. Then consider the
quotient map 7: X — X/Z which is a g-equivariant (and also f-equivariant) fibration.
As in Case 2), we also have the following equalities concerning the first dynamical
degrees di(f|x) = di(g|x) = max{di(g|x/z), di(g]x)} = di(g|z), here di(g|x/z) = 1
because Z is an abelian surface and hence dim X/Z = 1. Thus we have deduced that
d1(g|z) > 1 since f is of positive entropy.

Write G = (f1, f2) and f; = Ty, o ¢; for group automorphisms g;. Consider the
induced composite morphisms 7;: ¢;(Z) — X — X/Z. Suppose that for each i,
dimImm; = 0, i.e., Imm; is the origin point of the elliptic curve X/Z. So ¢;,(Z) = Z
and then it follows that 7: X — X/Z is G-equivariant, contradicting with [35, Lemma
2.10]. Therefore, we may assume that m; dominates X/Z and hence it is flat by [17,
Proposition 9.7]. Moreover, every irreducible component of the geometric fibre of m
over 0 (i.e., g1(Z) N Z) has dimension 1. Let F be any such irreducible component. It
is easy to see that this F'is a g-periodic curve in Z (since f; commutes with f implies
gi; commutes with g). However, as we have seen, an abelian surface can not contain
any g-periodic curve for any automorphism ¢ of positive entropy. So we also derive a
contradiction in this case and hence finish the proof of Lemma 5.2. O

REMARK 5.3. Under the same conditions in Lemma 5.2, we can show that there
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is no (irreducible) f-periodic curve either. Actually, let C' be an irreducible f-periodic
curve on an abelian 3-fold X. If k(C) = 1, i.e., C is of general type and hence Aut(C)
is finite. So f™|c = id¢ for some m > 0. Write f = T, o g as usual. It follows from
[4, Lemma 13.1.1] that the identity component Z of the pointwise fixed point set
X9" is a positive-dimensional abelian subvariety. Then X — X /Z is a G-equivariant
fibration (see also [37, Lemma 2.11]), which contradicts with [35, Lemma 2.10]. If
k(C) = 0, then C = § + E for some abelian subvariety E of dimension 1. Consider
the quotient map 7: X — X/FE which is a g-equivariant fibration. As in the proof of
Lemma 5.2, we may assume that the dimension of 7(gi(E)) is 1, i.e., m(g1(E)) is a
g-periodic curve in the abelian surface X/E. Note also that di(g|x/p) = di(g]x) > 1
by Dinh—Nguyén [12]. This contradicts the surface case of Lemma 5.2.

Proof of Proposition 1.8. The assertion (1) has been proved by Lemma 5.2. To
prove the assertion (2), we first consider the case that the irregularity ¢(X) > 0.
Then the Albanese map albx: X — Alb(X) is a G-equivariant birational surjective
morphism by the maximality of the dynamical rank of G (cf. [35, Lemma 2.13]). So
for any g-periodic prime divisor D on X, one has albx (D) is a g-periodic subvariety of
Alb(X). However, according to Lemma 5.2, albx (D) can not be a g-periodic divisor,
i.e., D is an albx-exceptional divisor. Hence for any 1 < ¢ < n —1, it follows from the
commutativity of G that each g;(D) is also a g-periodic alb x-exceptional divisor. Note
that for a birational morphism, there are only finitely many (irreducible) exceptional
divisors. Thus D is g;-periodic for any ¢ and hence G-periodic. Then by Proposition
2.10, there are at most p(X) — n distinct g-periodic prime divisors.

Next, we may assume that the irregularity ¢(X) = 0. This also holds for any res-
olution of X because X has only klt and hence rational singularities (cf. [25, Theorem
5.22]). We only need to prove the claim that there are only finitely many g-periodic
prime divisors D; with 1 < j < k for some £ > 0. Indeed, assuming this claim
for the time being, as in the case ¢(X) > 0, we can show that D, is G-periodic for
any j. Then by Proposition 2.10, we would have the upper bound p(X) — n. For
this claim, the surface case is well known. Actually, it follows from the Hodge index
theorem and the fact that every g-periodic curve is perpendicular to the nef and big
divisor A := Ly + L, as in the proof of Lemma 3.7, where L +1 are the nef divisors
corresponding to the first dynamical degree d;(g7') of g™'. Therefore, we still have
to prove this claim for the case n = 3.

