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ABSTRACT. In the context of Strominger-Yau-Zaslow mirror symmetry
(after [SYZ96]), SYZ fibrations are often studied. Itis known thatan SYZ
fibration from a polarized Calabi-Yau manifold gives two affine structures
and one metric to its base space. The base space endowed with the triple
is expected to play an important role to obtain a mirror pair of the Calabi-
Yau manifold. This approach makes extensive use of complex differential
geometrical tools such as SYZ fibrations.

On the other hand, Kontsevich and Soibelman proposed a construction
of affine manifolds for maximal degenerations of Calabi-Yau manifolds
using a non-Archimedean analog of the SYZ fibration. Nowadays, such
an analog of the SYZ fibration is called a non-Archimedean SYZ fibra-
tion. Furthermore, they predicted that two affine manifolds, one coming
from SYZ fibrations and the other from a non-Archimedean SYZ fibra-
tion, are equivalent. Actually, to be precise, they adopted a somewhat
different construction (called Collapse picture) for the SYZ-side than the
one described as above.

Main theme of this thesis is to prove the above Kontsevich-Soibelman
conjecture in an enhanced form for maximal degenerations of K-trivial
finite quotients of polarized abelian varieties. This thesis is based on
three papers ([Got20], [Got22] and [GO22]) written by the author, Keita
Goto. The last paper is a joint work with the author’s advisor, Yuji Odaka.
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1. INTRODUCTION

1.1. Atthe end of the 20th century, in order to formulate what is called mirror
symmetry, several approaches have been proposed. One of them is due to
Strominger, Yau and Zaslow [SYZ96]. In op.cit., they gave a geometric
interpretation for mirror symmetry and proposed a conjecture called the SYZ
conjecture. Gross and Siebert provided an algebro-geometric interpretation
of the SYZ conjecture [GS06]. It is known as the Gross-Siebert program.
In this program, it is important to associate an integral affine manifold with
singularities (IAMS, for short) with a degeneration of polarized Calabi-Yau
manifolds, and vice versa. For a (toric) degeneration of polarized Calabi-Yau
manifolds, they extracted the polyhedral decomposition and the fan structure
for each vertex and gave an IAMS structure to the dual intersection complex
based on them, and vice versa.

Kontsevich and Soibelman associated an IAMS structure of the dual inter-
section complex in a non-Archimedean way [KS06]. The precise definition
will be given later (§5), but for now, we call it NA SYZ picture. In [op.cit.,
§4.2], they mentioned the specific IAMS structure for the degeneration of
K3 surfaces defined by

{zom12923 + tPy(x) = 0} C P? x A,

where © = [z¢ : 21 : @y : x3] are homogeneous coordinates on P3, A is a
(formal) disk with a (formal) parameter ¢ and P, is a generic homogeneous
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polynomial of degree 4. For general degenerations of K3 surfaces, however,
the specific affine structures associated in this way are not well known.

1.2. In the context of Strominger-Yau-Zaslow mirror symmetry, it is well
known that SYZ fibrations associate IAMS’s with maximal degenerations
of polarized Calabi-Yau varieties. We discuss the following three kinds of
‘SYZ fibrations’ from §4.

(i) Special Lagrangian fibrations from complex Calabi-Yau manifolds
(often called ‘SYZ fibrations’) as defined in Definition 4.2.
(i1) Non-Archimedean SYZ fibrations as defined in Definition 3.86.
(iii) Hybrid SYZ fibrations as defined in Theorem 6.7.

Their historic origins are quite different. The fibration (i) dates back at
least to Harvey-Lawson [HLS82, III] in the context of calibrated geometry,
and after Strominger-Yau-Zaslow [SYZ96], often studied in the context of
the mirror symmetry. On the other hand, the fibration (ii) first appeared
in the basic general theory of non-archimedean geometry [Ber99]. Note
that in both situations, affine manifolds with singularities underly the fibra-
tions. Such a heuristic similarity of these two fibrations is first pointed out
in Kontsevich-Soibelman [KS06], which in particular lead to [KS06, Con-
jecture 3] roughly predicting the interesting coincidence of two affine struc-
tures. Both fibrations are also regarded roughly as “tropicalization".

[Got22, §5] proves the conjecture [KS06, Conjecture 3] for abelian vari-
eties and Kummer surfaces in an explicit manner, with a particular emphasis
on the non-archimedean SYZ fibration side.

The fibration (i) i.e., special Lagrangian fibrations, on which we place
more emphasis in this thesis, are expected to exist for any maximal degener-
ations in the context of the mirror symmetry. This fairly nontrivial prediction
is occasionally referred to as (a part of) “SYZ conjecture", after [SYZ96].

1.3. In this thesis, we calculate two IAMS structures, one from a family of
SYZ fibrations (i) and the other from a non-Archimedean SYZ fibration (ii),
for degenerations of K-trivial finite quotients of polarized abelian varieties.
In addition, we unify these two types of SYZ fibrations by introducing what
we call a hybrid SYZ fibration (iii). In other words, we partially prove the fol-
lowing Conjecture 1.4 and Conjecture 1.6 motivated by [KS06, Conjecture
1 and Conjecture 3] for maximal degenerations of K-trivial finite quotients
of polarized abelian varieties.

Conjecture 1.4 (Existence of special Lagrangian fibrations). Take any flat
proper family f: X* — A* = {t € C| 0 < |t| < 1} which is a maximal
degeneration, that is, with the maximal unipotency index of the monodromy.
Also, take any relatively ample line bundle L* and consider the famliy of
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Ricci-flat Kéihler metrics gxe(X;) on f71(t) = X, for t # 0, whose Kiih-
ler classes are ¢,(L; = L|x,). Then for any |t| < 1, there is a special
Lagrangian fibration on X (with respect to a certain meromorphic relative
section of Ky« a«).

1.5. In §4.2, we prove the above Conjecture 1.4 for K-trivial surfaces, abelian
varieties of any dimension and their finite quotients. Recall that already
in [OO21], Conjecture 1.4 was proven for the case of K3 surfaces (op.cit.
Chapter 4) and higher dimensional irreducible holomorphic symplectic va-
rieties of K3["-type and generalized Kummer varieties (op.cit. Chapter 8).

Conjecture 1.6 (Equivalence between SYZ picture and NA SYZ picture
(cf.[KS06, Conjecture 3])). Consider the maximal degenerating polarized
algebraic Calabi-Yau varieties X* over a sufficiently small punctured disc
A* :={t € C|0 < |t| < €} such that there exists a special Lagrangian
fibration for each fiber X, as Conjecture 1.4. Then these fibrations for any
fiber X extend by continuity to a non-Archimedean SYZ fibration as we see
later (Definition 3.86). Further, the IAMS structure induced by the family
of SYZ fibrations coincides with the IAMS structure induced by the non-
Archimedean SYZ fibration.

That is, we prove the following theorems in this thesis.

Theorem 1.7 (= Theorem 4.20 and Corollary 4.24, An affirmative answer
to Conjecture 1.4 for K-trivial finite quotients of polarized abelian varieties,
cf. [GO22, Theorem 2.8]). For maximal degenerations of K-trivial finite
quotients of polarized abelian varieties, there is a special Lagrangian fibra-
tion on each fiber. Furthermore, IAMS induced by the family of these special
Lagrangian fibrations can be described explicitly.

Remark 1.8. The last assertion of Theorem 1.7 gives an affirmative answer
to [KS06, Conjecture 1] for K-trivial finite quotients of polarized abelian
varieties although it is already proved in [OO21] partially.

Theorem 1.9 (= Theorem 5.32, cf. [Got22, Theorem 5.31]). For maximal
degenerations of K-trivial finite quotients of polarized abelian varieties, an
IAMS structure induced by a family of SYZ fibrations coincides with an IAMS
structure induced by a non-Archimedean SYZ fibration up to scaling.

1.10. In the process of proving this, we prove that the IAMS induced by the
non-Archimedean SYZ fibration for K-trivial finite quotients of polarized
abelian varieties is explicitly described by the degeneration data as in [FC90]
(= Theorem 5.27).

Theorem 1.11 (=Theorem 6.7 and Theorem 6.23, An affirmative answer to
Conjecture 1.6 for K-trivial finite quotients of abelian varieties, cf. [GO22,
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Theorem 3.2 and Theorem 4.9]). Consider the maximally degenerating K-
trivial finite quotients of polarized abelian varieties X* over a sufficiently
small punctured disc A* := {t € C |0 < |t| < €}. Then there exists a
special Lagrangian fibration for each fiber X; as Conjecture 1.4, and these
fibrations for any fiber X, extends to a hybrid SYZ fibration f™": X" — B
as we will see in Theorem 6.7. Here, the fibration f™P satisfies the following:

(i) for t € A*, f¥P|y, = f; that is, coincides with the special La-
grangian fibrations.
(i) fI°),_g = fY’| yan is a non-Archimedean SYZ fibration.

In particular, the fibration f™® implies that the IAMS structure induced by
the family of SYZ fibrations coincides with the IAMS structure induced by
the non-Archimedean SYZ fibration. Further, the finite group action on the
maximal degeneration of polarized abelian varieties, that we consider when
taking its quotient, can be described explicitly.

1.12. Here is a brief description of the structure of this thesis:

§2 In this section, we recall classical theory of abelian varieties. In
particular, the period theory, Faltings-Chai theory (cf. [FC90]) and
Kiinnemann theory (cf. [Kiin98]) are quite improtant for this the-
sis. Kiinnemann theory states the way to construct an SNC model
of a polarized abelian variety over a complete discrete valuation
field. It is a modification of Mumford’s construction by which we
can construct a semiabelian degeneration from degeneration data.
In Kiinnemann’s construction, it is important to construct a cone
decomposition associated with the degeneration. Further, the cone
decomposition is also important for NA SYZ picture as we will see
in §2.3. In applying Kiinnemann’s construction to the proofs of our
main theorems, we will modify his method due to technical prob-
lems ([Got22, Lemma 3.17]= Lemma 2.55).

§3 This section is intended to recall the classical theory of Berkovich
analytic spaces. In this context, we also introduce the results of
[Got20, Theorem 3.5, Theorem 6.11]. In latter half of this section,
we recall non-Archimedean SYZ fibrations originally introduced in
[KS06], following [NXY19].

So far, we have basically shared the assumed knowledge. From §4, we get
to the main problem.

§4 The main theme of §4 is to prove Theorem 4.20, following [GO22,
§2]. In this section, we consider SYZ picture for K-trivial finite quo-
tients of polarized abelian varieties, and compare it with Gromov-
Hausdorff limit picture.
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§5 In [Got22], we treated non-Archimedean SYZ fibrations only for
Kummer surfaces or abelian varieties. However, in this section, we
study non-Archimedean SYZ fibrations for K-trivial finite quotients
of polarized abelian varieties, beyond op.cit..

§6 The main theme of this section is to show how to “merge" two fibra-
tions (i) and (ii) as in (1.2) with different origins, to construct what
we call a hybrid SYZ fibration (the fibration (iii) as in (1.2)), follow-
ing [GO22]. This provides some enhanced answer to [KS06, Con-
jecture 3], not only at the level of integral affine structures. Our con-
struction is inspired by the recent technology of hybrid norms that
originated in [Ber10] and re-explored in [BJ17]. We prove [KS06,
Conjecture 3] for K-trivial finite quotients of abelian varieties in ar-
bitrary dimension, generalizing [Got22, §5]. In §6.3, we explicitly
explore the possible symmetry of maximally degenerating abelian
varieties and its inducing symmetry on the limit object given by
SYZ fibrations, which fits well to the previous sections.
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2. CrassIiCAL THEORY OF ABELIAN VARIETIES

In this chapter, we give a brief introduction to the classical theory with
respect to abelian varieties that play important roles in this thesis.

2.1. Definitions and basic properties.
This section is mainly based on [Mum70].

Definition 2.1. An abelian variety X is a complete algebraic variety over a
field £ with a group law m : X x X — X such that m and the inverse map
are both morphisms of varieties.

2.2, In particular, an abelian variety is connected algebraic group. Further,
it is well known that any algebraic group scheme over k is quasi-projective
over k. It implies that any abelian variety over £ is projective over k. (cf.
Corollary 2.19) If k£ = C, then the underlying complex analytic space of an
abelian variety is actually a complex torus. Now review this.

Let X be a compact connected complex Lie group of dimension g and
V' the tangent space to X at the identity point 0 € X. Then V(= CY) is a
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complex vector space and the exponential map exp : V' — X is uniquely
defined. Moreover, the map exp : V' — X is a surjective homomorphism
of complex Lie groups with kernel a lattice A(= Z29), where a lattice in V
means a subgroup generated by a real basis of V, and induces an isomor-
phism V/A = X. Therefore, X is a complex torus.

However, complex tori are not necessarily projective, that is, abelian va-
rieties. To summarize, an abelian variety over C is equivalent to a complex
torus with some polarization.

Unless otherwise noted, an abelian variety shall mean a complex abelian
variety as above until the end of this section.

2.3. Let X be a complex torus of the form V//A as (2.2). The lattice A is an
important invariant. In fact, there are canonical isomorphisms

H(X,Z) = /T\ Hom(A,Z).

Furthermore, it is also important when considering the moduli of principally
polarized abelian varieties, as we see later (2.28).

The cohomology groups HY(X, QP) are also significant invariants. By
transition with respect to the group law on X, we can see that

p
Ox ®c \V* =,

where V* = Homg(V, C) is the cotangent vector space to X at 0. Further,
it is well-known that

q
H(X,0x) = \ V¥,

where V* is the complex conjugate of V*. It implies that
q

P p
HY(X, ) = HY(X, Ox®c [\ V) 2 HI(X, Ox)oAV* = A Vo A\ V™.

Note that H"(X,C) = H"(X,Z) ®z C = A" Hom(A,C) holds. Since
Hom(A, C) = Homg(V,C) 2 V* @ V7, it holds that

T q p
X, 2 AV eV )= AV e AVv)=  B/(X,@).

ptq=r pta=r

It means Hodge decomposition.

2.4. Let X be acomplex torus of the form V//A as (2.2), L aline bundle on X
and 7(= exp) : V — X an universal covering of X. Since H*(V, O},) =
Pic(V) = 0, the pull back 7*(L) is trivial on V. It gives a trivialization

x : 7(L) =2 C x V. Furthermore, the canonical action of A on 7*(L)
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induces an action of C x V' through . The induced action of A € A is given
by

Cx V>3 (u,2)— oda(u,2) == (ex(z) - u,z+ ) € CxV,
where e, € H* := H°(V, O},). Then it holds that

6)\+)\/(2) = 6)\<Z + )\,) : 6/\/(2).

It means that the map A — e, is a 1-cocycle for A with coefficients in H*.
Such a function e_ : A — H* is called a factor of automorphy. Further, if
the trivialization x is altered, {e,} is replaced by a cohomologous cocycle.
Therefore, we obtain the map Pic(X) — H'(A, H*). In fact, this map is
an isomorphism. It means that any line bundle on X is isomorphic to the
quotient of C x V for the action of A corresponding to {e,} € H'(A, H*).

Let H be a hermitian form on V' such that ImH (A x A) C Z. Then there
isamapa: A — U(1) € C* such that

(A + A2) = eVIrmH (O 22) a(A)a(Ag).
Such a map « is called a semi-character with respect to H. If we put
ex(z) = a()) - e HENHaTHON),

then {e\} € H'(A, H*). Denote the associated line bundle by L(H, «). Fur-
thermore, the first Chern class of the line bundle L(H, «) is

2
ImH € /\ Hom(A,Z) = H*(X, Z).
Note that if we take L(H;, ;) and L(Hs, c2) as above, then it holds that
L(Hl, Oél) X L(HQ, Ozz) = L(Hl + HQ, CYlCl/Q).
More precisely, the following theorem is well known.

Theorem 2.5 (Appel-Humbert’s Theorem). Let X be a complex torus of
the form V/\ as (2.2), { H} the group of hermitian H : V x V' — C with
ImH(A x A) C Z and {(H,«)} the group of data (H, «) consisting of
the above H and semi-character o with respect to H. Then the following
diagram commutes.

0 —— Hom(A,U(1)) — {(H.a)} {H}

ZIIl 2l tf ZIILH

0 Pic’(X) PicX HYY(X,Z) —=0
where f(H,«a) := L(H,a) and g(H) = ImH.

2.6. Let L = L(H, «) be the associated line bundle on X as Theorem 2.5.
Then it is well-known that the following are equivalent.

0
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e [ is ample.
e [1 is positive definite.

2.7. Now consider morphisms between abelian varieties. Before that, we
recall the following important lemma.

Lemma 2.8 (Rigidity lemma). Let X be a complete variety, Y and Z any
varieties, and f : X x'Y — Z a morphism such that for some yy € Y,
the image f(X x {yo}) is a single point zy € Z. Then there is a morphism
g Y — Z such that f = g o py, where ps : X XY — Y is the second
projection.

Corollary 2.9. If X and Y are abelian varieties and [ : X — Y is any
morphism, then f(x) = g(x) + a, where g is a homomorphism of X into'Y
anda €Y.

Proof of Corollary 2.9. Replacing f by f— f(0), we may assume f(0) = 0.
It suffices to show that f is a homomorphism. Then the assertion holds
by applying Lemma 2.8 to the morphism ¢ : X x X — Y defined by

d(x1, 22) = fx1 4+ x2) — f(21) — f(22). O

2.10. Let X be an abelian variety of the form V/A as (2.2), 7 : V — X the
universal covering and Aut(.X) the automorphism group of X. We denote
by t, : X — X the translation morphism defined by t,(y) = = + y. Any
homomorphism of X into itself comes from some linear map of V' into itself.
By Corollary 2.9, if f € Aut(X), then f(7(z)) = t,(7(Mz)), where M €
GL(V,C) and v € V. In particular, Aut(X) — GL(V,C) x V holds.

The following theorems are important.

Theorem 2.11 (Seesaw Theorem). Let X be a complete variety, B any va-
riety and L a line bundle on X x B. Then the set

By = {b € B| L|xxy is trivial on X x {b}}
is closedin B, and if on X X By, ps : X X By — By is the second projection,
then L|xwp, = p5M for some line bundle M on B.

Theorem 2.12 (The theorem of the cube). Let X and Y be complete vari-
eties, Z a connected scheme, and L a line bundle on X XY X Z whose
restrictions to {xo} X Y X Z, X x{yo} x Z and X xY x {z} are trivial
for some xq € X, yo € Y and zy € Z. Then L is trivial.

Corollary 2.13. Let X, X5 and X3 be complete varieties and L a line bun-
dle on X1 x X9 x X3. Then

L = ply(Lia) ® pag(Las) @ pis(Las),

where p;; : X1 X Xo X X3 — X; X Xj is the projection and L;; is some line
bundle on X; x X;.
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Proof of Corollary 2.13. Take a point x; € X, for each i. Let 515 : X7 X
Xy — X; x X5 x X3 be the inclusion such that Im(s12) = X X X5 x {23}.
Likewise, we can define s;; if i # j. Further, lets; : X; — X; x Xy x X3 be
the inclusion such that Im(s;) = X x {z3} x {x3}. Likewise, we can define
s; for each 7. Then s; is a section of the projection p; : X7 x Xs x X3 — X.
Now consider

L®pT2ST2(L_1)®p§3853(L_l)®pT35T3(L_1)®p’{ST(L) ®pyss(L) ®p§s§(L).

The restriction of this line bundle to each X; x X is trivial. By Theorem
2.12, this line bundle is trivial on X; X X5 x X3. Note that p; factors through
pij (or pj;, which is the same thing). In other words, it holds that p; = g;0p;2,
P2 = @2 © po3 and p3 = g3 o P13, Where ¢; is the appropriate projection.
Now we set Lo = $75(L) ® ¢s7(L), Loy = s55(L) ® g3s5(L) and L3 =
s13(L) ® ¢3s5(L). Then we obtain desired isomorphism. O

Corollary 2.14. Let X be any variety, Y an abelian variety, and f, g, h :
X — Y morphisms. Then for all L € Pic(Y'), we have

(f+g+h)*L = (f+9)" L(g+h) La(h+ ) Lo f* L' ®g* L' @h*L™".

Proof of Corollary 2.14. Letp; : Y XY x Y — Y be the projection onto
the 7*® factor. Setm :=p, +ps +p3: Y xY x Y — Y. By considering i**
factorof Y x Y x Y as X;and 0 € Y as x; € X;, we can apply Corollary
2.13 to this case. Then it holds that

m*L = (p1+p2)* L ® (p2+p3)* L& (p3s+p1) LOP L @ps L~ @piL~"

by the argument in the proof of Corollary 2.13. Therefore, the assertion
holds by considering the pull back of m*L by the map (f,g,h) : X —
Y XY xY. U

Corollary 2.15 (The theorem of the square). Let X be an abelian variety.
For all line bundles L on X and z,y € X,

., LOL=tLetL.
In particular, the map ¢, : X — PicX defined by
T ¢p(x) :=[tiL ® L] € PicX
is a homomorphism.

Proof of Corollary 2.15. By considering Y as X, f, g as constant maps with
images x,y € X respectively, and h as the identity map, the former assertion
directly follows from Corollary 2.14.

The desired isomorphism implies ¢ (z + y) = ¢r(x) + ¢ (y) in PicX.
Hence, the latter assertion also holds. O
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2.16. In the rest of this thesis, we will always keep the notation ¢, as ap-
peared in Corollary 2.15. We can easily see that ¢r,07, = ¢r, + ¢r, and
¢, = ¢r. In addition, the followings hold.

Proposition 2.17. ker(¢y) is a Zariski-closed subgroup of X.

Proof. Letm : X x X — X be the addition morphism, p; : X x X — X
the second porjection. Apply Theorem 2.11 to the line bundle m* L @ p5 L.
Then the set consisting of points x € X such that m*L ® p§[71|{gc}X x i8S
Zariski closed. Since m*L ® psL~'yxx = tiL ® L', the assertion
holds. U

Proposition 2.18. Let X be an abelian variety, L a line bundle on X with
hO(X,L) > 0 and D an associated effective divisor. The following are
equivalent.

(i) L is ample on X.
(ii) ker ¢, is finite.
(iii) H ={z € X |ti(D) = D} is finite.

Proof. First, we show (1) = (2). If ker ¢, is not finite, there is a positive
dimensional abelian variety Y such that Y — ker¢; — X. Consider
the line bundle M := m*(L|y)™ @ pi(Lly) @ p5(L]y) on Y x Y, where
m :Y XY — Y isthe addition and p; : Y X Y — Y is the proojection
onto i*" factor. Since Y C ker ¢y, t7(L[y) = Lly holds for each y € Y.
It implies that M is trivial by Theorem 2.11. Now consider the morphism
f:Y =Y xY definedbyy — (y,—y). Then f*M = L|y ®(—1)*(L|y) is
trivial on Y. However, if L is ample on X, the restriction L|y is also ample.
It means that L]y ® (—1)*(L|y) is ample on Y. This is a contradiction since
dim Y > 0. In other words, L is not ample.

It follows from H C ker ¢, that (2) = (3).

We now show (3) = (1). By Corollary 2.15, the complete linear system
|2L| contains the divisors ¢}(D) + t* (D). For any u € X, we can find an
x € X such that u £ x ¢ SuppD. It also means that u ¢ Supp(ti(D) +
t* .(D)). Hence, |2L| has no base points and we obtain the associated mor-
phism @pr : X — [2L| = P(H(X,2L)). If L is not ample, then ¢y is
not finite [Gro61, Proposition (2.6.1)]. Then we can find an irreducible curve
C such that @5 (C) = {1pt}. It means that C'is disjoint from £ € |2L] if
C'is not contained in E. In particular, ¢(D) + t* (D) is disjoint from C'
for almost all x € X. Now we take such a point z € X. Since ¢ (D) and
t* (D) are effective divisors, it holds that

Supp(ts(D) +t* (D)) = Supp(t;(D)) U Supp(t* ,(D)).

It implies that ¢ (D) are disjoint from C. Now we use the following claim.
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Claim. If C' is a curve on an abelian variety X and F is a prime divisor on
X such that C N E = (), then E is invariant under translation by x; — x»
forany x1, x5 € C.

If D =) n;D;, where D; is a prime divisor, then ¢5(D) = > n;ti(D;).
By the above claim, each t*(D;) is invariant under translation by all points
x1 — g forany 1,25 € C. It means ¢}, _, . (D) = t;(D). It implies that
ty ., (D) = D. Hence, H is at least 1-dimensional. In other words, H is
not finite.

To finish the proof, we show the above claim. If L = L(FE), then L is
trivial on C' since F is disjoint from C'. Consider m* L, where m : X x X —
X is the addition. Here we can find an irreducible nonsingular curve C,, in
X connecting any x and 0 € X. Then m*L|c,«x is flat on C,. Since
m*Lljoyxx = L and m*L|y«x = tiL, t;L is algebraically equivalent
to L. It implies that (¢£L)|c has degree O for all z € X. If E and t;C
intersected non-trivially, (¢ L)|c would have positive degree. Thatis, t5C C
Eiftt:CNE # () forallz € X. Take 1,29 € C and y € E. Then
y €t; ., (C)NE. Itimpliest; . (C) C E. Hence, 1, — 22 +y € E. It
concludes the claim. O

Corollary 2.19. An abelian variety X is projective.

Proof. Let U be any affine open subscheme of X such that 0 € U, and
Dy, ..., D, the irreducible components of X \ U. Set D := > D;. Then U
is stable under ¢, for any x € H. It follows from 0 € U and z = t}(0) € U
forany x € H that H C U. Thatis, H is affine. In addition, H is proper
since H is closed in X. Therefore, H is finite. By Proposition 2.18, it means
that L = L(D) is ample. Hence X is projective. O

2.20. By definition, Pic” X means the subgroup of PicX consisting of all
line bundles algebraically equivalent to the trivial line bundle. Let X be an
abelian variety of the form V/A, and p : V — X the universal cover. If
L = L(H,«) € Pic(X) as in Theorem 2.5, then we obtain

t;‘)(v)(L) ~ L(H o),
where 7, ()\) 1= e?"V-1mH©A) by definition of L(H, «). In particular, it
implies ¢r(w.0)(p(v)) = L(0,7,) € Pic°X. Further, if L = L(H,a) €

Pic’X (that is, H = 0), then vy, = 1. Therefore, Pic’ X can be rephrased as
follows:

PicX = {L € PicX | ¢, = 0 € Hom(X, PicX)}.

