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Abstract
We introduce f-stability, a modification of fibration stability of Dervan-Sektnan [11], and show
that f-semistable fibrations have only semi log canonical singularities. Moreover, {-stability puts
restrictions on semi log canonical centers on Fano fibrations.
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1. Introduction

It is one of the most important problems in Kéhler geometry that when a constant scalar
curvature Kidhler (cscK) metric exists on a polarized complex manifold (X, L). The Yau-
Tian-Donaldson (YTD) conjecture predicts that the existence of cscK metrics is equivalent
to a certain algebro-geometric condition called K-polystability (cf., [42], [39], [12]). Indeed,
Berman-Darvas-Lu [4] proved that if (X, L) admits a cscK metric, then (X, L) is K-polystable
(see also [37], [38]), and Chen-Donaldson-Sun [6] and Tian [40] proved the YTD conjecture
in the Fano case independently. On the other hand, K-stability is the positivity of the leading
term of the Chow weights and is also an important notion in terms of the geometric invariant
theory (GIT [28]). Ross and Thomas [34] studied K-stability in an algebro-geometric way
first, and Odaka [31] found out the relationship between K-stability and singularities by
applying the minimal model program (MMP). He also proved that if a Q-Gorenstein variety
V is asymptotically Chow-semistable, then V has only slc singularities as a corollary.

On the other hand, the existence problem of cscK metrics on fibrations is well-studied in
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Kihler geometry. In this paper, fibrations mean algebraic fiber spaces f : X — B, where
f 1s a morphism of varieties with connected general fibers. For details, see Definition 2.17
below. We say that an algebraic fiber space f : X — Bis

e a Calabi-Yau fibration if there exists a line bundle Ly on B such that Kx ~q f*Lo.

e a Fano fibration (resp., a canonically polarized fibration) if Ky is f-antiample (resp.,
f-ample).

e a smooth (resp., flat) fibration if f is smooth (resp., flat).

Fine obtained a sufficiency condition [14, Theorem 1.1] for existence of a cscK metric
on a smooth fibration whose fibers have cscK metrics first. Dervan and Sektnan [10] intro-
duced a differential geometric notion called optimal symplectic connection and proved the
following generalization of the result of Fine:

Theorem ([10, Theorem 1.2]). Let f : (X, H) — (B, L) be a polarized smooth fibration.
If f admits an optimal symplectic connection and (B, L) admits a twisted cscK metric with
respect to the Weil-Petersson metric, then (X,0H + f*L) has cscK metrics for sufficiently
small 6 > 0.

On the other hand, Jian-Shi-Song [23] proved that smooth good minimal models (i.e., Kx
is semiample) have cscK metrics. Here, we emphasize that they treated not only smooth
fibrations but Calabi-Yau fibrations admitting a singular fiber. Sjostrom Dyrefelt [35] and
Song [36] generalized independently the result of [23] to the case when X is a smooth
minimal model (i.e., Kx is nef) later. On the other hand, the author proved K-stability of
kIt minimal models in [21].

Dervan and Sektnan [11] also conjectured that the existence of an optimal symplectic
connection is equivalent to an algebro-geometric condition called fibration stability. Their
theorem and conjecture predict that fibration stability and a certain stability of the base
variety imply adiabatic K-stability (cf., Definition 2.18) of the total space as follows.

Conjecture ([11, 1.3]). Let f : (X, H) — (B, L) be a smooth fibration. If f is fibration
stable and (B, L) has a twisted cscK metric with respect to the Weil-Petersson metric, then
(X, H) is adiabatically K-semistable i.e., (X,0H + f*L) is K-semistable for sufficiently small
0> 0.

If it was true, we could obtain a criterion for K-stability of fibrations. The condition on
the base in the conjecture would be necessary. Indeed, it is known that twisted K-stability
of the base is necessary for adiabatic K-stability of the total space by [8, Corollary 4.4].