Suppose to the contrary that the above claim does not hold. Namely, there are
infinitely many distinct g-periodic prime divisors D; with 7 > 1. Let

K= H(X,ZDJ') = max {H(X,
j=1

ZDj) : Dj is g-periodic, t > 1}
j=1

for some r > 1 and denote Ej := Z;Zl D;. Replacing g by its power, we may assume
that g(D;) = D; for all j <r. As reasoned in Proposition 2.10, we have x > 1.

For any 1 <¢ <mn—1,let E; := g/ Ey. It is easy to see that E; is also g-periodic
since g commutes with each g;, and hence (X, E;) = (X, FEy + E;) = k by the
maximality of k. Replacing Ey by some mEy, we may assume that the dominant
rational map

D, X --» @, (X) CPH?(X, Ox(E;))

is an litaka fibration associated to E; and its image has dimension equal to  for any
0 < i < n—1. Take a g-equivariant resolution 7: X’ — X of Sing X and Bs(|E;|)
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due to Hironaka [20], such that the linear system |7*E;| = |M;| + F;, where each M;
is base point free, F; is the fixed component of |7*E;|, and their divisor classes are
g-stable. Now the morphism ®),y,| is birational to ®g,|. Let Y; — ®57,/(X’) be the
normalization, and ¢;: X’ — Y; the induced morphism, which is an algebraic fibre
space with connected fibres. Denote by A; the ample divisor on Y; such that M; =
¢ A;. We have (X', Mo+ M,;) = (X, Ey+E;) = r by the maximality of x. Thus the
free divisor My + M; is the pullback of some ample divisor on a variety of dimension
K, which implies that (M + M;)"™! = 0. In particular, M§ - M; = 0 = M - MF.

We assert that k < n — 2 = 1. Indeed, by blowing up Y; and X’ further, we
may assume that Y; is also smooth. Replacing ¢; by the new morphism, the new A;
on the new Y; is only nef and big. Nevertheless, we obtain a g-equivariant fibration
¢;: X' = Y; of smooth varieties such that g preserves the nef and big divisor A; on
Y;. Tt follows from [37, Lemma 2.5] that K < n —2 = 1, thus K = 1 in the present
case. (Remark: in what follows, the blowing up of Y; is unnecessary, since Y; is a
normal and hence a smooth curve. In particular, the divisor A; is still ample, and
¢; is flat and hence equidimensional; see [17, Proposition 9.7]. Indeed, the argument
below works as long as ¢; is equidimensional.)

For 1 <i <mn—1,let C be any curve in a general fibre F; of ¢;. Take general
ample divisors H; on X’ containing C with 1 < j < n—rx. Let S := H1N---NHy_p_1.
Then

0<C-My=C-Myls < Mf|s-Myls =M - My-Hy- - Hp_re—1 =0.

Thus Ap - (¢9)«C = 0 by the projection formula. So ¢¢ contracts C' (and hence the
whole F};) by the ampleness of Ag. Then by the Rigidity Lemma 3.9, ¢g = ¢; o ¢; for
some morphism ¢;: Y; — Y. Interchanging the role of My with M;, we get another
morphism s;: Yy — Y; such that ¢; = s; 0 ¢g. Hence ¢; = s; 0t; o ¢;. The surjectivity
of ¢; then implies that s; o¢; = id. Similarly, ¢; o s; = id. Thus s; and t¢; are
isomorphisms and inverse to each other by the normality of Y;. Therefore, we can
write M; = ¢ A; = ¢§B; with B; := sf A; an ample divisor on Yj.

Now the automorphism g; on X descends to an isomorphism between the bases
of the Iitaka fibrations ® g, and ®g,|, while the latter two are birational to @,
and @y, respectively. So g; induces an isomorphism from (the normalization of)
®4,/(Yo) to (the normalization of) ®p,(Yp), which is an automorphism of Yy now.
Thus G acts on Yj bi-regularly. Replacing X --» Y by a G-equivariant resolution X"
of the graph, we have a non-trivial G-equivariant fibration between two smooth pro-
jective varieties. Contradicts the maximal dynamical rank assumption on G (cf. [35,
Lemma 2.10]). This ends the proof of Proposition 1.8. O
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