In other words, we obtain an exact seqgence

0 —> Pic®X — PicX —~~~ Hom(X, Pic"X).
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Set At == {v € V |ImH(v,\) € Z, forall A\ € \}. Then we can easily
see that ker ¢r,(p7,0) = A+ /A. Hence, the following are equivalent.

® ker ¢y q) is finite.

e AL /A is finite.

e At isalattice.

e ImH is non-degenerated.

e [ is non-degenerated.
Note that it is slightly different from Proposition 2.18. The above does not
need any global section of L = L(H, «).

The following is important to define the dual abelian variety.

Theorem 2.21. Let L be ample on an abelian variety X. Then ¢, : X —
Pic’ X is surjective.

2.22. By Theorem 2.21, the group Pic’X can be viewed as a group coming
from an abelian variety X/ ker ¢.

Conversely, we can consider an abelian variety X isomorphic to Pic’X
as an abstract group. Such an abelian variety X is not unique, however, can
be uniquely characterized by considering some line bundle & on X x X
that we now describe, up to canonical isomorphisms.

In other words, there exists an unique pair (X' , &) consisting of an abelian
variety X witha group isomorphism X = Pic’X, and a line bundle 2 on
X xX up to canonical isomorphisms satisfying the following properties.

o @‘{o}xf( is trivial.

e For any o € X , the restriction &, := Z|x(a} of & represents
the element of Pic’ X givenby o € X under the group isomorphism
X =~ Pic’X. In particular, the map o — &7, is to be the group
isomorphism X — Pic’X.

e (Universality.) For every normal variety S, and every line bundle
K on X x S such that

(i) Ky := K|xx{s is in Pic’X for one (and hence all) s € S,

(i) K |{oyxs is trivial,
the unique set-theoretic map f : S — X such that K, & Pi(s), 18
to be a morphism, and K is to be isomorphic to (1x x f)*Z.

Such an X is called a dual abelian variety of X, and such a & is called
a Poincaré bundle. The above properties mean that X is the moduli space
parametrizing Pic’ X . In particular, an ample line bundle L on X gives the
morphism ¢, : X — X as abelian varieties.

2.2. Periods of Abelian Varieties.
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This section is mainly based on [Kob05]. The aim of this section is to
describe the moduli of principally polarized abelian varieties explicitly.

2.23. According to (2.2) and (2.18), for any complex torus X of the form
V/A as in (2.2), the following are equivalent:
e X is an abelian variety.

e There exists a positive definite hermitian form &/ on V' such that
ImH (A A) C Z.

2.24. We now re-describe the above criterion in terms of some matrix. Take
an isomorphism V' = C". Let {\, ..., A2, } be a basis of A. Then

A= (cj,....d)eC"

via A — V = C". Now consider the n x 2n-matrix

1 1
G G

C = : i :
.
G Con

and the 2n x 2n-matrix

é:(g).

Such a C' is called a period matrix. Now we can easily see that det C' £ 0.
Set B := C~' = (B, B'), where B and B’ are 2n x n-matrices. It is easy
to see that B’ = B. Note that B is described as follows:

For given X = V/A and the basis {)\;} of A, we take a basis {w;} of
A* = H'(X, Z) so that real 1-from w; is invariant under translations and

/ wj = 04
A

for eachi,j = 1,...,2n. Then, in H!(X, C), the following holds.
w1
= B-Ydz,...,dz,,dZy, ..., dZ,).
Wan

Let @ = (gjx) be the 2n x 2n skew symmetric matrix with

v—1
¢k =ImH (XN, \,) = T(H(Ak,/\j) — H(A\j, M) € Z,

where H is a hermitian form on V. Now we obtain
v —1

= V=1,~(H 0 )\=
_ t t _ t
Q="5~(CHC - 'CHC) = ¥~ 0(0 tH)C.
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H
0

Hence, tBQE = @ ( —9H) . It implies that *BQ B = 0 and

—V/—1'BQB = %H.

If X is an abelian variety, we can find a () such that —v_—ltBQE > 0
by (2.23). Conversely, if there exists a Q with —/—1'BQB > 0, we can
see that X is an abelian variety by considering H := —21/—1'BQB. Then,

note that
/=1
— TC

also holds. Hence, the following holds.

Theorem 2.25. For a complex torus X = V /A, we set B and C' as in (2.24).
Then the following are equivalent.

H—l . tQ—l X tC

o X is an abelian variety.

o (Riemann conditions) There exists a skew symmetric matrix () €
Mat(2n, Z) such that *BQB = 0 and —/—1'BQB > 0.

e (Riemann conditions) There exists a skew symmetric matrix () €
Mat(2n, Z) such that Q is non-degenerated, C' - Q=1 - 'C = 0 and
—/=1-C-tQ~'-tC > 0.

2.26. In the argument in (2.24), the form of () depends on the choice of the
basis {\;} of A and the basis {z;} of V. Actually, if () is non-degenerated,
we can obtain () of the form

0 A o !
Q:(—A 0),whereA: ..
0 On

with 0; € Z~ such that ¢;|0;,; for each 7, by taking appropriate basis {\;}
of A. Such a choice of the basis {\;} of A is not unique. Such bases are
shifted by matrices M € Sp(Q, Z), where

Sp(Q,Z) := {M € SL(2n,Z) | 'MQM = Q).

Then the basis {);} of A such that () is of the above form is unique up to
actions by Sp(Q, Z).

In addition, we obtain the form (A §2) of the period matrix C, where
2 € Mat(n,C), by taking the basis {z;} of V defined by z; := \;/d, for
each j = 1,...,n. Note that the choice of such a basis {z;} of V' is unique
up to Sp(Q,Z). In other words, the form (A ) of a period matrix C' is
unique once we take a basis {);} of A such that () is of the above form.
Such a form (A Q) of a period matrix C' is called the normalized period
matrix of C'.
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Then the Riemann conditions as in Theorem 2.25 are rephrased as
Q e H, :={Q € Mat(n,C) | Q ='Q, ImQ > 0}.

Here, H, is called the Siegel upper half-space. Actually, replacing the basis
{Ai} of A by the actions of Sp(Q, Z) induces the actions on H,. It implies
that Q = ImH and A determine a point of Sp(Q,Z)\H,,. Conversely, a
point of Sp(Q,Z)\H,, uniquely determines () and A, or more simply, the
abelian variety of the form C"/A with Q ~ ImH € H“!'(X,Z) such that
H > 0, where () ~ ImH means that () and ImH are shifted together by
the appropriate coordinate transformation as (2.24). In particular, such a
pair (C"/A, Q) determines a flat metric on C"/A defined by the Hermitian
matrix H = (ImQ)~" with respect to the basis {z;(= \;/d;)} of C". Indeed,

it is enough to substitute C' = (A Q) and Q = (_OA ﬁ for the equation
/1
H'=-—"_"C-'Q7'-'C.
5 Q

As a result, we obtain the following:
-1 _ V _1 -~ O A_l A o
H = 5 (A Q) <—A1 0 ) = Im.

In particular, for the basis {\;} of C™ which we often use later (cf. §4.3,
§6.3), the above period matrix C' (resp., the above Hermitian matrix H) is
represented by C' = (I A™'Q) (resp., H = A(ImQ)~'A).

Definition 2.27. Let X be an abelian variety. A polarization of X is a ho-
momorphism ¢y, : X — X for some ample line bundle L on X.

2.28. Note that a polarization of X (or ¢r,y,)) is determined by the first
Chern class ¢; (L(H,a)) = ImH € H“!(X,Z) rather than L(H, a) as we
saw in (2.20). More precisely, there exists a one-to-one correspondence be-
tween polarizations of X and first Chern classes H! (X, Z) coming from
ample line bundles on X. The fype of the polarization ¢ = ¢ (y,q) (or
L(H,«)) is the vector (01, ...,0,) € Z™ defined by () = ImH of the form

@ (5 3)

as in (2.26), where A = diag(dy, ..., d,). If a polarization ¢ : X — X
is an isomorphism, the polarization ¢ is called a principal polarization. In
particular, ¢,y ) is principally polarized if and only if

0 I
Q:ImH:(_[ O)'
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Indeed, it follows from |ker ¢y )| = |[AT/A| = det A. A pair (X, L)
is called a (resp., principally) polarized abelian variety if X is an abelian
variety and ¢, is (resp., principal) polarization.

Set

= (" 3). 00202 = 50,2

Note that Sp(2g, Z) is the usual symplectic group with Z-coefficients. Then
it follows from the argument in (2.26) that

A, = Sp(2¢9,Z)\H,

is the moduli space of principally polarized abelian varieties of dimension
g. A, is not just a complex analytic space, but also has functorial properties,
which will not be introduced here.

2.3. Degenerations of Abelian Varieties.
This section is mainly based on [Got22, §2 and §3].

2.29. The aim of this section is to introduce some important results from
[Kiin98] with respect to degenerations of abelian varieties.

2.30. Unless otherwise noted, we fix the notation as follows: Let R be a
complete discrete valuation ring (cDVR, for short) with uniformizing pa-
rameter ¢ and algebraically closed residue field £ (cf. (3.7)). We note that
we start with the residue field £ of an arbitrary characteristic, but later we
make the condition stronger. Let S = SpecR, and let ) be the generic point
of S. We denote by X' = Og,,, the fraction field of R. Let || be the valuation
on K uniquely determined by [t| = e .

Definition 2.31. Let X be a locally Noetherian scheme and let D be an ef-
fective Cartier divisor on X. Let Dy, ..., D, be the irreducible components
of D endowed with the reduced induced closed subscheme structure. For
each subset J C {1, ...,r}, we denote by D, the scheme-theoretic intersec-
tion NjesD;. If J = (), we note Dy := X.

An effective divisor D on X is said to be with strict normal crossings if it
satisfies the following.

(i) D is reduced.
(ii) For each point = of D, the stalk Ox ., is regular.
(iii) For each nonempty set J C {1, ..., 7}, the scheme D is regular and
of codimension |.J| in X.

2.32. Let X be asmooth K -variety. A model of X is aflat R-algebraic space
2" endowed with an isomorphism 2% (= 2 Xg SpecK) — X. (We do
not assume properness and quasi-compactness.) An snc-model of X (or, a
semistable model of X) is aregular model 2~ of X such that 2" is a scheme
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and the central fiber 2} (= 2  Xg Speck) is a divisor with strict normal
crossings. By the semistable reduction theorem [KKMS73, Chapter 4 §3],
there exists a finite extension K’ of K such that X x x K’ has an snc-model
over the integral closure of R in K'. Further, if X is projective, then we can
obtain a projective snc-model.

Definition 2.33 (Kulikov Model). Let X be a geometrically integral smooth
projective variety over K with wx = Ox. A Kulikov model of X is a reg-
ular algebraic space 2 that is proper and flat over S with the following
properties:

The algebraic space 2" is a model of X.

The special fiber 2}, of 2 is a reduced scheme.

The special fiber 2}, has strict normal crossings on 2.
Wy /s is trivial.

2.34. If a Kulikov model 2 of X is a scheme, then .2 is an snc-model.

Definition 2.35. A stratification of a scheme X is a not necessarily finite set
{ X4 }aer of locally closed subsets, called the strata, such that every point of
X is in exactly one stratum, and such that the closure of a stratum is a finite
union of strata. We note that a stratification in the sense of [Kiin98, (1.3)]
(or [KKMS73, p.56]) had to be a finite set.

2.36. For an snc-model 27, the special fiber 2 induces a stratification of
Z naturally. We denote by A(.Z") the dual intersection complex of the
special fiber 2} with respect to this stratification.

2.37. For an R-scheme 2", we denote by 2t the formal completion of Z~
along the special fiber 2. If 2 is covered by open affine subschemes of the
form SpecA,, the formal completion Zsor is obtained by gluing open formal
subschemes of the form SpfA,, together, where A, is the ¢-adic completion
of A,. In particular, for flat R-scheme 2" locally of finite type, the formal
completion Zs,, is a flat formal R-scheme locally of finite type. Here, a flat
formal R-scheme locally of finite type (resp., admissible formal [2-scheme)
means that it is covered by not necessarily finitely many (resp., finitely many)
open formal subschemes of the form Spf.e7,, where <7, is an admissible R-
algebra (cf. (3.52)).

It is time to introduce some important results from [Kiin98] (cf. [FC90]).

2.38. Let GG be a semiabelian scheme over R. That is, G is a smooth sepa-
rated group scheme of finite type over S whose geometric fibers are exten-
sions of Abelian varieties by algebraic tori. We assume that G,, is Abelian
variety. Let £ be a line bundle on G such that .Z), is ample on G,. Then
we obtain the Raynaud extension

0TG5 A0
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associated with G' and ., where T is an algebraic torus, A an Abelian
scheme, and G a semiabelian scheme over S. If the abelian part A is trivial,
G is called maximally degenerated. We note that we need to choose such
a line bundle . to obtain this Raynaud extension. However, this extension
is independent of the choice of .. The line bundle .# induces a line bun-
dle 2 on . We assume that all line bundles have cubical structures as
well as [Kiin98, (1.7)]. In this thesis, we shall use the categories DEG?SPit

ample
and DD?E?;E introduced by [Kiin98]. Each category is a subcategory of
DEG.,pie and DD, as constructed in [FC90], respectively. In particu-
lar, there is an equivalence of categories Mample : DDample = DEGanple
(See [FC90, Chapter III, Corollary 7.2]). We denote F,p1c by the inverse of
this functor. Originally, F},p1c is @ more naturally determined functor, and
its inverse, Mmple, i the non-trivial functor.

Objects of the category DEGZE’::;IG of split ample degenerations are triples
(G, 2, #), where G is a semiabelian scheme over .S such that 7" is a split
torus over S, .Z a cubical invertible sheaf on G such that .Z, is ample on
G, and .# a cubical ample invertible sheaf on A such that & = 7*.#. In
particular, .# is trivial when GG is maximally degenerated. By definition of
the algebraic torus, every ample degeneration (G, %) becomes split after a
finite extension of the base scheme S.

On the other hand, objects of the category DD

eration data are tuples

<A7 M7 L7 ¢7 C7 Ct? é? [/7 T? j? %7 )\A7 w? CL? b)'

split
ample

of split ample degen-

Here, M and L are free Abelian groups of the same finite rank r, and ¢ :
L — M is an injective homomorphism. Functions a : L. — Z and b : L X
M — Z are determined by 1) and 7, respectively. We note that M reflects the
information of the Raynaud extension (or more precisely, its split torus part),
¢ reflects the information of polarization, a and b reflect the information
of G)-action. In particular, (G,.Z) is called principally polarized if the
morphism ¢ induced by M, is an isomorphism. This convention is the
same as in (2.28). Since we will not use the rest in this thesis, the rest is
omitted. Please refer to [Kiin98] for more details. .

We note that there is an equivalence of categories F' : DEGZ‘I’iﬁIe —

DD (cf. [Kiin98, (2.8)]). This functor is defined by the restriction of

ample
-1 lit
Funple = ML 1. DEGipie — DDyppie to DEG

ample

2.39. The key idea of [Kiin98] is to construct rational polyhedral cone de-
compositions that give us the relatively complete model as in [Mum72]. To
construct them, we shall use the category C introduced by [Kiin98, §3] (cf.
[Ove2l)).
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Objects of the category C are tuples (M, L, ¢, a,b), where M and L are
free Abelian groups of the same finite rank, ¢ : L — M is an injective
homomorphism, a : L — Zis a function with a(0) = 0,andb: Lx M — Z
is a bilinear pairing such that b(—, ¢(—)) is symmetric, positive definite, and
satisfies

a(l +1") —a(l) —a(l") = b(l, o(1")).
Here, we set B(l;,1;) := b(l;, ¢(l;)), where {;} is a basis of L. By defini-
tion, B : L X L — Z is a symmetric positive definite quadric form.

There is a natural forgetful functor For : DDsafrlli;le — C. This function

extracts the information necessary to construct rational polyhedral cone de-

compositions from the degeneration data DD:ﬂi;le.

2.40. We set S’ = SpecR’, where R’ is another cDVR and 7’ is its generic
point. Let f : S’ — S be a finite flat morphism, let v be the ramification
index of f* K = OS,n — K'= OS/,n’-

In fact, the two categories DEG™™ and DD depend on the base

ample ample

field K. That is, DEG® (resp., DD®™ ) should have been written

ample ample

as DEGZ%;EIG’ 5 (resp., DDZ’;?;]& ). In particular, these categories are not
closed under base change along f : S’ — S. However, since we are dealing
with degenerations after sufficient finite extension, these abbreviations do
not cause any problems.

On the other hand, C does not depend on the base field /. Let us see what
happens when we take the base change along f : S’ — S.

Given (G, .2, .#) € DEGP . let (G',.',.#') € DEGPY, . be
the base change of (G,.%, #) along f : " — S. If For(F (G, £, #)) =
(M, L,¢,a,b) € C, then For(F(G', L', #")) = (M,L,¢,v - a,v -b) (cf.
[Kiin98, (2.9)]).

2.41. Let H be a finite group acting on (G, .2, #) € DEGZE’;&EIQ. It means
that we can regard each h € H as the S-automorphism

hi(G,.L,M) — (G,.ZL..M)

and these morphisms are compatible in a natural way. We note that we can
define the action of H on (G,Z, #) over its action on S, as in [Kiin98,
(2.10)], more generally, although we will not use it this time. In that defini-
tion, the condition that / acts trivially on S is not imposed. Conversely, we
assume that [ acts trivially on S in this thesis. Further, we also define the ac-
tionof H on F((G, 2, .#)) € DD®Y (resp., For(F((G, %, .#))) € C).

ample

2.42. Given an object For(F (G, Z, #)) = (M, L,$,a,b) € C on which
the finite group H acts as 2.41, we obtain an action (from the left) of / on
L, and an action (from the right) of 4 on M. We set I' := L x H and
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M:=Meo Z; Thep we denote by NV (resp., N) the dual of M (resp., M).
Let (—, —) : M x N — Z be the canonical pairing.
Now we define the action of 'on N = N & Z via

Sun((n,s)) = (noh+sb(l,—),s),

as in [Kiin98, p.181]. As we will now explain, this action reflects the natural
action of I" on T}, = SpecK [M], where T is a split torus part of G. At first,
we identify 7 = (m, k) € M with t* X™ € K[M]. In the proof of [Kiin98,
Lemma 3.7], the action of L on 7,, = SpecK[M] induced by the natural
action of T, is defined as follows:

1: M — M, (m,s)— (m,b(l,m)+s).

We can easily verify that this action is dual to the action S(;1q) in the sense
of (I -m,n) = (M, Sy1a)(7)). In the same way, we can easily check that
the action of 4 € H on 7' is dual to S(g ). Hence, the action of v € ' on T’
corresponds to S, on N.

In addition, we consider the function y : ' X NR — R defined by

V(1 1), (n,s)) = sa(l) +nodoh(1)

as in [Kiin98, p.181].

In Nz = Ng ® R, we have the cone € := (Ng ® R~) U {0}. The cone
% is stable under the action of I'. We shall consider a smooth I"-admissible
rational polyhedral cone decomposition ¥ := {0, }ac; Which admits a I'-
admissible x-twisted polarization function ¢: ¢ = |J,.; 7« — R for some
r € N. Let us take a moment to recall these definitions.

Definition 2.43. A rational polyhedral cone decomposition ¥ := {0, }aer
of ¢ is called I'-admissible if the action of I causes the bijections from I to
itself (that is, the decomposition Y invariant under the action of I') and we
can take a system of finitely many representatives {c, } for the action of I'
(that is, there are at most finitely many orbits).

A function ¢: ¢ = |J,c; 0o — R is called polarization function associ-
ated with X if it satisfies the following properties:

¢ is continuous function that satisfies (N N€) C Z

o(rz) = re(zx), for any r € Rsq

The restriction |, to each cone o, is a linear function

 is strictly convex function for Y. That is, for any o € X, there
exists € N and 7 € M such that (i, 71) > rp(n) for all 7 € €
ando ={n e % | (m,n) =rpn)}

A polarization function ¢: € — R is called k-twisted I'-admissible for
some x € Nif it satisfies p(x) —poS,(x) = kx(y,z) forally e I,z € €.
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When & is not important, it is often referred to as ['-admissible polarization
for short.

We denote by /¢ C I the set of the indices corresponding to the d-
dimensional cones of ¥.. We set I* := J, .,/ 4, Since ¥ is ['-admissible,
the group I" acts on each I¢. Overkamp combines various Theorems and
Propositions in [Kiin98] into the following result [Ove21, Theorem 2.2]:

Theorem 2.44 ([Kiin98], [Ove21, Theorem 2.2]). We set a semiabelian de-
generation (G, L, M) € DEGZﬁgle and assume that H acts on this object
as (2.41). We denote by </ the Néron model of the Abelian variety A := G,
Let (M, L,¢,a,b) := For(F((G, 2, #))) and suppose we have a smooth
[-admissible rational polyhedral cone decomposition Y. := {04}acr Of
% C Ng. Furthermore, we assume that this decomposition Y. has the fol-

lowing properties:

(a) There exists a k-twisted 1'-admissible polarization function o for the
decomposition ..

(b) The decomposition . is semistable. That is, the primitive element of any
one-dimensional cone of the decomposition Y is of the form (n, 1) for
somen € N.

(¢) The cone or = {0} x R is contained in the decomposition X.

(d) Foralll € L\{0} and o € I, it holds that

00 NSy 1a)(0a) = {0}.

Then there exists a projective snc model &2 of A over S associated to 3.
and a line bundle £» such that the following holds:

(i) The canonical morphism 7™ — of is an isomorphism.

(ii) The action of H on G = &/° extends uniquely to 2, and the restric-
tion of L to G is isomorphic to L%, where 2/° means the identity
component of <.

(iii) Let I} be the set of orbits I, := I/ L. Then the reduced special fiber
of P has a stratification indexed by I} . This stratification is preserved
by the action of H, and the induced action of H on the set of strata is
determined by the action of H on I .

(iv) The strata corresponding to one-dimensional cones are smooth over k.

2.45. Let us discuss &, which appears in Theorem 2.44. For each cone
o € X, we define the affine scheme U, := SpecR[¢" N M], where 0¥ :=
Homyponoid (0, R>0) and we identify m = (m, k) € M with t*X™ ¢ K[M].
Then we can define & by gluing these U, together as in [Kiin98, 1.13]. In
particular, we obtain the toroidal embedding 7,, = Speck[M| — P as in
loc.cit. This 2 is called the toroidal compactification of T,, = SpecK [M]
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over I? associated with X. Further, the cone o induces the embedding 7;, —
T = U,, = SpecR[M]. Tt implies that the toroidal embedding T}, < &
extends to a T-equivariant embedding 7" — 2. The special fiber of P is
a reduced divisor with strict normal crossings on 2 and has a stratification
indexed by I™.

If (G, 2, .#) € DEG™" s maximally dagenerated, then the above

ample

P of Theorem 2.44 satisfies Psor = ,@for /L. Then, this 2 is also called
a relatively complete model as in [Mum72]. In general, the above & is

constructed by taking a contraction product G xT 2, which we do not use
in this thesis. See [Kiin98, §3.6] for the details.

2.46. In [HN17, Theorem 5.1.6], they proved this & is a Kulikov model of
A (cf. [Ove2l, Corollary 2.8]).

2.47. For the tuple (M, L, ¢, a,b) := For(F((G, Z,.#))), b gives the in-
jective homomorphism b: L — N = M defined by b(l) = b(l,—). We
identify L with b(L). That is, we regard L as the sublattice of N. As we see
before, I' act on N as follows:

Sam((n,s)) = (noh+ sb(l), s).
In particular, )
Sam((n,1)) = (o b+ (1), 1).

2.48. Kiinnemann proved the existence of the cone decomposition > which
satisfies the assumption of Theorem 2.44 as follows:

Proposition 2.49 ([Kiin98, Proposition 3.3 and Theorem 4.7]). We set the
tuple (G, L, M) € DEGZﬂltle , and assume that the finite group H acts
on this object. Let (M, L,¢,a,b) = For(F((G,Z,.#))). After taking
a base change along [ : S’ — S as in (2.40) if necessary, there exists a
smooth rational polyhedral cone decomposition Y. := {04 }acr which has

the properties (a)-(d) listed in Theorem 2.44.

2.50. Now we recall Kiinnemann’s proof of the above Proposition 2.49.
Please refer to loc.cit. for more details. We consider the function p : 4 — R
defined by

— l
n— minx(l,7),

where x(I,n) means x((/,Id),n). This ¢ gives the decomposition ¥ =
{04} defined by

0o ={n € | p(n) = x(a,n) O‘zEO‘}

where & = {a;} is a finite set of L. Then ¢ is a 1-twisted polarization
function associated with this X as in [Kiin98, Proposition 3.2]. In particular,
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it holds that S )(0a) = Oh(a)—1- Now we consider the cone

oy = {n € €] w(n) = x(0,n) = 0}.
It is clear that € = [ S;(0(0y). We will now show that the desired subdivi-
sion can be obtained in three steps as follows:

First step . For this cone og), we can subdivide it and obtain an H-
invariant finite cone decomposition {73} of ooy such that each cone 73 is
a simplex and the stabilizer of 73 in H acts trivially on 753. Further we can
subdivide the whole > by transporting the above subdivision on o via L-
action on ¢ and obtain an H-invariant cone decomposition {7, } of €. In
addition, we can modify the polarization function ¢ and obtain a 1-twisted
polarization function for this subdivision {7, } after replacing K by a finite
extension.