In this paper, we introduce f-stability (cf., Definition 4.4) as a modification of fibration
stability of Dervan-Sektnan [11] and prove fundamental results on this. This is a stronger
condition than the fibration stability in numerical aspects. Dervan and Sektnan weakened the
definition of fibration stability in [11] but the original one in [9] is the condition of positivity
of Wy and W, we will explain in the next page. Note that the original fibration stability
coincides with f-stability for fibrations over curves such that each fiber is K-polystable.
Since any polarized smooth curve is twisted K-stable, it is natural to conjecture that the
original fibration stability implies existence of optimal symplectic connections on fibrations
over smooth curves rather than the new one. More generally, for a smooth fibration f :
(X,H) — (B, L), if B has a twisted cscK metric in the sense of the conjecture above and X
has an optimal symplectic connection, it is easy to see that f is f-semistable by [10, Theorem
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1.2]. Taking these facts into account, it would be worth studying f-stability for K-stability
of fibrations.

First, we introduce invariants W; as the Donaldson-Futaki invariant for f-stability. Sim-
ilarly to results of [31] on K-stability, we establish the explicit formula to compute W; by
taking general hyperplane sections of the base, and show that f-stability puts some restric-
tions on singularities by applying MMP. We obtain the following.

Theorem A. Let f : (X,A,H) — (B, L) be a polarized algebraic fiber space pair (cf.,
Definition 2.17). If f is f-semistable, (X, A) has at most lc singularities.

We remark that f-stability does not imply adiabatic K-stability in general. Indeed, the
author showed in [22] that a rational elliptic surface with a section and a I1*, I1I* or IV*-
fiber is f-stable but adiabatically K-unstable over P'. Thus, we can not apply [31] to Theorem
A directly.

We also show that a f-semistable flat Fano fibration is Kawamata log terminal (klt) if
the base variety has only klt singularities. Moreover, as an application of f-stability to K-
stability, we show that adiabatically K-semistable flat Fano fibrations over klt varieties have
at most klt singularities.

Theorem B. Let f : (X,H) — (B, L) be a flat polarized algebraic fiber space such that
all fibers are reduced. Suppose that there exist 1 € Qs and a line bundle Ly on B such
that H + f*Ly = —A Kx and B is kit. If f is f-semistable, then X is kit. In particular, if f is
adiabatically K-semistable (Definition 2.18), then X is kit.

On the other hand, we prove that kit Calabi-Yau fibrations are f-stable similarly to [29,
Theorem 2.10] in K-stability as follows.

Theorem C. Let f : (X,A, H) — (B, L) be a polarized algebraic fiber space pair with a
line bundle Ly on B. Suppose that (X, A) is kit and Kx + A = f*Ly. Then f is f-stable.

We explain the definition of f-stability briefly as follows. Suppose that f : (X, H) — (B, L)
is a polarized algebraic fiber space. Let m = rel.dim f and dim B = n. Roughly speaking,
for any semiample test configuration (X, H) for (X, H), we define constants Wy(X, H), - -,
W,(X, H) and a rational function W,,,.;(X, H)(j) in j so that

V(H + JDMNNE,H + L) = Wt (X, H)G) + ) [ W i X, H)
i=0

where lim;_,.o W,,11(X, H)(j) = 0 and MNA is the non-Archimedean Mabuchi functional (cf.,
Definition 2.10 and Notation in §4). Then we say that f : (X, H) — (B, L) is f-semistable if

n
DLW X, H) 2 0
i=0

for sufficiently large j > 0. We calculate W; in Lemma 4.13 as follows,

n+m log m+i
Wi(X, H) = ( n— l')(KXﬁDszﬂ---ﬂDn[/P‘ Hlxnpinnanenn,

S(Xp, H,
+(b, b)

n
m+i+1 NA
it l H XQDIODZQ...QDM) + E CiJ " (H|xnD,nDsn-nDy)>

k=n—i+1
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where C are constants and D; € |L| are general elements. Then we prove Theorems A,
B by applying MMP results (cf., [33, Theorem 1.1], [19] and the adjunction formula [25,
8§16, §17]) and Lemma 4.13. On the other hand, we also show these theorems hold for
deminormal pairs with boundaries in §§5.2. More precisely,

Theorem D. Let f : (X, A, H) — (B, L) be a polarized deminormal algebraic fiber space
pair (Definition 5.8).
(1) If f is f-semistable, (X, A) has at most slc singularities.
(2) Suppose that there exist A € Qs and a line bundle Ly on B such that H + f*Ly =
—A(Kx + A), and f is f-semistable. Then any slc-center C of (X, A) is of fiber type,
i.e., codimyC < codimpgf(C).