Second step : We choose a system {71, ..., 7,,} of representatives for the
action of I' on the decomposition {7, }. According to [KKMS73, 1.2, proof
of Theorem 11], for any subdivision %.; of each T;, there is a subdivision of
the subdivision X; such that it has a x-twisted polarization function on 7;
for sufficiently large x € N. In the same way as above, we can extend these
subdivisions to the whole via L-action. Further, we can modify the polar-
ization function on ¥ and obtain a k-twisted polarization function for this
subdivision Y after replacing K by a finite extension. Hence, we consider
a subdivision that satisfies (c¢), (d) to obtain a subdivision that satisfies (a),
(©), (d).

Third step : We choose a system {7y, ...,7,} of representatives for the
action of I" on the decomposition >’. By using the semistable reduction
theorem [KKMS73, 11.2, proof of Theorem11], we can subdivide each 7; so
that the resulting decomposition " is smooth. In addition, we can obtain
a r/-twisted polarization function for this subdivision ¥” after replacing K
by a finite extension. Hence, the desired decomposition is constructed. [

2.51. Let B be a topological space endowed with a simplicial complex struc-
ture. We denote by ¥ := {0, }aes the set of all faces of B. Let ¢° be the
relative open set of 0 € 3. We define the open star Star(o,) of o, € ¥ as

follows:
Star(o,) = U a3,
B

where > « means that o, is a face of o5. Then Star(c) is an open set of
B. In particular, {Star(c,)}acs is a open cover of B.

2.52. The decomposition ¥ := {0, }acs of € as Theorem 2.44 gives the
smooth rational polyhedral decomposition Y in Ny obtained by intersec-
tiong the cones in X with Ng x {1}. Let 5, € X be the intersection of o,
with Ng x {1}. Then this decomposition ¥ = {7, }acs gives a simplicial
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complex structure to Ng. Moreover the dual intersection complex A(Z?) of
), coincides with ¥ as we see in (2.45). Theorem 2.44 implies that the dual
intersection complex A(Z?) of & has the simplicial complex structure of

i/L = {Ea}aelf'

2.53. To make it easier to see the covering map, which is the key to Theorem
5.22 as we will look at later, we refine Proposition 2.49.

Lemma 2.54. Let F be the fixed locus of H-action on Ng/L. Then Ng/L
has a simplicial complex structure such that any O-vertex of Ng/L is in-
cluded in No/L and F is a compact sub simplicial complex.

Proof. Tt follows from Proposition 2.49 that N /L has a simplicial complex
structure such that the canonical projection Ng — Ng/L is a simplicial
map and any O-simplex in Ngr/L is included in Ng/L. We show that F'
is compact and has a simplicial complex structure such that any 0-simplex
of F' is included in Ngy/L. Note that ' might not be connected. Then the
assertion follows from [RS82, 2.12 Addendum].

From now on, we prove the claim. By definition, F'is denoted as follows:

F= |J F,

he H\{0}

where F}, := {x € Ng/L | x = h(x)}. Under the setting as we considered
in (2.42), H acts on Ng/L via H — (GL(L) x L) N (GL(N) x N). In
other words, & is determined by h € (GL(L) x L) N (GL(N) x N) via the

canonical projection Ng — Ng/L. Here, we identify i with h. In particular,
denote h : Ng — Ng by h(y) = Ay + b, where A € GL(L) N GL(V) and
be L(C N).Setg: Ng — Nras g(y) := h(y) — y. For any y1,y> € Ng,
g(y1 +y2) = g(y1) + Ay — y2 holds. It implies that g(y) € L is equivalent
to g(y + a) € L for some a € L. Taka a basis {l;} of L in Ng and set a
fundamental domain D of Ny /L as follows:

dim N

D:= Y [0,1]-1; C Ng.

i=1

Then it holds that

Fj={yeD|gly) e L} » F,

by the canonical projection Ng — Ngr/L. Since L is discrete in N and
g(D) is compact, V := ¢g(D) N L is a finite set. Here, we can denote F} by

F=J F..

veV
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where F; , := {y € D | g(y) = v}. Since g is an integral affine map (or
g € Hom(N, N) x N), Fj,  is a closed set of a subaffine space in N with
rational slopes for the coordinates of Nr containing some point in Ng. It
implies that F; , has a simplicial structure such that each vertex of Fy  isin
Ng. In particular, the inclusion F} , — Ng is a piecewise linear map. Since
the canonical projection Ng — Ng/L is a simplicial map, the composition
Fy , — Ngr — Ng/L is also a piecewise linear map. By [RS82, 2.14 Theo-
rem], there are subdivisions of Ng/L and Fj , such that Iy , — Ng/Lis a
simplicial map and any O-simplex of the subdivision of Ng /L is included in
Ng/L. Hence, the image F},, of Fj, , has a simplicial structure induced by
the simplicial map Fj, , — Ng/L. Here, any intersection (as a cell complex)
between two cell complexes is also a cell complex. Since F} , is an intersec-
tion of D and some subaffine space in Nr with rational slopes intersecting
Ng, for any F},,, and F}, s, it holds that any O-cell of the cell complex of
the intersection is included in Ng/L. Hence, the union of Fj,, and Fj, .
is a cell complex such that all 0-cells are in Ny /L by gluing together along
the intersection cell complex. It is well-known that any cell complex can be
subdivided to a simplicial complex without introducing any new vertices.
That is, the union of £}, , and Fj, .+ has a simplicial complex structure such
that all 0-simplexes are in Ng/L. Since F is a finite union of simplicial
complexes, more precisely

F= |J U PFuw

heH\{e} veV

then it follows inductively that /' has a simplicial structure such that any
vertex of F' is included in Ng/L. Besides, since F}, , is compact, so is [
Hence, the claim follows. U

Lemma 2.55. Let F be the fixed locus of H-action on Ng/L. Let F be the
inverse image of the fixed locus F' by the quotient map Ny — Ng/L. After
taking a base change along f : S" — S as in (2.40) if necessary, there exists
a smooth rational polyhedral cone decomposition 3> = {0, }acs which has
not only the properties (a)-(d) listed in Theorem 2.44 but also the following
(e)-(g).

(e) Foralll € L\{0} and o € I, we have

Star(Ga) N Sy (Star(@.)) = 0.

(f) F has a simplicial structure .% such that F' is a subcomplex of the
complex Y./ L as appeared in (2.52). In particular, for any simplex
T of the induced simplicial structure Z on F, a cone generated by
(1,1) C N := Ng x R corresponds to some index in I. We denote
by I4ng C 14 the set of indices corresponding to Z.
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(g) Forally € I'\{0} and o € I \ Lsng, we have
Star(g,) N S, (Star(a,)) = 0.

Proof. 1t follows from Proposition 2.49 that there is a smooth rational poly-
hedral cone decomposition > which satisfies the conditions (a)-(d) after re-
placing K by a finite extension. Then we refine X to obtain a desired decom-
position as follows: In the second step of (2.50), we consider a subdivision
that satisfies (e), (f), (g). Note that each stabilizer of  on each 7 € X acts
trivially on the cone 7 and L acts on 7 by transporting via B(L) Then it
is easily verified that such subdivisions exist by Lemma 2.54. Afterward,
we apply the third step of (2.50) to this decomposition. Then the resulting
decomposition is a desired one. U

Example 2.56. If H = {+1},then F = 1L and F = 1L /L. In particular,
it holds that | F'| = 24N, Further, |F/H| = 29 follows.

2.57. For the rest of this section, we assume that the residue field k of R is
of characteristic p # 2, We set that H = {41} and the action of H on M
is determined by —1 : m +— —m. In particular, H = {41} also acts on
N=M"by —1:n— —n.

2.58. Let & be the projective model of A and <7 be the Néron model of A
as Theorem 2.44. For an abelian variety Z, we denote by Z|[2| the 2-torsion
of Z, that is the kernel of the morphism [2] : Z — Z defined by = — 2.
After replacing K by finite extension, we may assume that A[2] is constant
over K without loss of generality. Overkamp proved this .7 [2] coincides
with the fixed locus of the action of H on &7 when A is of 2-dimensional
[Ove2l, Theorem 3.7]. Then the action of H = {£1} on & extends to
the blow-up 2" := Bl % along the closed subscheme .<7[2]. Hence we
obtain 2~ := 2 /H. Let X be the Kummer surface associated with A.
Overkamp proves this 2" is a Kulikov model of X [Ove21, Theorem 3.12].

2.59. We fix the same notation as (2.52) and (2.58). The dual intersection
complex A(Z") of Z} has the same stratification as the dual intersection
complex A(Z?) of &. Indeed, Overkamp proved that the special fiber A
is Bly, 27 [Ove2l, Lemma 3.10] and %%[2] is a finite set lying on top
dimensional strata of &), [Ove21, Lemma 3.6]. We can also check the latter
by using Lemma 2.55. Hence, the blow-up along .¢7;[2] does not change the
dual intersection complex. It implies that A(Z?) = A(2) as simplicial
complexes.

We denote by I}t the set of orbits I}t := I /T. Theorem 2.44 says that H

acts on A(Z) = A(Z") preserving the simplicial complex structure. It im-

plies that the map A(2") — A(Z") is double branched cover as simplicial
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complexes. The dual intersection complex A(.Z") of 2}, has a stratification
indexed by I;'. In particular, A(.2") has the simplicial complex structure of

E/F = {Ea}aefff'

3. Basic THEORY OF BERKOVICH ANALYTIC SPACES

3.1. Definitions and basic properties.

This section is essentially based on [Ber90, §1, §2, §3], and its structure
is based on [Got20, §2 and §3]. In particular, a part of our original results
proved in [Got20] is discussed in the latter half of this section.

Definition 3.1. Let A be a commutative ring with identity 1. A seminorm

on A is a function | - | : A — R, possessing the following properties:
(i) |0[ =0,
() |1 <1,
(%ii) |f =gl <|f[+ldl,
@) |fgl < 1f1lgl,

for all f, g € A. Furthermorea seminorm | - | on A is called

e a norm if the equality | f| = 0 implies f = 0.
e non-Archimedean if |f — g| < max{|f|, |g|} forall f,g € A.
o multiplicative if |1| = 1 and |fg| = |f]||g| forall f,g € A.

3.2. For each seminorm | - | on A, the following are equivalent:

e |- |isanormon A.
e The induced topology on A is Hausdorff.

Definition 3.3. A Banach ring o/ = (<, || - ||) is a normed ring </ that is
complete with respect to its norm || - ||.

3.4. We can consider any ring A as a Banach ring by the trivial norm | - |o
defined as below.
For each f € A,

_ 1 GEf#0),
’ﬂ“_{O(ﬁfzm.

The trivial norm is a non-Archimedean norm. Moreover, it is clear that the
normed ring (A, | - |o) is complete. In other words, (A, | - |o) is a Banach
ring. Further, when A is a domain, the norm is multiplicative.

3.5. Anorm | -| is called a valuation if it is multiplicative. By the argument
in (3.4), for any field K, the trivial norm | - |y is a valuation. Then (K, | - |o)
is called a trivially valued field.
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3.6. Let | - |- be the usual absolute value on C. Then the hybrid norm | - |y
on C is defined by
Z2 = |2|hyb = max{|z|c, |2]0}

As the name implies, the map | - |,y1 is @ norm on C. However, | - |,y iS
neither multiplicative nor non-Archimedean.

3.7. We recall the definition of DVR. R is called a DVR if R is a noetherian
local domain of dimension 1 with the principally maximal ideal m = (¢).
Then we obtain the map | - | : R — R defined by

|f| :=1inf{e™ | f € m"}.
It is obvious that the map | - | is a non-Archimedean valuation on R. The

pair (R, | - |) is called a complete DVR if (R, | - |) is a Banach ring, that is,
the induced topology on R is complete.

Definition 3.8. Let K be a field.

e (K,||-]]) is called a Banach field if (K, || - ||) is a Banach ring.

o (K,|||]) is called a complete valuation field if (K, ||-||) is a Banach
field whose norm is a valuation.

o (K,||||) is called a non-Archimedean field if (K., ||-||) is a complete
valuation field whose norm is non-Archimedean.

Example 3.9. Any trivially valued field is a non-Archimedean field. If Risa
complete DVR, then the fractional field K = Frac(R) is a non-Archimedean
field. Such a K is called a complete DVF.

3.10. For any complete valuation field K = (K, | - |), the value group of K
is defined by

K™ :={[fleR[fe K*(=K\{0})}
Further, we set
VIK*| :={a €Rso|a" € |K*| forsome n € Z-o}.

Here, | K*| can be considered as a Z-module by taking the logarithm. In the
same way, /| K *| can be considered as a Q-vector space. In addition, we

can easily see that /| K*| = |K*| ®7 Q.

Definition 3.11. Let (<7, || - ||) be a Banach ring. A seminorm | - | on <7 is
bounded if there exists C' > 0 such that | f| < C||f|| forall f € <.

3.12. Let (<7, || - ||) be a Banach ring and I be an ideal of </. Then the
residue seminorm | - | . @/ /I — R on &7 /I is defined as follows: For any
fed/l,

|fl:==mf{|[gll € R |ge o, f=g+1c o/}
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We can easily see that the map is a seminorm. However, in general, it is not
anorm. [ is called closed if the residue seminorm is norm. If I is closed,
the quotient <7 /I again becomes a Banach ring by the residue seminorm.

Definition 3.13. Let (<7, || - ||) and (4, || - ||») be Banach rings. A ring
homomorphism ¢ : &/ — A is bounded if there exists C' > 0 such that

(Nl < Cllfll

for each f € /. Further, a ring homomorphism ¢ : &/ — % is admissible
if the residue seminorm of .27/ ker ¢ is equivalent to the restriction of the
norm || - ||z to Imep through o7/ ker ¢ = Imp C A.

3.14. A bounded homomorphism is the most fundamental morphism be-
tween two Banach rings. An admissible homomorphism is a bounded ho-
momorphism that holds the fundamental theorem on homomorphisms as
Banach rings.

Definition 3.15. Let </ be a commutative Banach ring with identity. The
spectrum # (/) is the set of all bounded multiplicative seminorms on .27
provided with the weakest topology with respect to which all real valued
functions on .Z (/) of the form | - | — |f|, f € &, are continuous.

Theorem 3.16 ([Ber90, Theorem 1.2.1]). Let <7 be a non-zero commutative
Banach ring with identity. The spectrum (<) is a nonempty, compact
Hausdorff space.

3.17. It is well-known that, if % is a complete valuation field, then .Z (k) =
{1pt}. Let | - |, be the multiplicative seminorm on &/ corresponding to
x € (/). In the rest of this thesis, we will keep the notation | - |,. For
any bounded homomorphism ¢ : .o/ — %, it induces the continuous map
o' M(B) — M) defined by |f| ) = |o(f)|. forall f € o for
each x € A (A).

3.18. For each x € .#(</), we denote by p, the kernel of | - |,. This is a
prime ideal of 7. Then the multiplicative seminorm | - |, on ./ induces a
valuation | - |z on </ /p, defined by

| flz = £l

foreach f € .o/. By abuse of language, we denote by x the induced valuation
Z. The completion of the fraction field of <7 /p, with respect to this valuation
x is denoted by 7 (z). In this thesis, we call .7 (x) the Berkovich residue
field of z although this is not a common way to call it. Further, we call
dimg /|7 (x)*| the rational rank of x.
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3.19. For each x € .# (<), we obtain the Berkovich residue field 7 (z) as
in (3.18). Now consider the valuation ring with respect to the valuation | - |,
on J7(x) as follows:

H(x)° = {f € H(x)|[fl. <1}.

Then we obtain the residue field of .77 (x)° as follows:

H(x) = H(x)° ] 7 (x)°°,

where 7 (x)°° is the maximal ideal of 7 (x)°. Such a () is called the
double residue field of x € M ().

From now on, we review the construction of Berkovich analytification
X for any scheme X of locally finite type over a non-Archimedean field
K. At first, we recall the Banach ring corresponding to a closed disc.

Definition 3.20. Let ([, | - |) be a non-Archimedean field.

FOI‘ any y...3Tn € R>0, we set:
K{rl—lTl, - ,r;lTn} = {f — Z (Z[TI ’ ar € K, limsup\aI]rI _ 0}7
Iezz, [I|—o00

where |I| = iy + --- +4,, 7T = T/ ---Ti» and v/ = ri* ... ri» for each
I = (i1,...,i,) € Z%,. For brevity, this algebra will also be denoted by
K{r 'T}.

3.21. K{r~'T} is a commutative Banach ring with respect to the valuation

11 = maxas|”.

If r; = 1 forall 4, then the valuation is called the Gauss norm. Further, K{T'}
is called the Tate algebra over K. Now consider E(0,r) := .4 (K{r~'T}).
The spectrum E/(0, ) can be considered as an analog of the complex closed
disc at the origin with radii r = (rq,...,7,).

Example 3.22. Let us assume that the valuation on K is trivial. If r; >
1forall 1 < ¢ < n, then K{r 'T} coincides with the polynomial ring
K[Ty,...,T,]. On the other hands, if r; < 1 forall 1 < i < n, then
K{r~'T} coincides with the ring of formal power series K|[[T1,...,T,]].

Definition 3.23. Let <7 be a Banach ring. <7 is a Banach K -algebra if there
isa K — o/ is admissible injective.

Example 3.24. Now consider K{r~'T'}. By the definition of K {r~'T},
it is obvious that there is the natural admissible injection K — K {r~'T}.
That is, K{r~'T} is a Banach K-algebra.
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Definition 3.25. Let o7 be a Banach K-algebra. <7 is called a K -affinoid
algebra (resp., strictly K-affinoid algebra) if there exists an admissible sur-
jective K-homomorphism K{r T} — « (resp., K{T'} —» ). Further,
X is called a (resp., strictly) K-affinoid space if X = .# (<) for some
(resp., strictly) K-affinoid algebra .7

Example 3.26. By definition, K{r~'T"} is a K-affinoid algebra. It implies
that £(0,r) = .# (K{r~'T}) is a K-affinoid space.

The following is important.

Fact 3.27 ([Ber90, Proposition 2.1.3]). Any K-affinoid algebra is noether-
ian and all of its ideals are closed.

Definition 3.28. Let (<7, | - |) be a K-affinoid algebra. For any rq,...,r, €
R-o, we set:

%{Tl_lTl,. .. ,r;lTn} = {f — Z CL[TI | a; € %,Iimsup|a1|rl _ 0},

I|—o00
rezz, A

where|I| = iy + -+ +i,, 71 = T} ---Ti» and r! = 7!" ... 7% for each
I = (i1,...,i,) € Z%,. This is a commutative Banach ring with respect

to the valuation ||f|| = max; |az|r!. For brevity, this algebra will also be
denoted by &7 {r~1T}.

3.29. By the definition, there is the natural inclusion & — o {r~'T}. Itis
obvious that &7 {r~1T'} is K-affinoid algebra.

Definition 3.30. Let o/ be a K -affinoid algebra. Take f = (f1,..., f,) and
g =(91,-..,9m) for some f;, g; € o7. Further, take p = (p1, ..., p,) and
q=(q1,...,qn) for some p;, q; € Ro. Then &/ {p~'f,qg '} is defined to
be a K-affinoid algebra of the form

A {p T, ¢S}/ (Ty — fi,.. ., Ty — fn 151 — 1,. .., gmSm — 1).

3.31. It follows from Fact 3.27 that any quotient of a K -affinoid algebra is
also a K -affinoid algebra with the residue seminorm. In particular, it implies
that & {p~' f,qg~'} is K-affinoid.

The natural morphism &/ — &/ {p~' f, qg~'} induces the closed immer-
sion A (A {p~'f,q97'}) — M (). If we set X = #(</), then the
image of the closed immersion .Z (<7 {p~'f,qg7'}) — (<) coincides
with the closed set

In particular, it holds that X {p~' f,qg™ '} = .# (< {p~' f,q97'}). Such an
affinoid space of the form X {p~' f, qg~'} is called a Laurent domain in X.
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Fact 3.32 ([Ber90, § 2.2]). Let X be a K -affinoid space. The Laurent neigh-
borhoods of a point x € X form a basis of closed neighborhoods of x.

Definition 3.33. A closed set V' C .# (/) is said to be a K -affinoid do-
main in X if there exists a bounded homomorphism of K-affinoid algebras
o — oy satisfying the following universal mapping property: Given a
bounded homomorphism of affinoid K '-algebras &7 — Z such that the im-
age of .# (%) in X lies in V, there exists a unique bounded homomorphism
oty — 98 making the following diagram commutative.

o i oty
\ O /
31
B

In particular, .27, is a K -affinoid flat 7 -algebra. A K-affinoid domain V is
called a strictly K-affinoid domain if the corresponding Banach K'-algebra
</ is a strictly K -affinoid algebra.

Example 3.34. Any Laurent domain X {p~'f,qg '} in X = .Z () is an
affinoid domain in X. In particular, it holds that

’QfX{p”f,qg*} = ”Qf{p_lfy qg_l}-

3.35. A finite union of affinoid domains is called a special subset in X. For
a special subset V' = | J V;, where V; is an affinoid domain in X, we set

oAy = ker (H Ay — H%WJ .

Then the Banach K-algebra .27, does not depend on the covering of V. By
[Ber90, Corollary 2.2.6], V' is an affinoid domain in X if and only if .7, is
a K-affinoid algebra.

3.36. We considered K -affinoid space X = .# (<) just as a topological
space so far. However, X is also a locally ringed space. Actually, X has the
structure sheaf O x defined as follows: For an open set U C X, we set

I(U,Ox) := lim o4,

where the limit is taken over all special subsets V' C U. In particular, Ox ,
is a local ring with the maximal ideal m, = {f € Ox, | | f(z)| = 0}.

Any open set U C X = .#(</) is also a locally ringed space by the
restriction of the structure sheaf Ox. Such a (U,Ox|y) is called a K-
quasiaffinoid space.

A locally ringed space (X, Oy) is called a K -analytic space if there exists
a covering {U;} of X such that each U; is a K-quasiaffinoid space. More
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precisely, we have to care about morphisms between K -quasiaffinoid spaces.
Please refer to [Ber90, §3.1] for more details.

3.37. A non-archimedean field K’ is called a non-Archimedean field over K
if K’ is also a Banach K'-algebra. For any K -affinoid algebra o7, the given
norm on .2 can be extended to a norm on the tensor product &7 ® ;c K’. Then
the complete tensor product </x == o/ @K' is defined by the completion
of &7 ® x K’ with respect to the induced norm. In particular, there is a natural
morphism &/ — &/ ®r K'. In other words, we obtain a natural morphism
M () — M (). Actually, it follows from [Ber90, Corollary 2.1.8] that
oy is a K'-affinoid algebra. For any K -quasiaffinoid space U — .# (<),
we consider the fiber product

U®KK/ =U X () ,//(%K/)

Since U i K' < .# (e/x+) is an open immersion, the fiber product U® x K’
is a K’-quasiaffinoid space. Hence, for any K -analytic space X, we obtain a
K'-analytic space X ® K as follows: For each K -quasiaffinoid space U C
X, we obtain the K’-quasiaffinoid space U®x K’. Then the desired K'-
analytic space X @ K is obtained by gluing together these K’-quasiaffinoid
spaces UR g K.

Definition 3.38. Let X be a K -analytic space.

e X is called separated if X is Hausdorff.

e X is called projective if there is a closed immersion X — (P} )**
for some n € N.

e X is called smooth if, for any non-Archimedean field K’ over K
and any point 2’ € X' := X®x K’, the local ring Ox. , is regular.

e X is called a strictly K-analytic space if any compact subset of X
lies in a finite union of strictly K -affinoid domains.

3.39. It is time to construct the Berkovich analytification concretely. We
now construct it in three steps.
At first, when X = A%, the Berkovich analytification of X is defined by

x*:= ) E(O0r)= ] DO,r),
reR?, reR?,
where D(0,7) = {z € E0,7) | |Til. < r,1 < i < n}. D(0,r)isa
K-quasiaffinoid space as a open set in (0, 7). The structure of X" as
K -analytic spaces is defined as follows: There is a natural open immersion
D(0,r) < X for each r € RZ,. It means that

Ox|pwr) = Op.n| D01
Further, if r; > 7o (thatis, r; — 79 € RZ), then these two open immersions

D(0,7;) = X®* (i = 1, 2) are compatible with the natural open immersion
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D(0,73) < D(0,71). That is, the following diagram is commutative.
[)(07T2) l)(O,Tl)
\ ., /
Xan
It means that Oy is well-defined.

Next, let A be a finitely generated K -algebra. That is, A can be rephrased
as K[T\,...,T,]/I forsomeideal I C A. When X = SpecA, the Berkovich
analytification of X is defined by

X" = | J #(E{r'TYI- K{r~'T}).

reRY,

The structure sheaf of X" is defined similarly.

Finally, let X be a locally algebraic scheme over K. Then the Berkovich
analytification X*" is obtained by gluing together the K -analytic spaces U*"
for each affine open set U C X.

Remark 3.40. Let A be a finitely generated K -algebra. From a set-theoretic
point of view, the Berkovich analytification (SpecA)* of SpecA can be
identified with the set of all multiplicative seminorms on A whose restric-
tions to K coincide with the given valuation on K.

Proposition 3.41. Let X be a locally algebraic scheme over K as in (3.39).
Then, for any x € X*", there is a K-affinoid domain V' C X" such that
xeV.

Proof. 1t follows from the construction of X", U

Remark 3.42. Of course, for any point  of a K-analytic space X, we
can take some K -quasiaffinoid neighborhood of x € X. However, it does
not mean that we can take some K-affinoid neighborhood of z. Indeed,
we sometimes cannot take any K -affinoid neighborhood at a point of a K-
analytic space.

3.43. We can obtain the canonical continuous map 7y : X*" — X defined
as follows: For each affine open set U C X, where U = SpecA, the re-
striction 7x|yan is defined by sending a multiplicative seminorm on A to its
kernel that becomes a prime ideal of A.

The Berkovich analytification X — X" satisfies many properties includ-
ing GAGA type theorems. We list some properties below.

Fact 3.44 ([Ber90, § 3]). Let X be a locally algebraic scheme over K. The
following hold.
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e X is connected if and only if X*" is arcwise connected.
e X is separated if and only if so is X*".

o X is proper if and only if X*" is Hausdor{f and compact.
o X is projective if and only if so is X*".

o X is smooth if and only if so is X"

Fact 3.45 ([Ber90, Proposition 3.3.23]). If K is not a trivially valued field,
any projective K-analytic space is given by the analytification of some K-
variety.

Fact 3.46 ([Ber90, § 3]). Let K be a non-Archimedean field. For any mor-
phism ¢ : X — Y between two locally algebraic schemes over K, there
exists the morphism ©*" : X*" — Y* as K-analytic spaces such that the
following diagram is commutative.

Xan wan Yal’l
........... >

b

@

X ——Y

Fact 3.47 ([Ber90, § 3]). Let ¢ and ©*" be morphisms as in Fact 3.46. The
following hold.

o [f v is open immersion, then so is p*".
o [f v is closed immersion, then so is p*".
o If v is surjective, then so is ©*".

From now on, we see general properties of the Berkovich residue field

o~

2 () and the double residue field .7 (x) for each point = of a K -analytic
space.

Proposition 3.48. Let o/ be a K-affinoid algebra. Then € (x) for x €
M () does not depend on the choice of Laurent neighborhood of .

Proof. Let V. = #(#B) C # (/) =: X be a Laurent neiborhood of .
Here, we may assume & = o/ {p~'f,q¢~*}. Thatis, z € X{p~'f, qg7'}.
Define ¢ : @/ — 2 as the corresponding morphism to V' — X. Then we
define y € .# (%) by *(y) = z. Note that ‘g‘]‘y # 0 forall J € ZZ,.

It is enough to show that the completion of <7 /p,, coincides with the com-
pletion of #/p,, where p, (resp., p,, ) is the kernel of | - |, : & — R (resp.,
-], : Z — R). Since ¢*(y) = , the bounded homomorphism ¢ : & — £
induces the injection @ : <7 /p, — % /p,. Hence, it holds that

v : Frac(</ /p,) C Frac(%/p,).

By Fact 3.27, the residue seminorm on a quotient ring of K -affinoid algebra
is a norm. Therefore, the residue norm on a quotient ring of K -affinoid
algebra extends to the unique norm on the fraction field of this quotient ring.
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Since ¢ : &/ — 8 is admissible, sois p : &7 /p, — A /p, withrespect to
their residue norms. For each h € %/p,, we seth € B = o/ {p~'f,qg7'}

as
h = E arsflg™.
I,

Then we set h,, € Frac(</ /p,) as
JR— __I N
ha= Y anf (7.

[I|+]J]<n
Here, |g”|, # 0 implies (§)’ # 0. Hence, h,, is well-defined. Now let us
assume % := % /p,. Thenitis clear that y induces a bounded multiplicative
norm on &% naturally. It is also denoted by y. Therefore,

b=t =| > amf @

[I|+]J|>n

< Z mfl@)“] < Z arsflg™’l| =0

I +]J[>n 7 |1+ J|>n P
asn — oo. This convergence follows from the definition of & {p~' f, qg7'}.
Since x is non-Archimedean, {h_”}n is a Cauchy sequence. Indeed, it fol-

lows from

Bt ()], }-

o, < e { o () —

It implies that

% C Fra@px)a
where the right-hand side is the completion of Frac(.<7 /p,) with respect to
the norm induced by z. This follows from /f(y) = x.
Hence, it holds that

Frac(e/ /p,) = Frac(%/p,),
where the left-hand side is the completion of Frac(.%7 /p,,) with respect to the
norm induced by = and the right-hand side is the completion of Frac(#/y,)
with respect to the norm induced by y. Therefore, the assertion follows. [

3.49. By Fact 3.32, this means () is a local object which depends only
on a point z of (good) K -analytic space. In particular, Proposition 3.41 and
3.48 imply that 7 (z) is a local object of X?".

Next, we consider the Berkovich analytification X of some K -variety.
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Lemma 3.50. Let K be a non-Archimedean field, and let A be K -algebra
of finite type. For each point © € (SpecA)*™ =: X, we set ker | - |, = p,.
Then it holds that

—

H(x) = Frac(A/p.),

where the right-hand side is the completion of Frac(A/p,) with respect to
the norm induced by | - |,.

Proof. We may assume that A = K|[T},...,7T,]. Now we can take some
E(0,7) = A (K{r~'T}) such that z € E(0,r). Set & := K{r 'T}.
Here, A — ./ induces v : A/p, — o/ /(p,</). For brevity, <7 /(p,.o/) is
denoted by <7 /p,.. Note that the quotient ring .2/ /p,. coincides with what is
appeared in (3.18). For f € 7 /p,, weset f € o/ = K{r~'T} as

f = ZCL]TI.
I

Then we set f,, € A as

fn = Z CL[TI.

|1]<n

Now z induces a bounded multiplicative norm on <7 /p, naturally. It is also
denoted by z. Then it holds that

F-Fl =D aT| <|[D |  <|DaTl| —o0

[I|>n . [I|>n A Jps [I|>n o

as n — oo. This convergence follows from the definition of K{r~'T7}.
Similarly to the discussion of Proposition 3.48, it implies that {f,} is the
Cauchy sequence whose limit is f. Hence, the assertion follows. U

Proposition 3.51. Let X be a variety over a non-Archimedean field K. We
set mx : X* — X as in (3.43). Then, for any x € X", it holds that

() = w(7x(2)),

where the right-hand side is the completion of the residue field rk(mx(x)) at
the point Tx (x) € X with respect to x.

Proof. 1t directly follows from Lemma 3.50. U

3.2. Raynaud generic fiber.

This section is mainly based on [Got20, §3] and [Got22, §2]. Recall the
notation in (2.30). For R-algebra <7, we write .o/) (resp., <) instead of
o Qpr K (resp., & Qg k).
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3.52. Let K{T'} be the Tate algebra as in (3.21). Then we set

R{T} :={f e K{T} [ |[f]| <1},
where ||-|| is the Gauss norm on K {T'}. Itis obvious that R{7'} is R-algebra
and has a norm induced from the Gauss norm. Actually, the induced norm
is complete. An R-algebra .o/ is called an admissible R-algebra if <7 is a
flat R- algebra isomorphic to R{7'}/I for some ideal I C R{T}. Then </
has a norm induced from the norm on R{7T'}. Further, the norm on & is
complete. That is, <7 is a Banach ring.

3.53. Recall the functor called the Raynaud generic fiber

—rig : {flat formal R-schemes locally of finite type} — {rigid /-spaces}.
The functor is constructed by sending an affine admissible formal R-scheme
Spf.e/ to the K-affinoid space Sp.«Z, where the underlying space of Sp.o7y
is the set Max.oZ)c of all maximal ideals of @7 equipped with the weak
topology with respect to o7 and the G-topology (cf. [BGR84, 9.1.4]). This
functor first appeared in [Ray74]. It is known that this functor preserves fiber
products. Let f : X — 2) be a morphism between formal R-schemes locally
of finite type. If f : X — %) is a finite morphism (resp., closed immersion,
open immersion, immersion, separated morphism), then frig : Xvig — Drig
is a finite morphism (resp., closed immersion, open immersion, immersion,
separated morphism).

3.54. Berkovich gave the fully faithful functor

—o : {separated strictly K -analytic spaces } — {rigid K -spaces}
in the process of basing his analytic spaces (cf. [Ber90, §3.3]). This functor
preserves fiber products. In addition, the following also holds.

Proposition 3.55 ([Ber90, Proposition 3.3.2]). Let f : X — Y be a mor-
phism between separated strictly K-analytic spaces, f : X — Y is a finite
morphism (resp., closed immersion, open immersion, immersion, separated
morphism) if and only if fo : Xo — Yy is a finite morphism (resp., closed
immersion, open immersion, immersion, separated morphism).

For a flat formal R-scheme X locally of finite type, there is a unique
strictly K -analytic space X such that X,;; = X. For simplicity of notation,
we use the letter Xy, for this X . In particular, a K -affinoid space Sp.<7 cor-
responds to the Berkovich Spectrum . (<7 ), where .4 (<7k ) is the set of
all bounded multiplicative seminorm on «7x equipped with the weak topol-
ogy with respect to @7 and the G-topology (cf. [Ber90, §2, §3]). We note
that .# (o7x ) C X is closed but not necessarily open, although Sp.eZ;c C X
is a closed and open set. That is, we regard the Raynaud generic fiber as the
functor from the category of flat formal R-schemes locally of finite type to
the category of separated strictly /K -analytic spaces. By abuse of notation,
we write Zper for (Zfor )ber for a flat R-scheme 2 locally of finite type.
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Definition 3.56. Let X be a flat formal R-scheme locally of finite type.
Then we can consider the reduction map redy : Xper — X. Locally this
map redy| (o) © M (Hk) — Spfa/ = Spec), is defined as follows: A
point © € .# (/k) can be seen as a multiplicative seminorm on .27 that is
bounded by the equipped norm on 7. Since 27 is an admissible R-algebra,
the restriction of the equipped norm on 27k to <7 is bounded by 1. Hence,
the restriction of = to .27 is also bounded by 1. Then,

b ={fed[|f@)| <1} C &

isaprimeideal of 7. Itis clearthatp, € Speca’, = Spf.e/. Then we denote
by redx () the point corresponding to this prime ideal p,. If X = 2%, for
some flat R-scheme 2 locally of finite type, we write red 4 instead of redy.
We sometimes call the image of € 2 via the reduction map red - the
center of x.

From now on, we consider some properties of the reduction map.

3.57. Let X be a flat formal R-scheme locally of finite type. Then the reduc-
tion map redy : Xper — X is anti-continuous and surjective. Please refer to
[Ber90, §2.4] for details.

3.58. Recall the notation in (2.30) and (2.32). Let X be a smooth K -variety,
and 2" a model of X. Then the reduction map redy : Zper — Ztor 1S
characterized as follows: Consider the canonical map 7x : X** — X asin
(3.43). For any x € X", the canonical homomorphism

k(mx(z)) — J(x)
induces a morphism Spec.7(x) — X. Then, we obtain the morphism
X @ Opecit(z) - X — 2.
This morphism gives the following diagram.

Xax

SpecH (x) ———

Specs? (x)° — SpecR

Here, this dotted arrow ¢, - does not always exist. By the valuative crite-
rion of separatedness (cf. [Har77, Theorem 4.3]), the dotted arrow ¢, - is
uniquely determined if it exists. Then we can easily see that v € Zper if
and only if ¢, 5 exists. Further, if it holds, then redy (z) coincides with
the image of the closed point of Spec.7Z’(x)° via the dotted arrow ¢, 5. It
implies that there is a canonical inclusion

—_—

k(redy (x)) C H(x)
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induced by ¢, 2 for each x € Zyer. We also see that, if 2 is proper over
R, then Zper = X?". Indeed, it follows from the valuative criterion of
properness (cf. [Har77, Theorem 4.7]).

3.59. Keep the notation in (3.58). For each point x € Zper, the image
red 4 (z) of z via the reduction map is more closely related to the double

e~ —

residue field 77 (x) than seen in (3.58). Let us show you that now.

Set XVl = 77)_(1 (&x), where mx : X* — X is the canonical map as
in (3.43) and £y is the generic point of X. Let 2" and ¢ be models of
X,and f : % — 2 a proper birational morphism. For each z € X3,
the morphism x, : Spec.#’(x) — 2 factors through f. In addition, for
each © € Zper, there is an unique morphism ¢, 4 : Spec.(z)° — 2
as in (3.58). Hence, for each z € X N 2}er, We can apply the valuative
criterion of properness to the following diagram.

Speci () ——= ¥

SpecH (x)° —= 2

Then we obtain the unique morphism ¢ : Specs#(z)° — ) It is obvious
that the morphism ¢ coincides with the dotted arrow ¢, » as appeared in
(3.58) for %, instead of 2. It implies that

Xval ﬂ %ber C Xval m %er
and f(redy (z)) = redy (x). In particular, there exists an inclusion
k(redg (x)) — k(redy (z)).

It means that the lifting of the center induces the extension of the residue
field of the center. As we saw in (3.58), it holds that

k(redy (z)) C H(x)
for each x € Z%er. Then, it holds that
k(redy (x)) C Kk(redy (x)) C € (x)

foreachz € XYM 2}er. Note that k(red »-(z)) and 7 () are not expected
to coincide in general.

Here, we now describe .77 (z) in terms of X or models of X.

Lemma 3.60. Let X be a smooth K -variety, and tx : X** — X the canon-
ical map as in (3.43). Then, for each x € X", it holds that

—_—

H(v) = K(mx(2)),
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where the right-hand side is the residue field of k(mx (x)) with respect to the
induced valuation | - |, on k(mx(x)).

Proof. By Proposition 3.51, for any f € ¢ (x)° \ 7 (x)°° and any £ > 0,
there exists g € k(mx(x)) such that |f — g| < e. Now we take € < 1. Then,

we find that |g| = |f| = 1 and f = § € x(7x(2)). In conclusion, we obtain
H(r) = k(mx(x)). O

Theorem 3.61 (cf. [Got20, §3]). Let X be a proper smooth K -variety. For
x € XY it holds that

—_——

A (x) = lim k(red y-(z)) = | r(red (),

2
where 2" runs over all proper models of X.

Remark 3.62. Note that there is a proper models of X. Indeed, given an
embedding X into a suitable projective space P}, we can take a model X
of X as the normalization of the closure of X in P, where S = SpecR. In
[Got20, §3], we considered Theorem 3.61 in the case where K is a general
non-Archimedean field, and in the case with fewer assumptions about X .

Proof of Theorem 3.61. First, we show that

A (x) = | r(redy (2)).
@
Here, the right-hand side just means the set-theoretic union of the images

—_—

of canonical inclusions x(red o (x)) < J(x). As we saw in Remark 3.62,
we may assume that there is a proper model 2" of X. Now we take an affine
open subset U = SpecA of 2 so that red - () € U. We want to show that
for this model 2", the following holds.

Hx)= | #lredy(2)),
AL A
where 7 ranges over all vertical blow-ups. By Lemma 3.60, we obtain

e~ —

H(x) = K(X),
where K (X) is the function field of X. For any element

f=g/he )\ r(reds(z)),
where g, h € A, we may assume that |g|, = |h|, > 0. Now we can take
| € Z+q so that |t!|, < |g|, = |h|., where t is an uniformizing parameter of
R. For the ideal I = (g, h,t') C A, we can extend the corresponding ideal
sheaf I on U to an ideal sheaf .# on 2. See [Har77, II, Exercises 5.15].
Further, we may assume that the defining ideal sheaf .# contains the defining
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ideal sheaf of (.2} on 2Z". Now we consider the blow-up 7 : 27 — 2~
along the closed subscheme V' (.#). Then 2" is a model of X. Moreover,
the proper model 2™/ has an open affine scheme U’ = SpecA[g/h,t/h).
Since [t'/h|, < 1, we obtain a canonical morphism

Alg/h, t'/h] — H(x)°.
It means that red o (x) € SpecA[g/h,t'/h]. Therefore, it holds that

H(x) = U k(red g (z)).

P

On the other hand, we can easily see that the set of all proper models 2~ of
X is a directed set with respect to an opposite category of the category con-
sisting of vertical blow-ups. In addition, for any vertical blow-up 2~ — 2,
we obtain a canonical inclusion x(red (x)) < k(red g (z)). Therefore, it
holds that o

A (x) = lim k(red 5 (x)) = | rlreds (2)).

Z

3.3. Berkovich retractions and the Essential skelton.
This section is mainly based on [Got20, §6] and [Got22, §4].

3.63. Keep the notation in (2.30). In addition, we assume that the charac-
teristic of the residue field £ is 0. Then, Cohen’s structure theorem implies
an isomorphism R = k[[t]]. In particular, we obtain an injection k — R.

Recall that S' = SpecR.

Definition 3.64. Let X’ be an S-variety. Anideal sheaf .# on X is vertical if
itis co-supported on the central fiber X.. A vertical blow-up X' — X means
the normalized blow-up along a vertical ideal sheaf. The group Divy(&X') is
defined as the group consisting of vertical Cartier divisors on X .

3.65. When an S-variety X" is normal, we can see that Div,(X) is a free
Z-module of finite rank.

Definition 3.66. An S-variety X is called to be SNC if the central fiber X},
is a divisor with strict normal crossings and every intersection of the form
D as in Definition 2.31 is connected.

Remark 3.67. An snc model of X as in (2.32) is not always SNC. However,
we can obtain an SNC S-variety from an snc model of X by further blow-
up along components of the possibly non-connected D ’s. In particular, the
resulting SNC S-variety is also a model of X.

In general, the following is known.
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Fact 3.68 (cf. [Tem08, Theorem 1.1]). For any S-variety X with smooth
generic fiber, there exists a vertical blow-up X' — X such that X' is SNC.

3.69. Let X be a smooth connected projective K -analytic space. In other
words, we can identify X with Y*" for some smooth projective K -variety Y.
S-variety X is called a model of X if X is a normal and projective S-variety
together with the datum of an isomorphism X" = X. Here, note that X’
is a model of X’k in the sense of Definition 2.32. We denote by M x the
set of all models of X . It follows from the same argument in Remark 3.62
that M x is nonempty. Note that M x becomes a directed set by declaring
X' > X if there exists a vertical blow-up X’ — X.

3.70. Let X be an SNC model of X. We can write the central fiber as
Xy = Z m; L,
icl

where (E;);cs are irreducible components. Then, it follows that

Divo(X) = P ZE:.
iel
Set Divo(X)% := Hom(Divy(&X'), Z) ®z R. Here, we denote by E the dual
element of F; and we set

1
e := —E! € Divg(X)g.

For each J C I such that E; := Njc E; # 0, let 6; C Divy(X)5 be the
simplicial cone defined by
&J = ZRZOGj'

j€J
By definition, the pair {e;} is a basis of Divy(X)%. Hence, these cones

naturally defines a fan A(X) in Divo(X)5. We define the dual complex of
X by

A(X) = AX) N {( X, ) =1},
where (-, -) is the natural bilinear form on Div((X)%. Each J C I such that
E; # () corresponds to a simplicial face

oy :=06;N{(Xp,:) =1} = Conv{e, | j € J}

of dimension |.J|—1in A(X), where Conv denotes convex hull. This endows
A(X) with the structure of a simplicial complex, such that o is a face of
opifandonlyif J D L.
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3.71. Under the same situation in (3.69), we denote by M5NC the set of all
SNC models of X . By Fact 3.68, My # () implies M3NC # (). We can eas-
ily see that MSN® C M x and M5NC is also a directed set by vertical blow-
ups. If X' > X, where X', X € M5NC, then we obtain the natural map
Divo(X”)x — Dive(X)g induced by the pull back Divy(X) — Divg(X”)
via the vertical blow-up. Further, it implies the natural map A(X’) —
A(X). Hence, the following projective limit is well-defined.

lim  A(X).

XEMSNC

The following, which is a highly suggestive result, is first stated by [KS06].
After that, the proof is written by [BFJ16].

Fact 3.72 (Corollary 3.2 of [BFJ16]). Under the situation in (3.69), we
obtain a canonical immersion A(X) — X (c¢f. Fact 3.78). In addition,
for the canonical immersion A(X) — X, there is a canonical retraction
X — A(X). Further, these retractions induce a canonical homeomorphism

X= lim A(X).

SNC
XEMS]

Remark 3.73. To see a simplicial complex structure of A(X), we have con-
sidered the case when X" is SNC. Actually, the dual intersection complex
A(X) can also be defined as a topological space when X is an snc-model of
X, as we stated in (2.36). In addition, for any snc-model X', we also obtain
a canonical immersion A(X) < X and a canonical retraction X — A(X)
as we will see in Definition 3.85. In Definition 3.85, the canonical retrac-
tion X — A(X) is called a Berkovioch retraction. Note, however, that
the dual intersection complex A(X) for an snc-model X’ does not always
have a simplicial complex structure unlike the case as we stated in (3.70).
Here, we denote by M the set of all snc models of X. It is obvious that
MENC ¢ Mk € Mx and M5E€ is also a directed set. Since M5NC is
cofinal in M x, Fact 3.72 can be rephrased as
X = l&n A(X).

XeMpe

3.74. Now consider the image of the canonical immersion A(X') — X
as appeared in Fact 3.72. Use the same notation in (3.70). Recall that the
central fiber of an SNC-model X’ is of the form X}, = > e ik asadivisor.
Here, for each J C I, the intersection £y := Nj¢c ;L is either empty or a
smooth irreducible k-variety. Let £; be a generic point of E; if E; # (.
For each j € J, we can choose a local equation f; € Ox ¢, of the prime
divisor Ej, so that (f;);cs is a regular system of parameters of the local
ring O ¢, because of the SNC condition. For this A’ and any (nonsingular)
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point p € X', we obtain the sequence k — R — Oy ;. Itimplies k < O ).
Hence, by Cohen’s structure theorem, after taking a field of representatives
of k(£s), we obtain an isomorphism

viOxe, = w(&)lE,0 € J]]
defined by «(f;) = t;. That is, any element f € Oy, has a power series
expansion of the form f = Zaez"" caf® € Oxg, via the isomorphism
>0

L Oxg, = K(E))[[t5]], where i(c,) € K(€7) and f@ =TT fi".
Definition 3.75. Let X be a smooth connected projective /-analytic space.

r € X is called a quasi monomial valuation if there exists an SNC model
Xof Xand s =) sje; € o5 C A(X) such that z is a valuation on O ¢,

defined by the restriction of the following valuation on O ¢, .

f= 2 caf® € Oxg, o |f] = maxr?,
erleJ(l)
where r; := exp(—s;) < 1, and the above expansion of f is given by the

~

isomorphism ¢ : Ox ¢, = k(£;)[[t;]] asin (3.74). Such a valuation on Oy ¢,
is called a monomial valuation on X.

Remark 3.76. It follows from the proof of [JM13, Proposition 3.1] that the
construction in Definition 3.75 does not depend on the choice of the isomor-
phism ¢ : 5;(@ = k(&))[[tj,7 € J]]. Definition 3.75 is slightly a priori
different from the original one in [BFJ16] (See Remark 3.79) though it is

still equivalent. We denote by X 9™ the set of all quasi monomial valuations
of X.

We now list a few properties of quasi monomial valuations.
Fact 3.77 (Corollary 3.9 of [BFJ16]). X9 is dense in X.

Fact 3.78 (cf. Definition 3.7 and §3.3 of [BFJ16]). We denote by A'(X) the
image of the canonical immersion A(X) — X as appeared in Fact 3.72.
Then, it holds that

xm= ) AX).
XeMSNC
Remark 3.79. In [BFJ16], quasi monomial valuations are defined by the
right-hand side of the equation in Fact 3.78.

Theorem 3.80 (cf. [Got20, Theorem 6.11]). Let X be a smooth connected
projective K-analytic space. If v € X, then there exists an SNC model
X of X such that

H(r) = Kk(redx(x)).
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Proof. By the assumption, we can take an SNC model X such that = gives
a monomial valuation on O ;cq, () as Definition 3.75. Now we construct

—_—

desirable vertical blow-up 7 : X’ — X so that 77 (z) = k(redr (2)).
By [Got20, Theorem 4.6], we see
H(x) = k(ex(x))(f1,..., fn) forsome fi,..., f, € H(x).

For each f; = g;/h;, we can obtain a vertical blow-up X; — X so that f; €
k(redy, (z)) in the same way as the discussion of Theorem 3.61. Theorem
3.61 implies that there exists a vertical blow-up X’ — X of X such that

% = r(redy(x)).

Then we obtain an SNC model X after taking further blow-up X" — X’ by
[TemO8]. Such a vertical blow-up X" — X’ — X is the desired one. O

Remark 3.81. In [Got20], we defined what is called a quasi monomial val-
uation for several cases, and proved that variants of Theorem 3.80 also hold
for these variants of quasi monomial valuations (cf. [Got20, Theorem 3.5,
Theorem 4.6, Theorem 5.7]).

Next, we consider the canonical retraction X — A(X) for an snc-model
X of X in Fact 3.72 concretely.

3.82. A Calabi-Yau variety X over a field F' is a smooth, proper, geomet-
rically connected scheme X over F' such that the canonical bundle Ky is
trivial. In particular, abelian varieties are also Calabi-Yau varieties. A vol-
ume form w is a non-zero global section of K'x. In the same way, a (com-
plex) Calabi-Yau manifold X is a compact complex manifold X such that
the canonical bundle K x is trivial. Further, a volume form w is a non-zero
global section of K x. In particular, the volume form w on X is often called
a holomorphic volume form.

Definition 3.83. Let X be a Calabi-Yau variety over K and w be a volume
form on X. Then we can define the weight function

wt, 1 X — RU {oco}.

Please refer to [MN12, §4.5] for details. The essential skelton Sk(X) of
X is the subset of X®" consisting of points where wt,, reaches its minimal
value. Since X is Calabi-Yau, w is uniquely determined up to a scalar multi-
ple. Multiplying w with a scalar changes the weight function by a constant.
Therefore, Sk(.X') depends only on X not on w.

3.84. Let X be a smooth connected K -variety and let .2 be an snc-model
of X over S. Fact 3.72 states that the dual intersection complex A(.Z") of
Z is canonically embedded into X". We denote by Sk(.Z") its image of
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A(Z). Sk(Z) is called the Berkovich skelton of 2" and has the simpli-
cial structure induced by A(.2") if 2" is SNC. If X is a Calabi-Yau variety
over K, then the essential skelton Sk(X') as in Definition 3.83 is canonically
homeomorphic to the subcomplex of Sk(.2"). If the snc-model 2" is good
minimal dlt-model with a technical assumption as in [NXY19, (1.11)], then
it follows from [NX16, 3.3.3] that the image of this embedding is exactly the
essential skeleton Sk(X). In particular, we give a simplicial complex struc-
ture to Sk(X) by the one of Sk(.2") if 2" is SNC. Note that the technical
assumption is satisfied when 2" is an snc-model. Please refer to [NXY19,
(2.3)] for details.

Definition 3.85. Let X be a smooth connected K -variety and let .2 be an
snc-model of X over S. We assume that X*" = Zp,. In particular, if
Z is projective over S, then X is projective over K and this assumption
holds. Here, we now construct the Berkovich retraction associated with an
snc-model 2" of X in accordance with [NXY 19, (2.4)] (or [BFJ16, §3]).