Note that if f is flat, C is of fiber type if and only if C contains an irreducible component
of a fiber. Thus, Theorem B follows from Theorem D. On the other hand, f-semistability is
a weaker condition than adiabatic K-semistability. Therefore, we also obtain the following.

Corollary E. Let f : (X,A,H) — (B, L) be an adiabatically K-semistable polarized
deminormal algebraic fiber space pair such that H + f*Ly = —A(Kx + A) where Ly is a line
bundle on B and A € Q. Then, (X, A) is slc and any slc-center of (X, A) is of fiber type.

Outline of this paper. In §2, we prepare many terminology and facts on K-stability and
algebraic fiber spaces. In §3, we recall results of Odaka [31] and Boucksom-Hisamoto-
Jonsson [5] on the relationship between singularities and K-stability. From §4, we state our
original results. In §4, we introduce f;-(semi)stability, a generalization of f-(semi)stability,
calculate W; and deduce Theorem 4.20, a generalization of Theorem C for f;-stability. In
§8§5.1, we apply results of MMP and the computations in §4 to obtain generalizations of
main theorems for f;-semistability. In §§5.2, we extend these theorems to the deminormal
case.

2. Notation

In this paper, we work over C. If X is a scheme, we assume that X is of finite type over
C in this paper. If X is a variety, we assume that X is an irreducible, reduced and separated
scheme. We follow the definitions of Q-line bundles, Q-Weil divsiors and Q-Cartier divisors,
and the notations of the Q-linearly equivalence ~g and the numerical equivalence = from
[20], [26] and [5]. A pair (X, L) is called a polarized scheme if X is a proper, reduced and
equidimensional scheme over C and L is an ample Q-line bundle over X. A Q-Weil divisor
A, such that there exist integral divisors F; different from each other, @; € Q and n € Zy
such that A = 37, a;F;, is called a boundary if Kixa) := Kx + A is Q-Cartier on a normal
variety X. Then, we call the pair (X, A) a (normal) log pair. Here, we do not assume that
[A] = X.[a;1F;is a reduced divisor. We define As = 3, a;F;. A Q-divisor A = 2y aiD;
on a smooth variety X is simple normal crossing (snc) if each (,c; D; is smooth for any
subset J C {1,2,---,r}.

Notation 2.1. If ¢ : Z < X is the locally closed immersion, let Z be the scheme-theoretic
image structure of ¢ and call Z the Zariski closure of Z.

First, recall the definitions of deminormal pairs and semi log canonical singularities,
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DeriniTION 2.2 (DEMINORMAL PAIR [24, Chapter 5]). Let X be an equidimensional reduced
scheme satisfying Serre’s condition S,. X is called a deminormal scheme if any codimension
1 point of X is smooth or nodal. A Q-divisor A on X is called a boundary if Kx + A is Q-
Cartier and any irreducible component of A is not contained in the singular locus Sing(X).
Then we call (X, A) a deminormal log pair.

Let v : X — X be the normalization. Then, d = Homg, (v.Ox, Ox) is an ideal in both of
Oy and Og. We call the conductors of X and of X the closed subschemes defined by d and
we will denote these by condy C X and condy C X respectively. Note that condg is a reduced
Weil divisor.

Furthermore, let L be a Q-ample line bundle on X. Then, we call (X, A, L) a polarized
deminormal (log) pair.

Nortarion 2.3. Let Y be a scheme and H be a Q-line bundle over Y. If v : Y — Yis the
normalization, we denote v*H = H. Then, we call a pair (¥, H) the normalization of (Y, H).

DeriniTioN 2.4 (LoG DiscREPANCY). Let (X, A) be a normal log pair and v be a divisorial
valuation on X. Suppose that o : ¥ — X is a proper birational morphism from a normal
variety such that there exist a positive constant ¢ > 0 and a prime divisor F' on Y such that
v = cordp. Then the log discrepancy of v with respect to (X, A) is

A(X’A)(U) = U(Ky - O'*K(X,A)) + C.