Let x be a point in X*" and let red 4 () be its reduction on 2}, as we saw
in Definition 3.56. We denote by Z the closure of red 4 () = . Then Z is
a non-empty stratum of 2. Thus, it determines a unique face o of the dual
intersection complex A(Z"). Let Dy, ..., D, be the irreducible components
of 2} that contain Z, and let Ny, ..., N, be their multiplicities in 2. Then
Dy, ..., D, correspond to the vertices vy, ..., v, of . Note that, for any snc-
model 27, each irreducible component of .2}, is Cartier since 2 is regular.
We choose a local equation f; = 0 for each D; at red 4 (x). Then py () is
defined as the point of the simplex o with barycentric coordinates

o= (_Nl ]Og|f1(1’)|, ceey —Nr 10g|f7’(‘r)|)

with respect to the vertices (vy, ..., v,). The image py (x) of = corresponds
to the monomial point represented by (27, (D1, ..., D,.), £) and the tuple

(_ 1Og |f1(ZL‘)|, MR _log |fr(l')|)7

in the terminology of [MN12, 2.4.5] via the embedding of A(.Z") into X®".
We can easily verify that this definition does not depend on the local equa-
tions f; and check that p4- is continuous, and that it is a retraction onto the
skelton Sk(Z") = A(Z"). Refer to [NXY19, (2.4)] for good minimal dlt-
models with the technical assumption as introduced in loc.cit..

Definition 3.86. Let X be a Calabi-Yau variety over K. If an snc-model .2~
of X is a good minimal dlt-model of X with a technical assumption as in
[NXY19, (1.11)]. Then we call the map py : X** — Sk(X) constructed in
Definition 3.85 the non-Archimedean SYZ fibration associated with 2.

3.87. We note that, even though the subspace Sk(X) of X" only depends
on X, the simplicial complex structure on Sk(X') and the non-Archimedean
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SYZ fibration py : X — Sk(X) depend on the choice of the good min-
imal dlt-model .2". In [MN12, §3.2], the authors discussed the canonical
piecewise integral affine structure of Sk(X') and revealed that this piecewise
integral affine structure coincides with the one induced by A(2"). In other
words, the piecewise integral affine structure induced by A(.Z") does not
depend on the choice of the good minimal dlt-model 2. However, this is
closer to the topological structure than to the integral affine structure. In
this thesis, we focus on the integral affine structure (more precisely, IJAMS
structure).

4. SYZ FIBRATION

In this chapter, we discuss SYZ fibrations for each maximally degenerat-
ing family of abelian varieties and their quotients. This chapter is mainly
based on [GO22, §2].

4.1. Preliminaries.

Definition 4.1 (Special Lagrangian submanifold). Let X be a Calabi-Yau
manifold of dimension n over C, w a Kéhler form of Ricci flat metric on
X, and €2 a holomorphic volume form as in (3.82). Then a submanifold M
in X is called special Lagrangian submanifold if M is a real manifold of
dimension n such that w|y; = 0 and ImQ|;; = 0.

Definition 4.2 (SYZ fibration). A fibration f : X — B from a complex
Calabi-Yau manifold to a topological space B is called a special Lagrangian
fibration (or SYZ fibration) if each fiber X;, := f~1(b) is a special Lagrangian
submanifold in X.

To state our main theorems, we introduce the following.

Definition 4.3. Let B be an real n-dimensional manifold. An affine struc-
ture (resp., tropical affine structure, integral affine structure) on B is an atlas
{(U;, ;) } of B consisting of coordinate charts 1; : U; — R™, whose transi-
tion functions ), o zpj_l lie in Aff(R") := R™ x GL(R") (resp., Aff(Z") :=
7" x GL(Z™)). A pair of B and an affine structure (resp., tropical affine
structure, integral affine structure) on B is called an affine manifold (resp.,
a tropical affine manifold, an integral affine manifold). Further, B is called
an integral (resp., tropical) affine manifold with singularities if B is a C°-
manifold with an open set B C B that has an integral (resp., tropical)
affine structure, and such that Z := B \ B is a locally finite union of
locally closed submanifolds of codimension > 2. Here, an integral affine
manifold with singularities is often called an JAMS for short. In addition,
we call this integral affine manifold B*™ IAMS structure of B.
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Remark 4.4. The convention of Definition 4.3 follows that of e.g. [KS06,
Grol3].

4.5. Let f : X — B be an SYZ fibration such that each fiber is a torus.
Then the fibration gives two affine structures V 4, Vg and one metric g on
the base B. Use the same notation as Definition 4.1. The affine structure V 4
(resp., V) comes from the Kihler form w (resp., the imaginary part of the
holomorphic volume form Im¢?2). The metric g is called the Mclean metric.
It is known that two of the triple (V 4, Vg, g) determine the rest. Refer to
[Grol13, §1] for details.

4.6. We recall the Gromov-Hausdorff limit (cf. [BBIO1]). We can define
the Gromov-Hausdorff distance deu(X,Y) between two metric spaces X
and Y. Further, it is known that this distance dgy is a metric function on
the set M consisting of the isometry classes of compact metric spaces. In
Gromov'’s celebrated paper [Gro81], he proved that the subset M of M con-
sisting of the isometry classes of compact Riemannian manifolds with Ricci
curvature bounded below and diameter bounded above is relatively compact
with respect to the Gromov-Hausdorff distance. It is known as Gromov’s

compactness theorem. That is, the closure WGH of M in M is compact.
Hence we can define a notion of convergence for sequences in M, called
Gromov-Hausdorff convergence. In particular, for any sequence of Ricci
flat manifolds, we can take a convergent subsequence by rescaling the diam-
eters to be 1. A compact metric space to which such a sequence converges
is called the Gromov-Hausdorff limit of the sequence.

4.7. From now on, we use the following notation.

e A denotes the open disk {t € C | |t| < 1}.

e A* denotes the punctured disk {t € C | 0 < |t| < 1}.

e C((t))™ denotes the field of the germs of meromorphic functions
with possible pole only at the origin.

e The t-adic discrete valuation of C((¢))™™ is denoted as

valg: (C((¢))™\ {0}) — Z.

o (X, L) — Al(resp., (X*, L*) — A*)denotes a proper holomorphic
map from a complex analytic space X" (resp., X'*) together with an
ample line bundle £ (resp., £*). We also denote as (X, £)/A (resp.,
(X7, L7) /A7),

e Each fiber of X over t € A is denoted as X;. The restriction of £
to X, is denoted as L;.

e For the above pair (X*, L*), we associate the smooth projective va-
riety X over C((¢))™™ with ample line bundle L.
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e When A;s are abelian varieties of dimension g, the type of polar-
ization L£; (cf. (2.28)) is

(617"' ,Bg) € Zg>0

such that e; | e;41 for any (0 <)i(< g). We associate a g X ¢
diagonal matrix E := diag(e;, - ,e4).

4.2. Abelian surfaces case.

4.8. This section explains one method for partially proving Conjecture 1.4
by using hyperKdhler rotation, following [OO21, §4]. The point is that,
although loc.cit focused on the case of K3 surfaces, the same method applies
to the case of abelian surfaces. In the next section, we generalize to higher
dimensional abelian varieties by a more explicit different method.

Theorem 4.9 ([GO22, Theorem 2.1]). Take any maximally degenerating
family of polarized abelian surfaces (resp., polarized K3 surfaces possibly
with ADE singularities) (X |a+, L|a+) over A* with a fiber-preserving sym-
plectic action of a finite group H on X|a+ together with linearization on
L|a+ (e.g., H can be even trivial or simple {£1}-multiplication in the case
of abelian varieties). We denote the quotient by H as (X'|a+, L' |a+) — A*.
Then, the following hold:

(i) For any t € A* with |t| < 1, there is a special Lagrangian fi-
bration f,: X, — B, with respect to the Kdhler form w; of the
flat Kdhler metric gxg(X;) with [wy] = c1(L:) and the imaginary
part Im(§;) of a certain holomorphic volume form (0 #)Q; €
H°(X,,wy,). Here, B; is a 2-torus (resp., S*) and so are all fibers
of fi. Asin (4.5), we denote by V 4(t) and V g(t) the induced trop-
ical affine structures on B; by w; and Tm();) respectively, as well
as its McLean metric g;. Below, we continue to assume |t| < 1. In
the next section §6, we discuss how these f; glue to a family.

(ii) Consider the obtained base associated with a tropical affine struc-
ture and a flat metric (B, V 4(t), V(t), g) for t # 0. They con-
verge to another a 2-torus (resp., S*) with the same additional struc-
tures (By, V4(0), Vg(0), go) in the natural sense, whent — 0. In
this terminology, the Gromov-Hausdorff limit of

(X, gxe(X:)/diam(gke(X:))?)

fort — 0 coincides with (By, go). Here, diam(gxgr(X;)) refers to
the diameter which is used to rescale the metric to that of diameter
1 (as in [KS06]).
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(iii) The H-action on X, preserves the fibers of f;. Thus, there is a nat-
ural induced action of H on By, which preserves the three struc-
tures V 4(0),V(0) and go. The natural quotient of f; by H de-
noted as f: X/ — Bj is again a special Lagrangian fibration
with respect to the descents of w; the holomorphic volume form and
(0 #£)Q; € HY(X,,wx, ) we chose above.

(iv) If (X |ax, L|a+) is a family of principally polarized abelian surfaces
and H is trivial, the tropical affine structure V 4(0) on By is integral
(cf. Definition 4.3) and its integral points consist of only 1 point,
which automatically determines ¥V 4(0). The corresponding Gram
matrix of gy is the same (cB(l;, 1)) as appeared in (2.39). Also the
transition function of the integral basis of V 4(0) to that of V 5(0)
is given by the same matrix (cB(l;,1;)).

Proof. Our assertions above (i) and (ii) for K3 surfaces case are proven in
[O021, Chapter 4 (and 5,6 partially)].

The proof of (i), (ii) for the case for polarized abelian surfaces and essen-
tially easier and here we follow the method of loc.cit. (In the next section,
we give another proof.) Hence, we below only sketch (review) the proof as
a review and explain the differences with the original K3 surfaces case in
[0021, §4]. More precisely speaking, we use the arguments of the proofs
of [00O21, Theorems 4.11, 4.20] and other claims on which they depend.

The (almost verbatim) change of basic setup is as follows. For an abelian
surface X ~ C2/A with a lattice A(~ Z*), set Acp := AL A. (Here, the
subscript CT stands for complex torus.) By the orientation on GG induced by
the complex structure, we identify /\4Z A ~ 7Z which induces a lattice struc-
ture on Acr as isomorphic to I3 3 = U®3. Take a marking « of H*(X;,7Z)
for some ¢, and put A := «(c1(L;)), and replace Ay of [0021, Chapter 4]
by Apas := A C Agr which has signature (2, 3). The period domain for
(X:, £1) with weight 2 is

Q(Apas) = {[w] € ]P)(Apas ® C) | (w’ w) =0, (w’ ’LD) > O}a

which replaces 2(Ak3) of [0021, §4.1]. By the accidental isomorphism
Sp(4,R)/{£1} ~ S0,(2, 3), we can also identify the connected component
of Q(A,.s) as the Siegel upper half space &, of degree 2. Similarly, we
also define and use the union of Kihler cones K (resp., KQ°, KQ¢=) as
[0O021, p.45-46]. Since the Kdhler cones of complex tori are just connected
components of positive cones, the definition of loc.cit works verbatim if we
put A(Acr) := 0, where A(Acr) is the set of simple roots.

Now we are ready to prove the above theorem. The desired special La-
grangian fibration (i) for polarized K3 surfaces case is obtained at the bottom
of [0021, p.47] (if we see m; as a map from X;) during the proof of [OO21,
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4.20]. The proof uses (loc.cit Claim 6.12 which in turn follows from) Fact
4.14 and Claim 4.18 of loc.cit. It applies a hyperKédhler rotation, which also
works for flat complex tori because their holonomy groups are even trivial.

Proof of Claim 4.18 becomes much simpler for 2-dimensional complex
torus case because we do not need to deal with the roots as “A(X)*".

The only nontrivial difference exists for Fact 4.14 of [OO21]. Indeed, it
does not literally holds for complex tori just because the morphism from
complex 2-tori to elliptic curves are not obtained as pencils.

Fact 4.10. Let X be a complex 2-torus and let e € H*(X,Z) a (primitive)
isotropic. If e belongs to the closure of its Kdhler cone, there exists a holo-
morphic fibration to an elliptic curve B as X — B whose fiber class is
e.

proof of Fact 4.10. We take a line bundle L with ¢;(L) = e. From [BL04,
§3.3], L is effective and represented by an elliptic curve £ by the isotropicity
and primitivity condition. If we replace £ by a translation of £ which con-
tains the origin of X, then X — B := X/F is the desired morphism. [J

Note that the fibers are only homologically identified as e, rather than
linear equivalence classes (as in [OO21, 4.14] for K3 surfaces).

The proof of (ii) is similar to the construction of X — B of [0021,
bottom of p.34-p.35]. The only difference again is that we use above Fact
4.10 instead of Fact 4.14 of loc.cit. Then the proof is reduced to that of
4.22 of loc.cit, hence that of Chapter 5. The arguments there work verbatim
and is even greatly simplifiable. Indeed, the main analytic difficulties in K3
surfaces case come from the presence of (varying) ADE singularities, which
destroy the simplest uniform C?-estimates. (In our case, it is even possible
to confirm 4.22 of loc.cit explicitly. )

From here, we give the proofs of (iii), (iv). To show (iii), we proceed to
analyze the effect of the action of /. Since the H-action on A&} is assumed to
be symplectic i.e., the induced action on H°(X;, 3, ) is trivial, in particular
Im(€2;) is preserved by the action of H. Therefore, the complex structure
of the hyperKihler rotation of &} as constructed in [OO21, p.47] is also
preserved by the action. The action also preserves the isotropic cohomology
class e. Hence, from the construction of f;, the action preserves its fibers
and the claims of (iii) are proved.

For the proof of (iv), note that under an appropriate symplectic basis vy,
wy, Vg, wy of H'(X,, Z) for the principal polarization (—, —) i.e., (v;, w;) =
6;; and (v;, v;) = (w;, w;) = 0, e is written as v; Awy, H?*(B;, Z) is written
as Z(vy A wa), A = v1 A wy + vg A wsy. Then the direct computation shows
that the integral affine structure V 4(0) on By ~ R?/Z? is the desired one.
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The last claim then follows from the definition of Legendre transform (cf.,
[Hit97, §3], [Gro13, §1]). O

Remark 4.11. To construct the tuple (By, V 4(0), V(0), go) as Theorem
4.9is called SYZ picture. Similarly, to construct the Gromov-Hausdorff limit
of (X, gxr(X;)/diam(gke(X;))?) for ¢ — 0 is called Gromov-Hausdorff
limit picture. In [KS06], SYZ picture under the assumption that Gromov-
Hausdorff limit picture holds is called Collapse picture. Note that SYZ
picture gives two affine structures and one metric on the base, however,
Gromov-HausdorfT limit picture gives only a metric space. Theorem 4.9
(ii) implies that SYZ picture and Gromov-Hausdorff picture for any maxi-
mally degenerating family of polarized abelian surfaces (resp., polarized K3
surfaces possibly with ADE singularities) give the same metric space.

Remark 4.12. The choice of (2, for each ¢ is a priori up to constant multipli-
cation butin [O0O21, §4, especially (4.11)] and the above proof, we implicitly
chose it carefully.

Remark 4.13 (Effect of monodromy on the hyperKahler rotation). Both the
constructions of f;: A} — B; in [0O021, §4] and above theorem 4.9, are
as holomorphic Lagrangian fibrations of the hyperKihler rotation X,’. Let
us consider the effect of monodromy 7' € GL(H?(X;,Z)) i.e., when ¢ goes
around the origin. Since T preserves the isotropic fiber class e of f;, which is
associated to the maximal degeneration X — A*, T" only changes the mark-
ing and hence preserves f; by the theory of harmonic integrals. However,
note that the induced change of marking does change the hyperKihler rota-
tion A,’, hence X,” does not form a family. Indeed, as ¢ goes around 0, then
X, will be twisted i.e., have different complex structures, while preserving
their Jacobian fibrations.

Remark 4.14. In the context of Theorem 4.9, note that each family
(.)C'/ A*,ﬁl A*) — A*

may have several description as a quotient of K-trivial surfaces by finite
group H, as (X|a«, L|a+) — (X'|ax, L' |a+). Indeed, for some polarized
family (X”|a+, L'|a~), one of covering family (X'|a«, L£|a+) is a family of
polarized abelian surfaces while another is a family of polarized K3 sur-
faces.

Also note that if the fibers X; are K3 surfaces, so are X/. However, if
the fibers X; are abelian surfaces, X/ becomes abelian surfaces if H only
consists of translations, while X becomes K3 surfaces otherwise.

Corollary 4.15 ([Got22, Corollary 5.28]). Use the same notation as in The-
orem 4.9. We assume that (X |a«, L|a+) is principally polarized. Then the
Gromov-Hausdorff limit of (X!, gxx(X])) for t — 0 coincides with the
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Gromov-Hausdorff limit (B}, g;) of (B, g,) fort — 0, where the metric
kg (X)) (resp., g;) on X/ (resp., B') is induced by gxg(X,) (resp., gi). Fur-
thermore, the affine manifold (8|, V'5(0)) with singularities coincides with
the quotient of the affine manifold (B, V 5(0)) by the group H, where the
affine structure V'y(0) with singularities is induced by V 5(0). In particu-
lar, we can regard the affine structure V';(0) with singularities as an IAMS
structure by rescaling.

Proof. Tt follows from Theorem 4.9 (iii). In addition, the affine structure
V5(0) of By is detemined by the matrix B(l;, ;) up to scaling, by Theorem
4.9 (iv). Hence, the last assertion holds. [

4.3. Higher dimensional abelian varieties case.

4.16. In this section, we prove Conjecture 1.4 for maximally degenerating
abelian varieties in any dimension. The main tool is the following explicit
description of the degenerations, which itself may be of interest. It is a com-
plex analytic version of the well-known non-archimedean uniformization of
abelian variety over a non-archimedean valued field by Mumford [Mum72]
and Faltings-Chai [FC90]. Although [Odal9] included the statement with
a rough sketchy proof, since we could not find a precise discussion in the
literature, we include it here of the somewhat more global statement, with a
more topological or analytic proof.

Lemma 4.17 ( [GO22, Lemma 2.6], General description of maximal de-
generating abelian varieties). Take any maximally degenerating family of
polarized abelian varieties of any dimension g, which we denote again as
(X|ax, L|ax) over A*. Suppose that the polarization is of type (e1,- -+ , e4)
where e;(1 < i < g) are all positive integers which satisfy e; | ;1 for any
1. (For instance, e; are all 1 for principal polarization.) Then, these families
are characterized explicitly as

(1) ((C)? x A")/27 — A,

where 79 > '(my, - -+ ,my) acts on (C*)9 x A* 3 (21, , 24, t) by

1<j<g

(Zlv"' 7ngt> = (217"' 729)'t ( H pivj(t)mj> N
1<i<g

for some meromorphic functions p; ;(t) € C((t)). Here, meromorphic func-
tions q; ;(t) == p; ;(t)* € C((t)) satisfies the following:
(i) possible pole only att = 0.
(ii) each q; j(t) converges att € A*.
(i) (gi;(t))1<ij<g is a symmetric matrix.
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From here, we often describe such family (1) simply as either
L€/ (i) or ()7 x A7) /{ps(1))-
t

Proof. Note the polarized family is induced from a map ¢: H — H, where
H(= H, ) is the upper half plane, H, is the (higher dimensional) Siegel upper

half space of dimension 9(9—2“), which descends to ¢: A* — Sp(E, Z)\H,.
Here, we set

e 0 - 0

0 e --- 0 -

E = ? , B .= ( 0 E) ,

0 0 . 0 —£ 0

0 0 - e
and

Sp(E,Z) := {h € GL(29,Z) | hE'h = E}.

We denote Sp(E,Z) also as I'. Consider the (rational) O-cusp F' of Hj in
the Satake-Baily-Borel compactification (before dividing by I'). Then the
monodromy lies in the unipotent radical (cf., [ADMY75, Chapter III])

U(F); = {(167 f) E GL(g,R)} AT

g

_ {(Iog f) | B e GL(g,Z), BE = f(BE)}.

g

Therefore, if we denote the fiber X;(t € Hor A*) as C9/ (f) 7?9 with
i—th

A € Hy, foreachi € {1,---,g}, A0, --- 7O,/-/l\,O7 -++,0) is invariant
modulo EZ9. Hence, we can write X*(= X|a+) as L((C*)9)/(p; ;(¢)) for
some holomorphic functions p; ;s over A*. Note that the natural quotient
of X* by pie; X -+ X pe, is a family of principally polarized abelian va-
rieties over A*, which can be also written as LI;((C*)?)/(q; ;(t)) for some
holomorphic functions g; ;s over A*. Here, since (%)ngg lie in-
side H, for any ¢t € A*, ¢;; = ¢;,; and p; ;(t)% = ¢;;(t). Again, since
(%)gmgg lie inside H, for any ¢ € A*, it follows that all ¢; ;(¢)
and p; ;(t) are meromorphic. O

Below we give an additive description as well and fix notation.
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4.18. If we describe the above abelian varieties in Lemma 4.17 in additive
manner,

ee 00 -~ 0
0 e 0 --- 0
€; logp”(t)
9 0O O R | R AN A 2g
(2) Xt =C / €3 27T\/—_1 Z
0 0 0 - ¢
(3) = (C")7/{pi;(t))is
where the first identification is through the exponential map
2my/=1z;
zire % = Z(i=1,---,9).
If we set
4) E = diag(ey, - ,ey)
ee 0 0 0
0 e O 0
(5) 10 0 e --- 0 ’
0 0 0 €q
© 00 = (5 Tounis))
= O 7,7 )
2my/—1 &P i
and
7 V) = [ —Z—logp, (1)) |
@ 0= (e ommat)
then the dividing lattice of the above (2) splits as EZ9 & Y (t)Z9 i.e.,
ee 00 -~ O
0 e 0 --- 0
€; IOg Di J(t)

— 10 o B | Rl =R IV ANPA I
®) Avi= s pveall
0 0 0 -+ ¢

9 = FE79 ¢ Q' (t)Z°.

Note that, (' (t) = E)(t) is symmetric, and Q(t) (resp., €'(t)) is determined
up to Z9 (resp., LZ9).
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We continue to use this notation for the coordinates z;s and Z;s, and set
x; := Re(z;),y; := Im(z;). We write

log pi ;(t)
10 — = () + V—18:4(1),
(10) S = asy(t) VB0
with an ambiguity of «; j(¢) modulo Z. Indeed, if ¢ goes around the ori-
gin 0, the monodromy effect is nontrivial only on «; ; but trivial on f; ;(1).
Similarly, for g; ;(t) = p; ;(¢)%, we write

log gi (t)
11 — = = o) () + V=18 (t).
(i S = (1) + VT8,(0)
In particular, (5] ;(t)) = ImQ'(t).

Below, we prepare a basic lemma on the symmetry of maximally degener-
ating family, for the next theorem 4.20 (iv) which discusses finite quotients

of abelian varieties. We explore more details in later section 6.3.

Lemma 4.19 ([GO22, Lemma 2.7]). For the family of above Lemma 4.17,
Le.,
X" = Uiea-((C)? /{pii(£))ig)e = A,
we continue to use the notation in (4.18).
Suppose there is an action of a group H holomorphically on X* preserv-

ing the fibers X; and c1(L;). We do not assume it preserves the 0-section.
For eacht € A*, recall that

(12) A= EZ9 ® QY (1)Z°

as a sublattice of CI9. Then, for any h € H, the induced h.: H,(X;,Z) —
H, (X, Z) preserves the first direct summand 7 of the above (12). Restric-
tion of h, to it is denoted as l,, € GL(g,7Z). Further,

l: H — GL(g9,2)
Y Y
h lh

is a group homomorphism.

Proof. The H-action on X; induces a complex linear transformation f; €
GL(g,C), i.e., at the level of universal covers of A}s, and what we want to
show is that the image lies inside GL(g,Z). If we take only real ¢ € Ry,
we can take a (continuous) branch of 3; ;(¢) to avoid possible ambiguity due
to the monodromy. Then, each A, for ¢ € R can be canonically identified
with Z?9. Take ey, -« - , ey, f1,- - , f, as the standard basis of A; = Z%, i.e.,

set
i—th
~ =
ei::(ov"'707 1 a07"'70>
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and
(i+g)—th
~ =
fi::(of"aoa 1 707"'70)
foreach: € {1,---,¢g}.

Now we prove the assertion by contradiction. Assume the contrary i.e.,
there is some h € H and 1 < i < g such that [,,(e;) does not sit inside
> 1<i<gRe;. Since GL(A;) = GL(2g, Z) is a discrete group, the [, is in-
duced by a particular isomorphism g, : A; — A, for any t. That is, for any
handt € A*, [;,(A;) = A4 so that g, is obtained as a restriction of /,. From
the assumption that the imaginary part of g,(e;) = I,(e;) is not the zero

vector, if we write
gnl(es) = D azei+ Y bifs

1<j<g 1<j<g

where all a;, b;s are integers, one can assume b; # 0 for some j. Note
— log |¢]

/
(5i,j<t))1§i,j§g ~ or

with positive definite symmetric matrix (B; ;), a part of Faltings-Chai de-
generation data. That is, B ; = b(l;, ¢(l;)) under the notation of (2.39).
Here, ~ means the ratio converges to 1 when ¢t — 0. Also, the flat metric’s
Gram matrix is, if we set X (t) = (o ;(t))ij, Y (t) = (i ;(t))i > then

(Bij)i<ij<g>

1,J

E 0 Y(#)~! 0 E X(t
(13) (X(t) y(ﬂ)( (0) Y(t)‘1> <0 Yét))>
([ EY()'E EY (1) X(t)
19 = (vt xavo b o)

(cf., e.g. [Odal9, (3) during the proof of Theorem 2.1]) so that in particular
le;] — 0 while | fy,(e;)| — oo for t — 0. Here, | - | denotes the length with
respect to the canonical flat Kihler metric gxg on A;. This contradicts the
fact that H-action on &} is an isometry for all ¢ # 0. Hence the assertion is
proven by contradiction. U

Now, we are ready to show the existence and description of special La-
grangian fibrations for maximally degenerating abelian varieties.

Theorem 4.20 ([GO22, Theorem 2.8]). For any maximally degenerating
Sfamily (X|a«, L|a~)/A* of polarized abelian varieties of dimension g, we
again denote by w, the Kdhler form of the flat metric gxr(X;) with [w,] =
c1(Lt). We also take a certain non-zero element (0 #); € HY(X,, wyx, =
NIQy,). (See the proof for the actual choice of €),.) Recall that X; can be
described as C9 /A, for the lattice \; of the form (8) of Lemma 4.19.

Then, the following holds:
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(1)

(ii)

(iii)

(iv)

(V)

For each t € A*, special Lagrangian fibration f,: X, — B; with
respect to wy and ), exists (g = 2 case is proven in Theorem 4.9).
B, is a g-dimensional real torus described as

RI/(8:,5(t))1<ij<gZ’

under the notation (10). Furthermore, they fit into a family i.e., there
is a continuous map f: X|a- — UpoB: for a certain extended
topology on UyoB;, which restricts to f, for each t # 0.

The tropical affine structure V 4(t) on B, = R9/(5; ;(t))1<i j<gZ?
is descended from the integral affine structure on RY whose integral
points are (7; ;(t))1<i j<4Z% where

(vij()ij = E~"- (Bi;j ()i - E1

under the notation (11).

The tropical affine structure V g(t) on By = R9/(; ;(t))1<i j<gZ?
is descended from the integral affine structure on RY whose integral
points are %f't'zg.

Suppose there is a fiber-preserving holomorphic action of a group
H on (X,c1(L)) (as in Lemma 4.19). Then for each t # 0, the
H-action on X, descends to that on B; which is unified into a con-
tinuous H-action on UoB; with respect to which X* := X |p« —
U By is H-equivariant.

Further, if the group H also fixes the isomorphic class of L, for

eacht # 0 (not only their c,), then H must be a finite group. In that
case, we can take the quotient of the map f by H. We denote the
obtained map as f/H: X*/H — U,2o(B,/H).
Under the situation above (iv), suppose further that the H-action
on X* preserves relative holomorphic n-forms i.e., acts trivially on
wWxsjax = O(Kx=/a+). Then, for each t # 0, f/H is restricted
to a special Lagrangian fibration with respect to the descent of w;
and Q. Further, they are of the form g,: X;,/H — B;/H, where
the additional structures on B,/ H is those descended from the ones
described above (ii), (iii).

Remark 4.21. A weaker version of the above statements (i) i.e., existence
of special Lagrangian fibrations in large open subset of X, are essentially
proven also as the simple combination of [Li20, Theorem 1.3] and [Liul1].
(i) of the above result refines it, even in an explicit way.

Proof. We set B; ; := valy(q;;(t)). Recall that [Odal9, 0021, Got22] re-
peatedly proved that the Gromov-Hausdorff limit of &} is identified with the
g-dimensional torus with the Gram matrix (B; ;)1<i <, Indeed, as we saw
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in (2.26), the standard description of Riemann forms tells us that

v —1
(15) Wt = T Z ’YZ,](t)dZZ A dZ_j,

1<i,j<g

where (v;;(t))i; = E - (6, ,(t));, - E for the the basis {z;} of C such that
the period matrix is of the form (7 §2(¢)) under the notation (6).

Remark 4.22. In particular, the conjectural asymptotic formula of Ricci-flat
Kihler forms by [Li20, (11) also cf., §4.2, §4.5] holds even globally in this
abelian varieties case.

From below, we use

—2m
Oy =——dx A+~ ANdzy, € H(X;, Ku,).
t log |t‘ Zl Zg ( ty Xt)
This choice is carefully made as multiplication by constant does change the
associated special Lagrangian fibrations.

Now we prove (i). We use Lemma 4.17 to set X; = ((C*)7/(p; ;(t))i ;).
and use the description and the notations (3), (10) and (15) above. Then, for
each fiber X;, maps defined by

f~t - CY — RY
w w

(Zla"' 7Zg) — (ylv'” 7yg)a

where y; = Imz;, descend to
feo X = RI/(Bij)1<ij<oZ® = R /ImQ(1) 27

under the notations (6) and (10).
We denotes an arbitrary fiber of f; as F'(= RY/7Z9) whose coordinates are
defined by z; = Rez;. From (15), w;|r = 0. Also, it is easy to see that

-2
Im (Qt: —Wdzl/\---/\dzg) =0.

log ||

F

Hence (i) follows. Next, (ii) and (iii) follows from the definition in [Hit97,
Gro13] and standard calculation below. Since the fibers of f; are the integral
manifolds along the “real" directions x;s, the affine coordinates along V 4 ()
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(resp., V(1)) of aiyi is determined as

</0§x1§1 L( ’ ) Z g%g’(dﬂ% +V/—1dy;) A (dxj — V/—1dy;),

a .
Yi/ 1<ij<g

/( a) 3 E%g‘(dmﬂrV—_ldyi)A(dl“j—\/—_ldyj))

Oy 1Sireg 2
= (71,1'7 e 7’Yg,i)
(resp.,
/L 9 \im _—27T(dx +V/=1dyy) A -+ A (dzy + vV —1dy,)
Iy Y log [t| ! . I Yol )
/L 9 Vi (25 (s + v =Tdy) A -+ A (day + v/ Tdy,)
r, \0Y log [t . ! Y
9 i-th
—2T ~ =
= 1
10g|t|<07 707 707 7O>7

where T'; is the g — 1-cycle on f; '(y) = F, of the form
0,1) x -+ x{z;} x---x[0,1] CRY/Z = F)).

Set {w;} (resp., {w;}) as the integral affine coordinates induced by V 4(t)
(resp., Vi(t)). The above forms are rephrased as

(. wg) = (E2(0) ™ E) (o, )

iy, ... 10,) = ( 2 ) sy ).

log 1]
Hence, by taking the inverse matrices, we can see that V 4(¢) and V 5(t) give
the integral affine structures on RY /Tm(2(¢)Z¢ defined by E—ImY' (t) E~17Z9
and %TgrltlZg , respectively. Note that E~'ImQ'(t)E~! = ImQ(¢)E~!. In
particular, the Mclean metric g, with respect to {y; } is of the form
—27
log [¢]

and

E(ImQ(t)) .

Indeed, by definition, the Mclean metric g, is defined as follows:

= (2 9
Wi = g 3wi’8wj Wi
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See also [Grol3, Definition 1.1]. Hence,

o 0 27 _1
(o (G 7)), = Ty Qw2

Since E (ImQ(¢)) ™' =* (E (Im€(t)) "), we obtain the following:
a (3 —27 ¢ -1 1 -1
—_— = (E (Im(t ImQ(t)E " E (Im€(t
(9 (55,)) . = e (P Q)™ )22 m)
27
~ log |

E (ImQ(t)) .

Next, we show (iv). For the former statement, i.e., to descend the H-
action to B|a~, it is enough to show that each h € H sends any fiber of f;
for t # 0 to one of its fibers. Note that they are written in the form

RY +v/—~1(c1, -+ ,¢cy) C C/(EZ © Qt)Z9).

Therefore the claim follows Lemma 4.19 as the coeflicients of the linear part
of h-action are real numbers (actually integers).

When the H-action preserves the isomorphic class of £, for each ¢ # 0,
H isregarded as a subgroup of the automorphism group of polarized abelian
variety of (X}, £;) forafixed t # 0, which is well-known to be finite. Hence,
H itself is finite. Thus, combined with the former statements of (iv), f/H
exists.

The remained proof of (v) is immediate from the definition of special
Lagrangian fibrations. U

Remark 4.23. Here we confirm that the special Lagrangian fibrations we
constructed in Theorem 4.9 and Theorem 4.20 are compatible. That is, for
the case of principally polarized abelian surfaces which are common to both
setup, the maps f; in Theorem 4.20 are examples of that of Theorem 4.9
although the latter are not completely unique (due to the small ambiguity of
applying Siegel reduction as in [0O21, §4, (4.11)]), to be precise.

Indeed, if we put (v, v5) := (8ij)1<ij<2 ' (Y1, Y2), we have
(16) Re(Q) = dzy A dxg — (det(Bi;)) " dy; A dyy,
A7) (%) = day A (Bo1dy' + B 5dys) — dva A (B 1dyy + By 5dys)-

Topologically all the fibers of f; (of Theorem 4.20) are identified with the
4-torus T with coordinates x1, z, ¥}, yh. In H*(T,R), if we put

e := [dxy A dzs),
f = [dyy A dys] and
v = [dey A (Bydyy + By odys) — dy A (Bydy + B apdyb)],
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where (B;; := valip; ;(t)), (Bl )i; := (Bi;);,; as amatrix, the above gives
1
18 log [t] - Re(€) = log Jtle — O ——
as ou ] Re(9) =gl - O L) 7
(19) log [t] - Tm(€;) = (v + o(1)),
fort — 0. As these (18), (19) fit to the reduction condition [OO21, p.47,

(4.11) and 1.10-12] (set N; := log [t],&; := 5 in the notation of loc.cif), it

means the desired compatibility with the construction of f; in Theorem 4.9.

Corollary 4.24 (SYZ picture for maximal degenerating family of polarized
abelian varieties). Under the same setting as Theorem 4.20, we set the matrix

B = (vali(pig (1),
Then SYZ picture with respect to the SYZ fibrations f; for eacht € A* as in
the proof of Theorem 4.20 gives the tuple
(807 VA(O)a VB(O)a gO) = (RQ/BZQ7 BE?lZga ng EBil)
~ (RY/79, E'79, B~'79, BE),
where the second (resp., third) terms of the right-hand sides represent the
integral points induced by V 4(0) (resp., V 5(0)), and the fourth terms of the

right-hand sides represent the flat metrics induced by gy with respect to the
standard basis of RY, respectively.

Proof. Theorem 4.20 implies that the each SYZ fibration f; gives the tuple

(Bt, Val(t), Vi(t), gt)
_ — log |t] -2 1
= 9 g 17g g
(R /ImQ(¢) 729, ImQ(t) E~ 77, o Z ’log|t|E(ImQ(t)) )

under the convention as explained above. Note that the Mclean metric g, is
determined by the transition function of the integral basis of V 4(¢) to that
of V(t). By rescaling, we obtain the following:

—log |t] —27

79 E (ImQ(t)) ™
ol 2 () )

~ (RQ/ZQ,E%Q, ( —2n ImQ(t))_lzg, <1_ﬂ1m9(t)> E)

log [{] og ]

Here, as we will see in Lemma 6.13, it holds that

—21
B =1lim ——Im(Q(¢)).
i o Im(0)

t—0

(Rg /ImQ(4)Z9, ImQ(t) B~ 79,

Hence, the tuple (B;, Va(t), Vg(t), g;) is convergent to a tuple
(R9/79, E~'79, B~'7%, BE)
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ast — 0. That is,
(Bo, V.A(0), Vi5(0), o) = (RY/Z9, E-\79, B2, BE),
By rescaling, it is also described as (RY/BZ9, BE~'79,79, EB~'). [

Remark 4.25. Note that the tuple (By, V 4(0), V5(0), go) given by SYZ pic-
ture is determined by only B and E. In addition, B and F are independent
of each other.
If (X|a+, L
(Bo, Va(0), V(0), 90) = (RY/BZ%, BZ, 7%, B™")

~ (RY/Z°,7°, B'Z9, B).

a+)/A* is principally polarized, then we obtain the tuple

It implies Theorem 4.9 (iv).

Corollary 4.26 (SYZ picture = Gromov-Hausdorff limit picture for K-trivial
finite quotients of abelian varieties). Use the same notation as in Theorem
4.20. Then the Gromov-Hausdorff limit of (X}, gxr(X])) for t — 0 coin-
cides with the Gromov-Hausdorf{f limit (B}, g,) of (B;, g;) for t — 0, where
the metric gy (X}) (resp., g;) on X/ (resp., B') is induced by gxg(X;) (resp.,
gt). Furthermore, the affine manifold (B(,, V'5(0)) with singularities coin-
cides with the quotient of the affine manifold (By, V 5(0)) by the group H,
where the affine structure N';(0) with singularities is induced by V (0). In
particular, we can regard the affine structure V'y(0) with singularities as an
IAMS structure by rescaling.

Proof. 1t follows from Theorem 4.20 (v). In addition, the affine structure
V5(0) of By is detemined by the matrix val,(p; ;(t)) up to scaling, by The-
orem 4.20 (iii). Here, p; ;(¢) is the meromorphic function as appeared in
Lemma 4.17. Hence, the last assertion holds. O

5. NoN-ARCHIMEDEAN SYZ FIBRATION
This chapter is mainly based on [Got22, §4 and §5].

5.1. Preliminaries.
In this section, we introduce some important results from [NXY19].

5.1. Let T be a split algebraic K -torus of dimension n with its character
group M. We denote by N = MV the dual module of M. We define the
tropicalization map pr : T* — Ng of T by

T 5z + (m— —log|m(z)|) € My = Ng.

Then pr is continuous, and its fibers are (not necessarily strictly) K -affinoid
tori. Further, the tropicalization map pr has a canonical continuous section
s5: Ng — T that sends each n € Ny to the Gauss point of the affinoid torus
p7'(n). The image of s is called the canonical skeleton of T, and denoted
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by A(T'). The map s induces a homeomorphism Ng — A(T'). We identify
A(T') with Ng via this homeomorphism.

Definition 5.2. Let Y be a K-analytic space, let B be a topological space
and let f: Y — B be a continuous map. Then f is called an n-dimensional
affinoid torus fibration if there is a open covering {U;} of B such that, for
each U, there is an open subset V; of Ngx = R" and a commutative diagram

FHU) —= prt (V)

fj : jpT

Ui Vi

where the upper horizontal map is an isomorphism of K -analytic spaces and
the lower horizontal map is a homeomorphism.

5.3. If f: Y — B is an affinoid torus fibration, then f induces an integral
affine structure on the base B as follows: For each open set U in B as in Def-
inition 5.2, we consider an invertible analytic function 4 on f~(U). Then
the absolute value of h is constant along the fibers of f [KS06, §4.1, Lemma
1]. Hence h implies a continuous function |h|: U — R<, by taking |h(b)|
as |h(y)| for some y € f~'(b). We can define the integral affine functions
on U as the functions of the form — log |h|. If U is connected, then we can
identify the ring of integral affine functions on U with the ring of polynomial
functions of degree 1 with Z-coefficients on V' C Ny so that this construc-
tion indeed defines an integral affine structure on B via the homeomorphism
U — V [KS06, §4.1, Theorem 1]. More precisely, in loc.cit., they consid-
ered affine functions whose coefficients are in R, rather than Z. However,
that’s because they allowed the base field K to be a general nontrivial valued
field. Under the condition that K is a discrete-valued field as in our setting,
we can obtain affine functions whose coefficients are in Z as above. That is,
we can give the integral affine structure to 5. To construct an integral affine
manifold in this way is often called non-Archimedean SYZ picture (NA SYZ
picture, for short).

5.2. K-trivial finite quotients of abelian varieties case.

5.4. First, we prepare two settings, one for general use and one for Kummer
surfaces, following [Got22]. If it is too complicated, it is enough to just
consider the latter setting (5.6), which is a special case of the former (5.5).
In the latter half of this section, we consider a setting (5.26) for K-trivial
finite quotients of abelian varieties, beyond [Got22].

Recall the notation in §2.3.
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5.5 (general setting). Let A be an Abelian variety over K and </ be the
Néron model of A. After taking a base change along f : S" — S as in (2.40)
if necessary, there is a triple (G,.%,.#) € DEG®Y such that A = G,

ample

and G = &/° by the semiabelian reduction [Del72, Exposé 1, Théoréme
6.1]. In addition, we may assume that a finite group H acts on (G,.Z, #)
such that the fixed locus of H on A is constant /-group scheme by taking a
further base change along f : S — S as above, without loss of generality.
We assume that G is maximally degenerated. For the tuple (M, L, ¢, a,b) =
For(F((G,2Z,.#))), there is a decomposition ¥ as Lem 2.55 after taking
a base change along f : S’ — S as above. In particular, the decomposition
Y is I' = L x H-admissible.

Let Z be the toroidal compactification of 7' = SpecK[M] over R asso-
ciated with 3 as constructed in (2.45) and & be the projective model of A
as Theorem 2.44. This & is an SNC model of 7. 2 is a Kulikov model of
A as we see in (2.46). By definition, this Kulikov model & is a good min-
imal dIt model with a technical assumption as in [NXY19, (2.3)]. Hence,
it follows that Sk(A) = Sk(2?). Further, we replace . by .Z®" so that
Z extends to the ample line bundle .Z» on . Since . is trivial in our
setting, there is no need to consider .# in particular. Since it holds that
T = Py er and A™ = Py, we can define the Berkovich retractions for
these SNC-models &2 and &. We denote by p; (resp., p») the Berkovich
retraction associated with & (resp., &) as in Definition 3.85. In particular,
po is a non-Archimedean SYZ fibration. Let pr be the tropicalization map
of T'.

5.6 (setting for Kummer surfaces). Let A be an Abelian surface over K and
X be the Kummer surface associated with A. We denote by .« the Néron
model of A. After taking a base change along f : S’ — S as in (2.40) if nec-
essary, there is a (G, L, #) € DEC%Z‘I’][lflf)le such that A = G, and G = &7*
by the semiabelian reduction [Del72, Exposé I, Théoreme 6.1]. In addi-
tion, we may assume that the group H = {£1} acts on (G,.Z, .#) so that
the K -group scheme A[2] is constant by taking a further base change along
f 8" — S as above, without loss of generality. We assume that G is max-
imally degenerated. For the tuple (M, L, ¢,a,b) = For(F((G, £, .#))),
there is a decomposition > as Lem 2.55 after taking a base change along
f 8" — Sasabove. In particular, the decomposition ¥ is I' = L x H-
admissible.

Let & be the toroidal compactification of 7" = SpecK [M] over R associ-
ated with X as constructed in (2.45) and & be the projective model of A as
Theorem 2.44. This & is an SNC model of 7. 2 is a Kulikov model of A
as we see in (2.46). Further, we replace . by .-Z®* so that £ extends to the
ample line bundle .Z» on &. Since ./ is trivial in our setting, there is no
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need to consider .# in particular. We denote by 2~ the Kulikov model of X
associated with X as in (2.58). By definition, these Kulikov models &2 and
2 are good minimal dIt models with a technical assumption as in [NXY 19,
(2.3)]. Hence, it holds that Sk(A) = Sk(Z) and Sk(X) = Sk(Z"). In
addition, we note that 7" = @ber, A = Pper and X = Zip. Hence,
we can define the Berkovich retractions for these SNC-models &, & and
Z". We denote by p; (resp., p», pa ) the Berkovich retraction associated
with & (tesp., 2, Z°) as in Definition 3.85. In particular, p» and py are
non-Archimedean SYZ fibrations. Let p be the tropicalization map of 7.

Remark 5.7. As we can see, the setting (5.5) is a generalization of (5.6).
Under the setting (5.5), we consider a general dimensional abelian variety
with an action of a general finite group. However, we did not deal with K-
trivial finite quotients of abelian varieties under this setting (5.5) in [Got22].
At the end of this section, we consider K-trivial finite quotients of abelian
varieties beyond [Got22].

Proposition 5.8 ([Got22, Proposition 5.51). Under the setting as in (5.5),
the Berkovich retraction p ; of & is equal to the tropicalization map pr. In
particular, p 5 is an affinoid torus fibration.

Proof. We set d := dim N. The decomposition ¥ gives the smooth rational
polyhedral decomposition X in Ny obtained by intersectiong the cones in 3
with Ng x {1}. As we saw in (2.52), the Berkovich skelton Sk(2) coincides
with Ng. Moreover, simplicial structure of Sk(.%?) coincides with 3. Let
o € ¥ be the smallest cone containing pr(x) € Ng = Ng x {1}.

We set 0 = Rsgng + - - - + R>onis, where n; = (n;, 1). We extend these
elements to a Z-basis ng, ..., ng of NR. Let m; = (my, ;) € M be the dual
basis of M. We may assume that

pr(z) = Zaiﬁi =n=(n,1) € Ng x {1} = Ng,
i=0
where > a; =landa; > 0forall0 <i < s.

We set A, = RIM Na] = R[Yy,...,Y,, Y, ..
where Y; := ¢": X™i_ Then U, := SpecA, C 2.

It follows that —log |Y;(z)| = (mj,n) = (my, Y amn;) = a; forz €
pp'(n) and for all 0 < j < d. Therefore red s (x) coincides with the
generic point &, of the toric stratum D, corresponding to o. Moreover, each
irreducible component D; of P, that contains D, corresponds to each one
dimensional face 7; = R>on; of 0. Therefore, it follows that

() = i = pr(z).

1=0

Y5 (YooY = 1),
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Corollary 5.9. Under the setting as in (5.6), the Berkovich retraction p ; of

P is equal to the tropicalization map pr. In particular, p 5 is a 2 dimen-
sional affinoid torus fibration.

Proof. Itfollows by exactly the same argument as above Proposition5.8. [

5.10. Under the setting as in Definition 3.85, let py: X** — Sk(Z") C
X" be the Berkovich retraction, where the simplicial structure of Sk(.Z") is
given by a decomposition > = {0, }.es. Since the retraction p - is contin-
uous, the inverse image p,' (Star(c,)) is an open set. In particular, it holds
that
X* = U p, (Star(oy,)).
ael

We call this covering the retraction covering of X*" associated with Z .
In other words, we can regard taking an snc-model of X as taking a retrac-
tion covering of X®". To be precise, the stratification of the formal com-
pletion 2%, gives the retraction covering. We note that p7,' (Star(c,)) =
red ' (D), where D,, is the scheme-theoretic intersection of the irreducible
components corresponding to 1-dimensional faces of o,,. Let £, be a stratum

of 2} corresponding to o,,. Then D, = {&,}.

5.11. For the decomposition ¥ = {0, }es as in (5.5), the Berkovich skelton

Sk(Z2) is described as follows:
Sk(#) = | Ta = Na = Np x {1},

aclt
where 7, := 0, N (Ng_x {1}) as in (2.52). Theorem 3.3 implies that
[' = L x H acts on Sk(Z?) as follows:
S ((n,1)) = (noh+b(1),1).

Moreover, Sk(Z) = Uagz T, (resp., B = Uad;r 0,) is isomorphic to
Sk(2)/L (resp., Sk(2)/TI) as simplicial complex. By Lemma 2.55, the
morphism Sk(&?) — Sk(2?) is an unbranched cover such that its fundamen-
tal group is isomorphic to L, and the morphism Sk(%?) — B is a branched
double cover. Under the more concrete condition (5.6), the ramification lo-
cus of this morphism Sk(#?) — B = Sk(2") is Z := ;L /T. In particular,
Z consists of 4 points.

5.12. Under the setting as in (5.5), the action of I" on 2 induces ['-action
on 7*" via the Raynaud generic fiber. In particular, the reduction map red ;
and the Berkovich retraction map p 5 are I'-equivariant. That is, it holds that
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ps(v-x) = S,(psp(x)) forall z € T*" and v € I'. Further, we can also
verify that the Berkovich retraction p4» of & is H-equivaliant, similarly.

Lemma 5.13. Under the setting (5.5), the following diagram commutes.

Tan /L Aan

Pg?j O ﬂgat

~ /L

Sk(2) —== Sk(2)

Proof. Since G is maximally degenerated, it holds that P, = j’for /L
as in (2.45). In particular, we obtain the morphism f : @for — Peor.
Then fyper : T*" — A® is the morphism appearing in the above diagram.
Let g : Sk(2) — Sk() be the morphism appearing in the above dia-
gram, similarly. Here, the proof is completed by showing the commutativ-
ity p» © foer = g © pp. By definition, the image p;(z) of x € T™" is
determined by the point £ = red ;(z) coresponding to the cone o € 3,
the irreducible components Dy, ..., D, containing & and the barycentric co-
ordinates (v1, ..., v,) with respect to the vertices corresponding to these D,
where each D; corresponds to the 1-dimensional face o, of the cone o for
some a; € I'. Then the image p»(fyer()) is determined by the point
f(&) = reds(fper()), the irreducible components f(D;), ..., f(D,) and
the barycentric coordinates (vy, ..., v,) with respect to the vertices corre-
sponding to these f(D;), where each f(D;) corresponds to 1-dimensional
cone og, for some o; € [EL as in Theorem 2.44, where o; € I' is the one
above. On the other hand, g(p(x)) is determined by the simplex g(o) €
Y/L and the barycentric coordinates (vy,...,v,) with respect to the ver-
tices g(7,,), where o; € I' is the one above. Here, the retraction p :
T* — Sk(2) is L-equivaliant as we see in (5.12). Hence we obtain
pz(foer(®)) = g(ps(x)). That is, the above diagram commutes. O

Proposition 5.14. Under the setting (5.6), let 7 be the blow up 7 : Bl g9 A —
A. The following diagram commutes.

(Bl 4)™

|
/L

Ao X
P O P@j

Sk(2) —L o sk(2) D sk(2)
\/

Tal’l

/T
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Proof. 1t follows by the same argument as above Lemma 5.13 that the left
part of the above diagram commutes. Hence it is enough to show that the
right part of the above diagram commutes. We set 2" := Bl as in

(2.58). This 2" is an snc model of Bl 4o A. We denote by p ;- the Berkovich

retraction. Since Sk(Z?) = Sk(Z") as we see in (2.59), it holds that p , =
pyp o ™. Since 7 is the blow-up along the fixed locus of H, the blow-up
7 is H-equivaliant. In particular, H-equivaliant retraction p4 implies that
p4 is H-equivaliant. After that, we can check the commutativity directly
by representing the two images concretely as in the proof of Lemma 5.13.
Hence, the right part of the above diagram commutes. U

Proposition 5.15 (cf.[NXY 19, Proposition 3.8]). Under the setting (5.5),
the morphism T* — A®" is an unbranched cover. Moreover the open sets of
the form p, (Star(c,)) for any o € I'™ are evenly covered neighborhoods.
In particular, p s is an affinoid torus fibration.