It is easy to see that the log discrepancy is independent of 0. We set Ax a)(Uyiy) = O if vyiy 1S
the trivial valuation.
We define (X, A) is
o sub Kawamata log terminal (subklt) if Aix)(v) > 0 for any non trivial divisorial
valuation v.
e sub log canonical (sublc) if Axa)(v) > 0.
Let cx(v) be the center of v on X. cx(v) is called a non-lc (resp. Ic) center of (X, A) if
Axa () < 0 (resp. = 0). (X, A) is klt (resp., Ic) if (X, A) is subklt (resp., sublc) and A is
effective. We also say that (X, A) has only klt (resp., Ic) singularities.
Let (V, B) be a deminormal log pair and v : V' — V be the normalization. Then, (V, B) is
semi log canonical (slc) if (V',v;'B + condy) is lc. We say that a point v € V is
e a non-slc, (resp. slc) center of (V, B) if there exists a non-lc, (resp. Ic) center v" of
(V',v;'B + condy) such that v(v') = v,
e a non-klt center if v is neither a non-slc nor slc center.
We also call an irreducible closed subset F C V an Ic (resp. slc, non-Ic, non-klt) center if so
is the generic point of F.

Recall the notion of the minimal model program (MMP). We follow the fundamental
notations of MMP in [26] (e.g., dlt).

DermiTion 2.5 (MiNMAL MoDEL). Let S be a quasi projective normal variety. Let (X, A)
be a normal log pair projective over S such that A is effective and [A] is reduced. Let Y
be a normal variety projective over S. A birational map ¢ : X --> Y is called a birational
contraction if there is no ¢~'-exceptional divisor. Suppose that Ky + ¢, A is also Q-Cartier.
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Then, ¢ is called (Kx + A)-non-positive (resp., (Kx + A)-negative) if ¢ is a birational con-
traction and p*(Kx + A) = ¢"(Ky + ¢.A) + E, where E is effective (resp., E is effective and
Supp E contains all ¢-exceptional divisors). Here, I is the normalization of the graph of ¢
and p: ' - X and g : I' — Y are the canonical projections. Then Y is called
e a minimal model (resp., good minimal model) of (X, A) if Ky + ¢.A is nef (resp.,
semiample) over S and ¢ is (Ky + A)-negative,
e the log canonical model (Ic model) if Ky + ¢.A is ample over S and ¢ is (Kx + A)-
non-positive.

Next, recall K-stability. One can find further details, for example, in [5].

DEFINITION 2.6 (TEST CONFIGURATION). Let X be a proper scheme. Then, 7 : X — Al is
called a test configuration for X if m : X — A! satisfies the following properties:

(1) X has a G,,-action.
(2) 7 is a proper, flat and G,,-equivariant morphism where A!' admits a canonical G,,-
action.
3) X =x'(1)=X.
If there is no fear of confusion, we will simply denote 7 : X — Al as X. Let (X,L) be a
polarized deminormal scheme. Then, (X, £) is called a test configuration for (X, L) if

(1) X is atest configuration for X.
(2) L is a G,-equivariant Q-line bundle.
3) Llx, = L.

If £ is A'-(semi)ample, then we call (X, £) (semi)ample. (Xu1,Ls) = (X x A',L x
A') with the trivial G,,-action is an ample test configuration. We call this the trivial test
configuration. Note that any test configuration is birational to X,:. If X is G,,,-equivariantly
isomorphic to X1 (in codimension 1), then we call (X, L) (almost) trivial.

We say X dominates X, if there exists a birational morphism of test configurations py :
X — Xy, and (X, £) is a product test configuration if X is isomorphic to X x A! as abstract
varieties. The central fiber of (X, L) is the fiber of 7 over 0 € A! and is denoted as (X, Lo).

The following is an example of a test configuration and studied by [34].

ExampLE 2.7 (DEFORMATION TO THE NORMAL CONE). Let (X, B, L) be a polarized deminormal
pair. For any non-void closed subscheme Z C X, the deformation to the normal cone X of Z
is a test configuration for X such that X is the blow up along Z x {0} (see also [18, Chapter
5]). We usually consider an ample line bundle £ = Ly1 — t,u‘l(fo{o}), where ¥z, is the
ideal corresponding to Z x {0} and ¢ > 0.