Proof. By the property (e) of Lemma 2.55, Star (7, ) C Sk(2?) is an evenly
covered neighborhood with respect to Sk(&) — Sk(Z), where we identify
Star(a,) C Sk(Z) with one of the sheets Star(a,) C Sk(Z?). For each

[ € L\ {0}, the following diagram holds.
p;jl(Star(Ea)) —?> [- ,o;/:)l(Star(Ea))

p@l pyjl

Star(ﬁa) Sl(Star(Ea))

In particular, the upper horizontal map is an isomorphism of K-analytic
spaces and the lower horizontal map is a homeomorphism. The property
(e) of Lemma 2.55 says that Star(a,) N S;(Star(c,)) = 0. It implies
that p;(Star(Ea)) Nni- p;;(Star(Ea)) = (). By Lemma 5.13, we obtain
p 5 (Star(7a)) = py) (Star(d,)). That is, we can identify p, (Star(,))
with one of the sheets p_ (Star(7,)). Hence, pj, (Star(7,)) is an evenly
covered neighborhoods. By Proposition 5.8, p; = pr follows. It implies
the last assertion. U

Corollary 5.16. Under the setting (5.6), the morphism T** — A* is an
unbranched cover. Moreover the open sets of the form p, (Star(c,)) for
any o € It are evenly covered neighborhoods. In particular, ps is a 2-
dimensional affinoid torus fibration.

Proof. It follows by the same argument as above Proposition 5.15. U

5.17. In [NXY 19, Proposition 3.8], they used the decomposition > which is
constructed in Proposition 2.44 and proved that the Berkovich retraction p »
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does not depend on the choice of such decomposition. On the other hand, the
reason why we adopted the decomposition which is constructed in Lemma
2.55 is to show directly that p4 is an affinoid torus fibration by looking at
the covering map concretely.

Corollary 5.18. Under the seiting (5.6), the morphism T™ \ p;'(1L) —
X\ p3,(Z) is an unbranched cover. Moreover the open sets of the form
p, (Star(c,)) for any o € I\ Lgng are evenly covered neighborhoods.
In particular, the restriction of py to the open set X*" \ p,'(Z) is a 2-
dimensional affinoid torus fibration.

Proof. The morphism (Bl A)*™ — X®" as in Proposition 5.14 induces
the morphism

A"\ g (SLIL) = X\ p3(2)

by restricting to the open set which is isomorphic to A* \ p(1L/L). By
composing with 7°" — A*" we consider the morphism

T\ g (51) = X\ p3A(2).
By the property (f) of Lemma 2.55, the above exceptional part %L corre-
sponds to g, By the property (g) of Lemma 2.55, Star(c,) C Sk(2")
is an evenly covered neighborhood with respect to Sk(%?) — Sk(.2") for
all @ € I\ Lgne. Hence, this morphism 7%" \ p' (3L) — X\ p,}(Z)
is an unbranched cover. Moreover, we obtain the latter assertion by using
Proposition 5.15. O

Proposition 5.19 (cf.[NXY19, (3.6), Proposition 3.8]). Under the setting
(5.5), the induced integral affine structure on Sk(A) by ps coincides with
the quotient structure on Ng/ L.

Proof. 1t follows from (2.46) that Sk(A) = Sk(<?). By Proposition 5.15,
the non-Archimedean SYZ fibration p» is an affinoid torus fibration. Hence
this fibration p4 induces the integral affine structure on Sk(A). Then the
following commutative diagram

/L

Tal’l Aan

pTL O lpgz
gives the morphism Ng — Sk(A) between integral affine manifolds. In

particular, this morphism is defined by taking the quotient of Ny by the
lattice b : L — Ng. Hence, this finishes the proof. O
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Corollary 5.20. Let T? = N/ L be the integral affine manifold constructed
in Proposition 5.19, and let Tp= be the local system on T? of lattices of tan-
gent vectors. Then, the radiance obstruction cp= € H'(T? Tr2) (cf.[GH84],
[GS06]) coincides with b € Hom(L, N) C Hom(L, Ng) via the canonical
isomorphism H'(T?, Tr2) = Hom(L, Ng).

Proof. It directly follows from Proposition 5.19. U

5.21. In [NXY19, Theorem 6.1], they proved that for each maximally de-
generating projective Calabi-Yau variety X over /K and any good minimal
dlt-model 2" over S, the singular locus Z of the essential skeleton Sk(.X)
with the TAMS structure induced by Sk(.2") is contained in the union of the
faces of codimension > 2 in Sk(.2"). In particular, the singular locus is of
codimension > 2. Further, in loc.cit., they proved that the piecewise integral
affine structure of Sk(X') induced by this IAMS structure of Sk(X') does not
depend on the choice of such dlt-models.

As we state in (3.87), however, what is called a piecewise integral struc-
ture is closer to the topological structure than to the integral affine structure.
In other words, the IAMS structure of Sk(X') induced by Sk(.2") does de-
pend on the choice of such dlt-models. In general, it is difficult to describe
its IAMS structure explicitly, but in the case of Kummer surfaces, it can be
described as follows:

Theorem 5.22 ([Got22, Theorem 5.19]). Under the setting (5.6), the re-
striction of the non-Archimedean SYZ fibration py : X* — Sk(X) to the
open set X**\ p.,}(Z) is a 2-dimensional affinoid torus fibration. Moreover,
the integral affine structure on Sk(X )\ Z induced by py coincides with the
restriction of the quotient structure on Ng /T, where I' = L x H.

Proof. Tt follows from (2.58) that Sk(X) = Sk(.2"). By Corollary 5.18,
Pl Xon\p3}(2) is an affinoid torus fibration. The following commutative di-
agram

T2\ prt(3L) —= X™\ p,H(2)

ﬂTl O Lp%

Ne\ 5L Sk(X)\ Z

gives the unbranched cover Ng \ 1L — Sk(X) \ Z. In the same manner as
above Proposition 5.19, we obtain the isomorphism

SK(X)\ Z 2 (Ne \ 5L)/T = (Na/T)\ {4pts)

as an integral affine manifold. U
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Corollary 5.23. Let S? = Ng/T be the IAMS constructed in Theorem 5.22
and let Ts2\z be the local system on S?\ Z of lattices of tangent vectors.
We denote by  : 5%\ Z — S? the natural inclusion. Then the radiance
obstruction cg: € H'(S?, 1. T2\ z) coincides with 1b € Hom(L, N) via the
isomorphism Hom (L, Ng) = H'(T?, Tr2) = H'(S?, 1, Ts2\z) induced by
the quotient morphism T? — S? between these IAMS. Further, the radiance
obstruction csz is contained in Hom(L, N).

Proof. Tsutsui proved that the quotient morphism ¢ : 7% — S? induces the
isomorphism ¢, : H'(T?, Tr2) = H(S?% 1, Ts2\7) such that cgz = Lo
holds in his unpublished work[Tsu20]. Hence, the first assertion directly
follows from Theorem 5.22, Corollary 5.20 and the above Tsutsui’s work.
On the other hand, Overkamp proved that the map b : L x M — Z as in
(5.6) takes only even values [Ove21, Proposition 3.5]. Hence, b:L - N
also takes only even values. It implies that cg2 = %i) € Hom(L, N). O

These results are proved in [Got22]. After that, we extend these results to
more general K-trivial finite quotients of abelian varieties.

Theorem 5.24 ([GO22, Proof of Corollary 3.3]). Consider an arbitrary
abelian variety A over K of dimension g with an action of a finite group
H as appeared in (5.5). Assume that H acts trivially on the canonical bun-
dle w4 on A so that the canonical bundle w4 JH On A/H is trivial. Then,
for the H-equivariant SNC model & as appeared in Theorem 2.44, the pair
(Z/H,(Z/H)y) is qdlt in the sense of [dFKX17]. Further, we assume
that for any nontrivial h € H, the fixed locus of its action on Sk(A) is 0-
dimensional. Then (2 /H,(Z?/H)y) is dlt.

Proof. We write the irreducible decomposition of &, as U;F;. We want
to show that for any h which is not the identity e, h does not fix any F;
pointwise. Suppose the contrary and take a general point of x € E;. & is
smooth over R at x, where R is the DVR of K. We take local coordinates
(21, ,z4) of x € E; which we extend to h-invariant coordinates around
x € &. Then (x1,--- ,x,4,t) is a H-invariant local coordinates of = € 2,
which contradicts with nontriviality of h. Hence (&?/H)y, is reduced. In
particular, it implies that the quotient (&?/H, (Z?/H);) is qdlt.

Suppose there is h(# e) € H which preserves a strata Z of %, (a log
canonical center of (&2, &;)) pointwise. Then the strata of the dual complex
Sk(A) which corresponds to Z is fixed by h, hence contradicts with our last
assumption. It implies that the quotient (&2 /H, (Z/H);,) is dlt. O

Remark 5.25. Theorem 5.24 partially extends a result by Overkamp in the
Kummer surfaces case cf., [Ove21, §2, §3]).

We are now in a position to generalize Theorem 5.22.
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5.26 (setting for K-trivial finite quotients of abelian varieties). Let A be a
g-dimensional abelian variety over K, H be a group satisfying the whole
conditions as appeared in Theorem 5.24, and X be the quotient of the abelian
variety A by the group H.

We denote by .o the Néron model of A. After taking a base change along
f 8 — Sasin (2.40) if necessary, there is a (G, .2, #) € DEGZﬂ&e
suchthat A = G, and G = &/° by the semiabelian reduction [Del72, Exposé
I, Théoreme 6.1]. We assume that G is maximally degenerated. For the tuple
(M, L,¢,a,b) =For(F((G, £, .#))), there is a decomposition ¥ as Lem
2.55 after taking a base change along f : S’ — S as above. In particular,
the decomposition Y. is [' = L x H-admissible.

Let & be the toroidal compactification of T = SpecK[M] over R asso-
ciated with 3 as constructed in (2.45) and & be the projective model of A
as Theorem 2.44. This & is an SNC model of 7. 2 is a Kulikov model of
A as we see in (2.46). Further, we replace .Z by .Z®* so that .£ extends to
the ample line bundle .Z» on &. Since . is trivial in our setting, there is
no need to consider .7 in particular. We denote by 2 the dIt model of X
associated with X as in Theorem 5.24. Thatis, 2" := 42 /H. By definition,
these Kulikov models & and 2" are good minimal dIt models with a techni-
cal assumption as in [NXY19, (2.3)]. Hence, it holds that Sk(A) = Sk(2?)
and Sk(X) = Sk(Z"). In addition, we note that 7*" = Proops A = Py
and X" = Zver.- Hence, we can define the Berkovich retractions for these
models &2, &, and Z". We denote by p (resp., p», pa ) the Berkovich
retraction associated with &2 (resp., &, Z) as in Definition 3.85. In par-
ticular, p» and p, are non-Archimedean SYZ fibrations. Let py be the
tropicalization map of 7. Here, we denote by Z C Sk(2") the ramification
locus of Sk(Z) — Sk(Z").

Theorem 5.27 (NA SYZ picture for K-trivial finite quotients of abelian vari-
eties). Under the setting (5.26), the restriction of the non-Archimedean SYZ
fibration py @ X*™ — Sk(X) to the open set X*\ p3,*(Z) is an affinoid
torus fibration. In partucular, the integral affine structure on Sk(X) \ Z
induced by p4 coincides with the restriction of the quotient structure on
Nr/T, where I' = L x H. Moreover, the skelton Sk(X) is an IAMS, that is
codimZ > 2.
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Proof. In a similar way as Proposition 5.14, the following diagram com-
mutes.

Tan /L Aan H\ Xan
P O P@j O pgrL
Sk(9) 2w k() 2 sk )

v

i

Hence, it induces an isomorphism Sk(X)\Z = (Ng/I')\Z as an integral
affine manifold by the same discussion as Theorem 5.22.

To finish the proof, we show codimZ > 2. Since X is K-trivial, the
ramification divisor R of the finite morphism f : A — X vanishes. If D is
a fixed prime divisor on A for some h € H, then D is a ramification divisor
on A. Indeed, when we set £ and ¢’ as the generic point of D and f(D),
the dimension of the finite morphism Ox ¢ — O 4 ¢ between two DVR’s is
given by the stabilizer of H. In particular, dimep  ,(O4,) > 2. On the other
hand, dimep (O ) is equal to the value of an uniformizing parameter of
Ox ¢ for the discrete valuation on O 4 ¢. This is nothing but the ramification
index of D. Hence, D is a ramification divisor. From now on, we show that
A has a fixed divisor for some h € H if codimZ = 1. As in (2.42), any
action h on A can lift to an action on the split torus 7'(= SpecK[M]). In
particular, we may assume h € GL(N)NGL(L), where N = M". Then this
action descends to the skeleton Sk(2?) = N/ L via the canonical projection
Ngr — Ng/L. By construction, any action h € H on Sk(Z?) is given in this
way. If codimZ = 1, then some / fixes some 1 codimensional subspace
in Ng. Fix such an h. Here, for the simplicial decomposition of Ny as in
Lemma 2.55, the stabilizer of H on each simplex is trivial. It implies that A
has g — 1 linear independent eigenvectors with eigenvalues 1. In particular,
h is diagonalizable. Further, h € GL(N) implies det h = £+1. If det h = 1,
then h must be trivial. Hence, det h = —1. That is, h is diagonalizable with
eigenvalues (—1,1,...,1). Since N = MY, the same holds for the action
of h on M. Then we can take eigenvectors of h in M since h € GL(M).
In particular, we take a primitive eigenvector m € M of h with eigenvalue
—1. Here, 2™ — 1 = 2™ -+ 2z," — 1 is a prime element of K [M]. Indeed,
we can take a basis of M such that an element of the basis is m € M since
M /mZis afree Z-module and 0 — mZ — M — M /mZ — 0. Thatis, we
may assume that m = (1,0, ...,0) after taking some B € GL(M). Then
2™ — 1 = 2z, — 1is a prime element of K[M] since

K[M]/(z — 1) 2 K[z5,...,27].

’7g
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Note that m is an eigenvector of h with eigenvalue —1. It implies that the
prime divisor on 7" defined by 2™ — 1 = 0 is invariant for h. Note that we
can take an affinoid domain V' of 7" such that the restriction of 7*" — A*"
to V' is an isomorphism and the interior of V' intersects the closed analytic
space defined by 2™ — 1 = 0. It implies that A has a prime divisor locally
defined by 2™ — 1 = 0. In particular, the prime divisor on A is invariant for
h. It is a contradiction. Hence codimZ > 2 follows. O

Remark 5.28. Under the setting (5.26), these IAMS are uniquely deter-
mined by M, L and b. Hence, these IAMS do not depend on the polarization
¢. Under the notation in Corollary 4.24, b(L) (resp. ¢(L)) corresponds to
B (resp., E). It means that the tuple (M, L, ¢, a,b) = For(F((G, %, #)))
has enough information to construct an IAMS with a metric given by SYZ
picture as in Corollary 4.24. In our definition of NA SYZ picture, we could
not reflect the polarization to the IAMS. Later, Pille-Schneider proposed
more polished NA SYZ picture that also reflects the polarization [PS22,
Conjectute 3.21].

5.3. Equivalence between SYZ picture and NA SYZ picture.

5.29. In this section, we prove the coincidence between SYZ picture and NA
SYZ picture for K-trivial finite quotients of polarized abelian varieties.

5.30. Consider the same situation as (5.26). For the maximally degenerating
polarized abelian variety (G, .Z,) of dimension g, we assume that £ = C
and H-action fixes £,. It gives a situation as in Theorem 4.20.

Lemma 5.31. Under the setting (5.30), we use the same notation as Corol-
lary 4.26. Then the integral affine manifold induced by the non-Archimedean
SYZ fibration coincides with the integral affine manifold induced by the fam-
ily of SYZ fibrations. That is, Sk(Z?) and V 5(0) give the same integral affine
structure (up to scaling) to the g-torus T9 = RY /79.

Proof. 1t follows from Proposition 5.19 and Corollary 4.26. Indeed, we ob-
tain the integral affine structures on RY /Z9 as follows: In NA SYZ picture,
the integral affine structure of RY/Z9 = Ng/L is given by the inclusion
b:L — N.InSYZ picture, it follows from Corollary 4.26 that the integral
affine structure of RY/7Z¢ is given by the matrix B(l;,[;) as in (2.39) up to
scaling. Hence, these two pictures give the same integral affine structure to
Ng/L up to scaling. O

Theorem 5.32 (cf. [Got22, Theorem 5.31], [KS06, Conjecture 3] for K-triv-
ial finite quotients of abelian varieties). Under the setting (5.30), we use the
same notation as Corollary 4.26. Then the smooth locus of the IAMS in-
duced by the non-Archimedean SYZ fibration coincides with that of the IAMS
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induced by the family of SYZ fibrations up to scaling. That is, Sk(Z") and
V'5(0) give the same IAMS structure (up to scaling) to the topological space
Ng/T.

Proof. It follows from Theorem 5.27, Corollary 4.26 and Lemma 5.31. In-
deed, those two IAMS structures are the quotient of Ng/L by H. Hence,
these two pictures give the same integral affine structure to Ng /T" up to scal-
ing. U

Remark 5.33. Note that, in NA SYZ picture, we were implicitly rescaling
the affine structure by taking a base change f : S’ — S asin (5.30). That is,
the rescaling is inevitable.

We only treat the B-side integral affine structures such as V(0) given
by SYZ picture in Theorem 5.32. It is because the A-side affine structures
depend on polarizations by definition although NA SYZ picture does not
depend on polarizations as we see in Remark 5.28. Actually, the B-side
affine structures do not depend on polarizations as we see in (4.18).

The result of [Got22, Theorem 5.31] is contained in Theorem 5.32. In-
deed, under the setting (5.6), the IAMS induced by the non-Archimedean
SYZ fibration for the Kummer surface X that is given in Theorem 5.22, is
the same as the IAMS induced by the non-Archimedean SYZ fibration for
the singular Kummer surface A/H that is given in Theorem 5.27. Further,
the B-side affine structures given by SYZ picture for the Kummer surface X
and the singular Kummer surface A/H are the same too, while the A-side
affine structures might be different.

Theorem 5.32 states that NA SYZ picture is equivalent to SYZ picture for
finite quotients of abelian varieties somehow. In §6.2, we give another proof
of Theorem 5.32 and the reason why these two pictures coincide.

Remark 5.34. In [KS06, Conjecture 3], they predicted an equivalence be-
tween Collapse picture (or SYZ Picture assuming that Gromov-Hausdorff
limit picture holds) and NA SYZ picture. Note that, in our definitions, SYZ
picture gives two affine structures and one metric, Gromov-Hausdorff limit
picture gives a metric space, and NA SYZ picture gives an affine structure.
That is, the resulting objects of these pictures are different. Corollary 4.26
and Theorem 5.32 imply that, for K-trivial finite quotients of abelian vari-
eties, SYZ picture and Gromov-Hausdorff limit picture give the same metric
space, and (the B-side affine structure of) SYZ picture and NA SYZ picture
are the same as an JAMS.

6. HyBRrID SYZ FIBRATION

As briefly discussed in the introduction, this section discusses gluing two
kinds of fibrations in originally very different natures:
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e special Lagrangian fibrations (SYZ fibrations) and
e non-archimedean SYZ fibration,

which is a sort of enhanced answer to [KS06, Conjecture 3]. Indeed, we
use it to show the conjecture for certain finite quotients of abelian varieties,
generalizing [Got22, §5]. This chapter is mainly based on [GO22, §3 and

§4].
6.1. Preliminaries.

6.1. For the gluing, we use the recent technology of the hybrid norm orig-
inated in [Ber10] and re-explored in [BJ17, §2], [Odal9, Appendix]. It is
also closely related to earlier Morgan-Shalen’s partial compactification tech-
nique [MS84]. More precisely speaking, [BJ17] shows the following by two
different constructions i.e., as the projective limit of Morgan-Shalen type
extension and as a variant of Berkovich analytification.

6.2. As we saw in §3, Berkovich originally considered the Berkovich ana-
lytifications of locally algebraic schemes over a non-Archimedean field K.
Later, in [Ber10, §1], he presents the Berkovich analytifications of locally
algebraic schemes over a Banach ring K. In loc.cit., he only considered
their topological aspects. In this thesis, we also consider only topological
aspects. Later, Poineau and Lemanissier study their analytic aspects, that is,
their structure sheaves. See [Poil0], [Poil3] and [LP20].

Here, we now introduce the Berkovich analytifications of locally alge-
braic schemes over a Banach ring K, following [Ber10]. Let X be a lo-
cally algebraic scheme over a Banach ring K. For any affine open subset
U = SpecA of X, let UA™ be the set consisting of all multiplicative semi-
norms on A whose restrictions to K are bounded be the equipped norm on
K. The topology on UA" is the weakest topology such that, for any f € A,
the corresponding map U”* > |- | — |f| € R is continuous. By gluing
together the spaces U", we obtain a topological space X*",

We can easily see that this construction generalizes the one over a non-
Archimedean field. Compare with (3.39). Here, X" is HausdorfF, locally
compact and countable at infinity. In a similar way to (3.43), we obtain
a canonical map ¢ : XA" — X defined by  + ker| - |,. Further, the
construction X + X" is functorial and satisfies the following:

e A morphism f : X — Y between locally algebraic schemes over
a Banach ring is an open (resp., closed) embedding, then so is the
corresponding morphism fA" : XAn — YAn,
e A morphism f : X — Y between locally algebraic schemes over a
Banach ring is surjective, then so is fA" : XAn — YAn,
In particular, we obtain the morphism \ : X" — _#(K) corresponding to
the structure morphism X — Speci.
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6.3. We now introduce some results about the hybrid norm. As in (3.6), the
hybrid norm | - |py, on C is determined by |z|ny, := max{|z|o, |2|e}. We
denote by Cy,, the Banach field (C, | - |py). Then

A (Chyp) =0, 1].

Indeed, we can easily see that any element of .# (Cyy,) is of the form | - |2,
where p € [0, 1]. Consider the analytification of a locally algebraic scheme
X over Cypyp,. As in (6.2), we obtain the structure morphism A : X An
[0,1]. It follows from [Jon16, Theorem C] that A : X** — [0,1] is open
map. Further, the Gelfand-Mazur Theorem (cf. [Gel41]) implies a canonical
homeomorphism X (C) 2 A~!(p), where p € (0, 1]. On the other hand, it
holds that A™*(0) = X®", where the right-hand side means the Berkovich
analytification of X over (C, | - |o).

6.4. Fix ¢ < 1. Now consider the Banach ring over Cy,1, defined as

A= {f = Zaiti e C((1))

1E€EL

@eCMﬂM:Z]mW£<+m}.
i€z

Note that f € A, is holomorphic on A, := A, \ {0} and meromorphic at
0 € A.. Then, it follows from [Poi10, Proposition 2.1.1] that .7 (A,) = A.,
where A, := {t € C| |t|o < €}. In particular, the multiplicative seminorm
on A, corresponding to z € A, is defined by

_log|f(#)loo
_ € og oo
fl=1 s U720
e—vale(f) (t — 0)7
where val, is the ¢-adic (additive) valuation on C((¢)) as in (4.7). Here, the
map p : M (A.) — M (Chy,) corresponding to Cy1, — A, is given by

_ [ web (t#£0)
p('z)_{o|| (t = 0)

under the indentifications .# (A.) = A, and .# (Cyy,) = [0, 1]. It implies
that each fiber p~1(p) is of the form {|t|., = e%} C A, where p € (0,1],
and p~1(0) consists only one point corresponding to the valuation ¢~ V2!
on C((t)). We denote the Berkovich analytification of a locally algebraic
scheme X over the Banach ring A, by X™". Such an analytification is called
a hybrid analytification after [BJ17]. Similarly, we set 7% : X — A
as the map corresponding to the structure morphism X — SpecA..

Now consider X' /A as in (4.7). Then X can be considered as a locally
algebraic scheme over the Banach ring A, for 0 < ¢ < 1. Indeed, the
morphism 7 : X — A induces a morphism X — SpecA.. Then we can
consider the hybrid analytification X"®. Here, we may assume A, = A by
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rescaling. Now it is known that the structure morphism 7™ : xb — A,
coincides with the morphism 7 : X — A away from the central fiber. More
precisely, the following fact is known.

Fact 6.5 ([BJ17, §4 and Appendix]). For each smooth projective family
7™ X* — A* and associated smooth projective variety X over C((t))™°,
there is a topological space TP : X™P — A such that
(i) TP ae = 7% X* — A* with the complex analytic topology,
(i) (7P)~1(0) = X, where X means the Berkovich analytifica-
tion of X /C((t))™e.

Remark 6.6. Fact 6.5 implies the topology of each fiber depends only on
the generic fiber X* (or X). To obtain the continuous map 7P : xwb — A
as appeared in Fact 6.5, we have to choose a model X of X. These choices
affect how horizontal sections converge.

6.2. Hybrid SYZ fibration.

We are now in a position to define hybrid SYZ fibration. The following is
one of our main theorems. We have not found literature which conjectured
the statements.

Theorem 6.7 (Hybrid SYZ fibration, [GO22, Theorem 3.2]). For any max-

imally degenerating family (X|a+, L|a+)/A* of polarized abelian varieties

of dimension g we use the same notation as Theorem 4.20. Then, the follow-
ing hold.

(i) There is a family of tropical affine manifolds (real tori) i.e., a topo-

logical space B := ;A By with a natural continuous map to A =

{t € C | |t| < 1} and continuous family of tropical affine struc-

tures on B, such that for t # 0, they coincide with (B, V(t)) of

Theorem 4.20.
Further, it comes with a continuous proper map
(20) b, b B
such that

(a) for t # 0, [y, = f; i.e., coincides with the special La-
grangian fibrations in Theorem 4.20.

(b) fWP|,_g = f™P|xan is the non-archimedean SYZ fibration as
appeared in Proposition 5.15.

We call this map ™" a hybrid SYZ fibration.

(ii) If a group H acts holomorphically in a fiber-preserving manner on
X | ax, which fixes c1(Ly) for t # 0, it induces continuous actions on
both X™ and B. (See also Theorem 6.23 for more details.) Fur-
thermore, f™" is H-equivariant with respect to the induced actions
of H. If the group H also fixes L, then H must be a finite group
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and it descends to the quotient X™* /H — B/H, which we denote
as f™°/H.

(iii) Under the setup of above (i), we further assume that H is given by
actions as considered in (5.26). Then, f™*/H: X™*/H — B/H
is again fiberwise special Lagrangian fibrations for t # 0 and a
non-archimedean SYZ fibration for t = 0.

Proof. First, we prove (i). Recall from Fact 6.5 and [BJ17] that X™ is the
projective limit of Morgan-Shalen type space X™P(X) = X* U A(Xp)
with the hybrid topology of [BJ17, §2], where X* C X — A runs over
SNC models and A(X)) denotes the dual complex of central fibers.

Here we take the Mumford construction by [Mum72, Kiin98] (also cf.,
[Got22, MN22]) and construct a smooth minimal model X* C X which is
projective over A and the central fiber &} is simple normal crossing. Then,
recall from [BJ17, §2] that the Morgan-Shalen type partial compactification
(X* C)XP(x) satisfies

o 7P extends to a continuous proper map 7P XWP(X) — A,
e (7P)~1(0) is the dual complex of Xj.

See [BJ17, §2] (also cf., original [MS84]) for the details including the de-
scription of the topology. Below, we will show that there is a map

f(X): & (X)) - B
such that the composite of f(X) together with the natural retraction
NP — X (x)

([Ber99], see also [KS06, BJ17]) gives the desired fhyb.
We take an arbitrary sequence

Py = (tg, (Zi)k) € A" x (C)? (k=1,2,--+)

which satisfies that for each i € {1,--- , g}, there is a real constant ¢; such
that
log |(Z;
log [t

for k — oo. This condition means that, the points P, (k = 1,2,---) con-
verge to (¢1,---,¢;) € RY modulo (B;;)Z? in the Morgan-Shalen type
partial compactification X*™P(X’). By the definition of the topology put
on the Morgan-Shalen type compactification (cf., [MS84], [BJ17, §2]), to
prove the desired assertion, it is enough to show that f;, () converges to

the same (cq,- -+ ,¢,) € By C Bfor k — oc.
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So we consider the sequence { f;, (P)} € B. By Theorem 4.20 (ii) and
(iii), it is represented by

log(Z;
(22) Im(QOﬂ'L\/—_)f) mod. (Bi7j(tk))1§i7j§gzg,

hence as a point in B;, C B,

23 fu(B) = (M> mod. (m) 7.
1<i,j<g

log [t — log [ts]

Since Im\/L_f1 = —log |t| in general, applying to (23), f;, (P) converge to

(c1,-++,¢4) € By C Bfor k — oo by the assumption (21) on the sequence
Py. To finish the proof of (i), we confirm that the obtained ™ is proper. It
follows from the fact that X" (X') — A for each SNC model X is always a
proper map, together with the description of X" as the projective limit of
XP(x) for a certain projective system of the model X's ([KS06, Appendix
A, Theorem 10], [BJ17, 4.12]) thanks to Tychonoft’s theorem.

Next, we prove (ii). It follows from the functoriality of the construction
of hybrid analytification ([Ber10]) that the H-action induces a natural con-
tinuous H-action on the whole X™P. Theorem 4.20 (iv) states the existence
of continuous H-action B|..o with which ™", ., is H-equivariant, which
we want to extend to the whole base B. Recall there is a H-equivariant SNC
minimal model of X* by [Kiin98, 3.5, esp. (v)], applied over the DVR of

holomorphic germs (’)(}éf’é at 0 € C. Hence, there is a natural /-action on

B;—o so that f™P|,_q is H-equivariant. Hence, summing up above, we have a
H-action on B with which ™" is H-equivariant. What remains to complete
the proof of (ii) is the continuity of the H-action on B.

Suppose the contrary. Then there is a sequence z; (i = 1,2,---) € B
and h € H such that while lim,_, ., z; exists in B, but
(24) lim h -2y # h - (hm x) .

1—00 1— 0

We can lift each z; to 7; € X™P(X) whose image in B is x;. From the
properness of £ proven in (i) above and locally compactness of B3, we can
and do assume that that lim;_, ., «; exists. Then, lim; ., i - 2; maps down to
h-(lim;_, x;) which contradicts with (24). Therefore, we can take the finite
quotient f™b/H: x™>/H — B/H in the category of topological spaces.

Finally, we prove (iii). From Theorem 4.20 (v), the assertions hold away
from ¢t = 0. Here, take a H-equivariant maximal degeneration X over A
corresponding to a maximal degeneration & of the abelian variety A as
in (5.26). Then the quotient &7/ H is again a relatively minimal dlt model
of A/H by Theorem 5.24. Further, it holds that f™"/H|,_y = ps,u by
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Theorem 5.27. Hence, the assertion holds. See [BM19, 6.1.9] for a related
result. O

Now, we are ready to rigorously formulate and prove [KS06, Conjecture
3] for K-trivial finite quotients of abelian varieties of any dimension, under
a slight assumption.

Corollary 6.8 (|GO22, Corollary 3.3],[KS06, Conjecture 3] for K-trivial
finite quotients of abelian varieties). Consider an arbitrary maximally de-
generating family (X*, L*)/A* of polarized abelian varieties of dimension
g and a holomorphic action of a group H (which must be a finite group) on
X* in a fiber-preserving manner such that

e the H-action fixes L; for t # 0,

e the H-action acts trivially on Wy« - so that X*/H — A* is again
a relatively K-trivial family,

e the H-action causes a toric action on the toroidal compactification
P of the split torus as appeared in (5.26).

Then the following two tropical affine manifolds with singularities are
isomorphic (see Theorem 6.7 for the precise meaning):
(i) (complex side) the limit of the base B;/H of special Lagrangian
fibrations for t — 0 with V g(t)
(ii) (non-archimedean side) the base By/H which underlies the non-
archimedean SYZ fibration.

Proof. It follows from Theorem 6.7 (ii), (iii) and their proofs. ]

Remark 6.9. The complimentary “prediction”s in [KS06, Conjecture 3] are
the existence of some “natural” interpretation of the non-archimedean SYZ
fibration via Gromov-Hausdorff limit, together with a coincidence of criti-
cal locus. Note that original claim (the way to define 7,,.,) itself was not
rigorous and the formulation itself was a nontrivial problem. Nevertheless,
our construction and study of X™P(X) and identification of its central fiber
with the Gromov-Hausdorff limit of As in the proof of Theorem 6.7 rigor-
ously formulated their predictions and, at the same time, affirmatively proven
them.

Remark 6.10 (K3 surfaces case). It is harder to consider the same problem
for polarized K3 surfaces and currently we are not sure if it works. Indeed,
a subtlety exists here, as pointed out to the first author by V.Alexeev in April
2019. That is, in the construction of By in [O021], the appearing singu-
larities of affine structures are always of Kodaira type i.e., which underlies
singular fibers of minimal elliptic surfaces as well-known classical classifi-
cation by Kodaira. On the other hand, the essential skeleta [AET19] con-
structed as dual complexes of Kulikov degenerations of degree 2 polarized
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K3 surfaces, are not necessarily of Kodaira type. Hence, careful choice of
Kulikov degenerations seems necessary (even if the analogous hybrid SYZ
fibrations exist).

6.3. Degenerating abelian varieties and crystallographic groups.

6.11. In this section, we reveal, in an explicit manner, the relation between
the automorphism group of families of abelian varieties and the automor-
phism group of their Gromov-Hausdorft collapses, which can be regarded
as a crystallographic group.

6.12 (Set up). Consider the family of abelian varieties with polarizations of
the type E = diag(ey, - - - , e,), following Lemma 4.19, i.e.,

X" = ((C)7 x A) [(pij(t))1<ij<g — A7,

for p; ;(t) € C((t))™°, where each p; ;(t) converges at any t € A*. Recall
that the fibers are

CI/(Z9 & Qt)Z9) = CI/(EZS & Q' ()Z27)

where Q(t) := (ﬁlogpm(t))ij and V(1) = (%fﬁlogpm(t)) .

Of course, €)(¢) and /() have the ambiguities caused by the monodroﬁiy
effect. However, the lattices (I Q(t))Z? C CY and (E Q'(t))Z* C CY are
well-defined. In addition, the imaginary part of Q(t) (resp., €'(¢)) is also
well-defined (see the proof of Lemma 4.17).

Note that

tn(@/(0) = (5 loglaws(0l)
T 1<i,j<g

where ¢; ;(t) 1= p; ; (£)°.

In the following way, we re-describe the matrices B = (val,p; ;(t));; €
Matgygy(Z) and B" = (val;g; ;(t))i; € Matyyx,(Z), which appeared in
[FC90, Got22, Odal9] and the proof of Theorem 4.20.

Lemma 6.13. Under the above setup 6.12, the following hold:

. =27
(Bij)icijcg = lim mlm(%)),

.27
(Biihsiszo = lim oprm(@ (1)),

Proof. The assertion simply follows from

1 i (T 1 Lt
lim 2B O] _ ) 1) and iy 128121

= valyq; ;(1).
t—0  log |t| t—0  log |t| valigij(t)
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Below, we often denote B; ; simply as 5. Now we define and study the
following two automorphism groups of X in our context.

Definition 6.14. Under the above setup 6.12,

(i) Aut(X,ci(L)) consists of automorphisms of X which preserve the
first Chern class ¢;(L). In other words, f € Aut(X, ¢ (L)) pre-
serves the flat Kdhler metric on each X; with its Kéhler class ¢; (L;).

(ii) Aut(X, L) consists of automorphisms of X which preserve L. In
other words, f € Aut(X, L) preserves the isomorphic class of the
principal polarization £; on each X;.

It is clear that Aut(X, L) is a subgroup of Aut(X,c;(L)).
Firstly, we refine Lemma 4.19.

Lemma 6.15. Under the above setup 6.12, the image of
I Aut(X, (L)) = GL(g,2)

in Lemma 4.19 lies in GL(g,Z) N O(g, EB™') N B(GL(g,Z))B™", where
O(g, EB™") == {M € GL,(R) |'MEB~'M = EB'}.

Proof. Note that f € Aut(X, ¢;(L)) induces an automorphism of X'* over
A*, possibly after shrinking the radius of A* by rescale, which we denote
by the same letter f € Aut(X™*). The restriction f; := f|x, gives an auto-
morphism of (X}, c;(L;)). By the argument of Lemma 4.19, the automor-
phism f; of X; = C9/(I Q(t))Z?9 is induced from a linear transformation
I(f) = M € GL(g,Z) which is independ of ¢ € A*. Consider the polarized
abelian variety (X}, £;) defined by C9/(I Q(t))Z?9 as (6.12). The metric
on X; induced by c¢;(L;) is given by the Hermite matrix (Im$2(¢))~! on C¥
as we see in (2.26). Since the automorphism f; of X, = C9/(I Q(t))Z*
preserving the metric ¢;(L;), the corresponding M € GL(g, Z) satisfies the
equation ‘M E(ImQ(t))"'M = E(ImQ(t))~! for any t € A*. By Propo-
sition 6.13, the above equation gives an equation ‘M EB~'M = EB~! by
taking the limit for ¢ — 0 after multiplying by %ﬁlt\'

To finish the proof, we now show M € B(GL(g,Z))B™*, that is,
MBZ9 = BZ7
for the above M = I(f). Since M € O(g, B™!), we obtain
MB=BE "M 'E.

It follows from the proof of Lemma 4.19 that M E7Z9 = EZ9. That is,
E'ME € GL(g,Z). Itis equivalent to E~'*M~'E € GL(g,Z). Hence,
MBZ9 = BETUYM™EZ9 = B(E"“"M~'E)Z9 = BZ9. O

Corollary 6.16. Under the same setting as Lemma 6.15, when e; = - - - =
eq = 1 i.e., principally polarized case, the restriction l|au(x,1) IS injective.
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Proof. An automorphism f € Aut(X,ci(L)) induces an automorphism
[ (C)9 x A* — (C*)? x A", possibly after shrinking the radius of A*
by rescale. The automorphism f can be described as follows.
fi (CH9x A — (C*)9 x A*
w w

(zt) = (f(z0),1)

By Lemma 6.15, we can write

fz.t) = f(1,1)'P
where

I(f) = (aij)i<ij<g € GL(g,Z),
f(1,8) == f((1,...,1),0),

and

JERIERE <f1<1 1] a”) € (),

J

where f;(1, t) € C((t))"m are meromorphic functions on A. Here, we set
T ( t) = f(1, )z It induces a translation on each fiber X;. In particular,
t) =

T~ o f(z, ) holds. If I(f) = I(f"), then it holds that

TJ;l o f(z,t) = Tjgl o f’(z, t).
That is, the equation f(z,t) = Tpjao f(z,t) holds. The argument so far
does not need the assumption of principal polarization. In other words, it
holds for general polarizations.

The morphisms f and f’ preserve the ample line bundle L. That is, f; and
f{ preserve L, for each fiber X;. Hence, the morphism 7', = |; preserves
the principal polarization £;. Since L, is principal polarization, i.e., the
morphism

br,: X — Pic’x;
w w
v — THL)RL!

is an isomorphism as we saw in (2.28). Hence, there is no (nontrivial) trans-
lation that preserves the principal polarization £,. Therefore, the equation
f'(1,t) = f(1,t) holds. It implies that T'; = T . Hence the equation

Flz,t) = T("0) = Tp (') = fr(z,1)

holds. That is, the homomorphism /| Aut(x,L) is injective. ]
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Note that the homomorphism
l:Aut(X, (L)) — GL(g,Z) N O(g, EB~')N B(GL(g,Z))B "

ignores the effect of translations of the abelian varieties. Now we consider
a homomorphism that also reflects translations.

Theorem 6.17 (cf. [GO22, Theorem 4.6]). Under the same situation as
Lemma 6.15, there is a natural exact sequence

1 — Hol(A, (C*)Y) — Aut(X, ¢1(L))
%5 (GL(g9,Z) N O(g, EB"Y)N B(GL(g,Z))B™') x Z9/BZ¢,

where Hol(A, (C*)9) denotes the group of the germs of holomorphic maps
from the neighborhood of 0 € C to (C*)9.

6.18. Note that, via a surjective homomorphism
s: (GL(g,Z) N O(g, EB )N B(GL(9,Z))B™") x Z*
— (GL(g9,Z) N O(g, EB™") N B(GL(g,Z))B™") x Z9/BZ9,
s~ (Im(p)) is a crystallographic group. Later, in Theorem 6.23, we provide
a geometric meaning to the above map p via “tropicalization" i.e., passing

to the base of special Lagrangian fibrations or non-archimedean SYZ fibra-
tions.

Proof of Theorem 6.17. In the proof of Corollary 6.16, we construct a pair
(I(f), T5) for any automorphism f € Aut(X,¢;(L)). As we saw in the proof
of Corollary 6.16, for a generally polarized case, we can also construct a pair
(I(f), T5) from any automorphism f € Aut(X, c¢;(L)) in the same way.

By the definition of f(1,t), the lift f(1,t) of f(1,t) is uniquely deter-
mined up to (p; ;(¢)). Hence,

val,(f(1,t)) := val,(f(1,t)) € Z?/BZ

is well-defined. Then we define p(f) := (I(f), val,(f(1,t))). Itis clear that
the map p is a homomorphism.

To end the proof, we verify that ker p = Hol(A, (C*)¢). Take a lift f(z, t)
of f(z,t) € kerp. By definition of ker p, the lift f(z,t) can be described

as f(1,t)z, where val,f(1,1) = <valtfi(1,t)>' = Bv € BZS9 for some
v € Z9. Now we consider the morphism F : A* — (C*)? defined by

Fp(t) = f(1)(pi(1) " = (ﬁ-u,w Hpi,j@)“j) :
J i
where v = (v;) € Z9. Tt is clear that val, F'(t) = 0 € Z9. In other words,

F5(t) € Hol(A,(C*)?). Then F;(t) does not depend on how f is taken.
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Hence Fy denotes F;. Indeed, the lift f(1,t) of f(1,t) is uniquely deter-
mined up to (p; ;(t)). Any other lift f/(z,t) of f(z,t) can be described as
f(z,t)(pi;(t))" for some w € Z9. Consider F7,(t) in the same manner with
respect to f’. Since val; f’(1,t) = Bv + Bw = B(v + w), it holds that

Fi(t) = /(101 (0) 7 = F1 )15 (1) " (i (1)~
= f(L,)(piy(£)) ™" = F;(t).

Hence, we obtain the homomorphism ¢ : ker p — Hol(A, (C*)?) defined by
f +— F(t). Onthe other hand, for any F'(t) € Hol(A, (C*)9), the morphism
F(t)z : (C*)9x A* — (C*)9 x A* descends to an automorphism fr € ker p.
That is, we obtain the homomorphism ¢ : Hol(A, (C*)?) — ker p defined
by F' — fp. Itis obvious that ¢ o ¢ = id. By construction of ¢, for any
f € kerp, we can take F(t)z as a lift of f. It implies that 1) o ¢ = id also
holds. Therefore, ker p = Hol(A, (C*)9) holds. O

6.19. Now we consider more geometric meaning of
(GL(g9,2) N O(g, EB™") N B(GL(g,Z))B~") x 79/ BZ?.
For the family (X™*, ¢;(£*)) under discussion, set
By := (Bo, Va(0), V5(0), go)
as Theorem 4.20. Then Theorem 4.20 implies that
Bo = (By, Va(0), VE(0), 90) = (R?/BZ, BE"'2¢, 2%, EB™")

in the convention of Corollary 4.24. Then the pair (V 5(0), go) induces the
other affine structure V 4(0) as a Legendre dual by [Hit97]. Hence, B, is
abbreviated as (By, V(0), go) for simplicity. In summary, we see that

Bo = (Bo, V(0), 90) = (RY/BZ?,Z°, EB™")

for the family (X™*, ¢;(L£*)) under discussion. See [GH84] or [GS06] for a
series of definitions on (integral) affine manifolds.

Definition 6.20. For the flat integral affine manifold (RY/BZ9,79, EB™!)
as above, define the automorphic group

Aut(RY/BZ9,79, EB™")
to be the group consisting of automorphisms that preserve the structure of
(R9/BZ9,79, EB™"). Thatis, an element f € Aut(RY/BZ9,7%, EB™") is

an integral affine map f : RY/BZY — RY/BZ7 that preserves the integral
points Z9/BZ9 and the flat metric induced by EB~!.
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Proposition 6.21. Under the notation of Definition 6.20, the following holds:
(GL(g,Z) N O(g, EB™") N B(GL(g, 2)) B™") x Z¢/ BZ
=~ Aut(RY/BZ9,79, EB™").

Proof. Consider the universal covering v : RY — RY/BZ9 which we de-
note by z +— 7. Note that the map w is an integral affine map. For f &
Aut(RY/BZ9,729, EB™"), the map f o w is also an universal covering. The
universality gives an homeomorphlsm f RY9 s RY such that uo f fou.
Here, the map f : (RY, EB~') = (RY, EB~') is an isometry since the
map f is an isometry and the map w is locally trivial. Hence,

f(x) = Mz +v,

where M € O(g, EB™') and v € RY. Moreover, since the map f is an
integral affine morphism and the map wu is locally trivial, the map f is also
an integral affine morphism. Hence, the above pair (M, v) satisfies M €
GL(g9,Z) N B(GL(g,Z))B~" and v € Z9. 1t implies that f(T) = MZT + 7,
where (M,v) € (GL(g9,Z)NO(g, EB~')N B(GL(g9,Z))B™') x Z9/ BZ9.
That is, we obtain the homomorphism

¢ Aut(RY/BZ°,7° EB™)
— (GL(9,Z)NO(g, EB~')N B(GL(g,7))B™") x Z9/ BZ°.

Since the existence of the inverse map is obvious, the assertion follows. []

6.22. In particular, Aut(X, c;(L)) induces at most finite group actions on
By. In Theorem 6.7 (ii), we have already seen that Aut(X, ¢;(L)) induces
continuous actions on both X™" and B. Further, f™" is Aut(X,c;(L))-
equivariant. Now we describe the actions of Aut(X, c;(L)) concretely, by
relating the H-action of Theorem 6.7 (ii) and the map p in Theorem 6.17.

Theorem 6.23 (cf. [GO22, Theorem 4.9]). Under the same situation as
Theorem 6.17, for any subgroup H of Aut(X, ¢1(L)), consider the induced
actions on X™® and B of H as Theorem 6.7. We denote the restriction of
the latter action on By as pi(h) for each h € H and t € A.

Then p,(h) is explicitly described as

(i) Fort # 0,
(100,10 1. 0)1) € G10.2) e (e (- 2mmmnn ) 22

where h(1,t) is a lift of h(1,t). Note that the ambiguity of the choice
of h(1,t) vanishes on B,.
(ii) po(h) on By is equal to p(h) as constructed in Theorem 6.17.
Further, f;(hx) = p;(h)fi(x) foreach h € H and t € A.
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Proof. First, we show (i). By the proof of Theorem 6.17, h € H is lifted to
Wz, t) = ()M : (C)9 x A* — (C¥),

where (M,v) = p(h) and (t) = h(1,t)/t" € Hol(A,(C*)). By the
argument of Lemma 6.15, M = [(h) induces the automorphism of

<<Rg/ (lggzlzl Imw)) Zg) YeR2 (1;;\; Im(mt))) _1>

for ¢ # 0. Since

= ( (2 (o) 2) 2 (i) ).

the pair (l (h),logy, (1, t)]) also induces the automorphism of B,. Note

that the lift (1, t) of h(1,t) is uniquely determined up to (p; ;(t)). It implies
that log,| |h(1,1)| is well-defined on

—27
Now consider f;(hx). By the argument of the proof of Theorem 6.7, spe-
cial Lagrangian fibration f,(z = (x1,--- ,x,)) is described for ¢ # 0 as
—27
log [{]

o) = (~logylal, ., <7/
Hence, it is clear that

filhar) = 1(R) i) +og |A(1, D) = (1(h),Togy, [R(1,0)]) - )

ImQ(t)) 7.

By Theorem 6.7, f; is H-equivalent. It implies that (l(h), logyy \h(1,1) |> is

equal to the induced action p;(h) on B, for t # 0.

Now we prove (ii) by considering fo(hx). Now, the map fo(x) is defined
as (—log|Z|,) € RY/BZY, where x € X®", | - |, means the corresponding
multiplicative seminorm on X and Z = (Z;) is the coordinates of the split
algebraic torus as appeared in [Got22]. Then, it follows from log [¢(t)|, = 0
that fo(hx) = p(h)fo(x). Thus, po(h) = p(h) holds similarly. Finally, the
H-equivalence of f™® implies the last claim of the theorem. 0

6.24. In general, we cannot expect that the symmetry of B lifts on the sym-
metry of (X, ¢;(L)) or X*. However, we shall see that such lifting exists for
the following special situation.
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We start with a B = (b;;);; € Mat,«,(Z) such that EB is a positive
definite symmetric matrix for some £ = diag(es,...e,) as appeared in
(6.12). Then we obtain the following family

X = (A" x (C)9)/(t7)i; — A%,
where t® means the g x g matrix (tbi’f)ij. We denote the associated polar-

ized smooth variety to (X}, L%;) by (X 5 L B)-
In this situation, we can strengthen Theorem 6.17 as a split exact sequence.

Proposition 6.25. Under the above setup 6.24, we have
Aut(XB, Cq (LB)) = AUt(BO) X HOI(A, (C*)g)

Proof. By Theorem 6.17, it suffices to see that there is a homomorphism
v Aut(By) — Aut(Xp,c1(Lp)) such that p o v = id. For (M,7) €
Aut(By) = (GL(g9,Z) N O(g, EB~') N B(GL(g9,Z))B™') x Z9/BZ9, we
consider the map f : (C*)9 x A* — (C*)9 x A* defined by f(z,t) := t'2M
in the same manner of the proof of Corollary 6.15. Here, we see that the
map f descends to the map f : (X5, c1(L%)) — (X, ci(L%)). Indeed,
the fiber X}|; is given by C9/(I Q(t))Z?9 for each t € A*, where Q(t) =
i B. The above M € (GL(g,Z) N O(g, EB™") N B(GL(g,Z))B™")
satisfies M BZ9 = BZ9 and ‘M EB~'M = EB~!. In particular, it implies
that MImQ(t)Z? = ImQ(t)Z? and ‘M E(ImQ(t)) ' M = E(ImQ(t))~ L.
Hence the induced automorphism 2™ : X} — X} is well-defined and
preserves the metric for each fiber. Since translations have no effects on
the period matrix and the metric, f descends to the automorphism f of
(X5, c1(Lg)). Note that the morphism f does not depend on how f is taken.
Indeed, the ambiguity of v vanishes in the process of obtaining f from f.
Hence we obtain the homomorphism ¢ : Aut(By) — Aut(Xp,ci1(Lg)). By
construction, it is obvious that po: = id. Therefore, the assertion holds. [

Remark 6.26. We only considered maximal degenerations case in this thesis
but degenerations of g-dimensional polarized abelian varieties (X*, £*)/A*
with other torus rank 7 should work similarly. Firstly, the same method as
[Matl16, proof of 1.1, cf., also Remark 5.3] by studying actions on weight fil-
tration or weight spectral sequences, implies that for any polarized endomor-
phism f of (X, £*)/A*, any eigenvalue e of f*|1(x, c), the degree d of the
minimal polynomial of rational coefficients satisfies d > max{i, 2g — 2i}.
We may explore more details in future.
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