To define the Donaldson-Futaki invariant, we need the following definition of the weight
of G,,-representation. Let W be a finite dimensional G,,-representation space over C and
then W has the unique weight decomposition

W:éWk

k=—0c0

where A € G, acts on v € Wy in the way that v — A*v. Then, the weight of W is
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= > kdim W,.
k

DEeriNITION 2.8 (DONALDSON-FUTAKI INVARIANT, [32] DEFINITION 3.2). Let (X, A, L) be an n-
dimensional polarized (demi)normal pair and (X, £) be an ample test configuration. Let
w(m) be the weight of H(Xy, mLy). It is well-known that w(m) = Z”” bim™ '~ is a poly-
nomial function for sufficiently large m (see [5, Theorem 3.1]). On the other hand, let
R(X,mL) = ¥, a;m"" be the Hilbert polynomial. Then, the Donaldson-Futaki invariant
of (X,L)1s
b1a0 - a1b0

2
4

DF(X, L) =2

Moreover, let Ay be the Zariski closure of AxXA! in X. Let t(m) = 2o bim" be the weight
polynomial of H'(Ax o, mL]a,,) and h%(A, mL|s) = ¥.I=) &m"~'~ be the Hilbert polynomial.
Here, we understand 7°(A,mL|y) = 3 ¢;h%(D;, mL|p,) where A = Y ¢;D; and d(m) in the
same way. Then, the log Donaldson-Futaki invariant of (X, L) is

boay — aby

2
4

DFA(X, £) = DE(X, L) +

Norartion 2.9. In this paper, we write line bundles and divisors interchangeably. For ex-
ample,

L+mH=L®H®".
For simplicity, we will denote intersection products of line bundles or divisors as
L"-(H+D)=L"-(H®Ox(D)).
We define the non-Archimedean functionals as in [5].

DerniTION 2.10 ([5, §6, 7]). Let (X, A, L) be an n-dimensional polarized normal pair and
: (X,L) - A be a normal semiample test configuration. Let also (X, L) be the G,,-
eqmvanant compactification over P such that the oo-fiber (X, L) is G,,-equivariantly
isomorphic to (X, L) with the trivial G,,-action (cf., [5, Definition 2.7]). Suppose that there
exists a G,,-equivariant morphism p : X - Xpi such that p is the identity on X x (P! \ {0}).
Here, (Xp1, Lp1) is the G,,-equivariant compactification of (X1, La1). We call p the canonical
map. We simply denote p*Lp: by Lp:. If
e V=V():=L",
o SX,AL) = ~"E5 D) yhere Kixa) = Ky + A,

log = Kz e + (Xoged — Xo), Where Xpreq is the reduced central fiber of
By

(X, Az) /P!
m: X — Al and Az is the strict transform of A X P! in X, and
e for any irreducible component of X, the divisorial valuation vz on X is the restric-
tion of bgl ordg to X, where br = ordg(Xy) and ordg|x is non-trivial (cf., [5, §4]),
then

e the non-Archimedean Monge-Ampere energy of (X, L) is
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—n+1

NA _
E7(X, L) = (n+ HV(L)’

the non-Archimedean /-functional of (X, £) is

PNX, L) =V NE L) -V - L) L,

the non-Archimedean J-functional of (&, L) is
X, L) = VL L) - EYAX, D),
the (J7)NA-functional of (X, L) is

TNHNAX, L) =V (Hp - L) =V mH - LI"HYENMX, L)

where H is a line bundle on X,
the non-Archimedean Ricci energy of (&, L) is

RAAX, L) = (TR ™ (X, £) - S(X, A, ENA (X, L),
e the non-Archimedean entropy of (X, L) is (see [5, Corollary 7.18])

HYMN&,0) =V ) brdam@o)E- L) =VIKS = p Ko, ae) £
E
where E runs over the irreducible components of &),
e the non-Archimedean Mabuchi functional of (X, £) is

MYAX, L) = HYAX, L) + (JTReoNA (2, ).

If there is no fear of confusion, we denote (E, L) as (X, L£). Note that these functionals
are pullback invariant in the following sense. If there exists a G,,-equivariant morphism
u: X — X of normal test configurations for X such that y is the identity on X x (A! \ {0})
and FNA is one of the functionals as above, then

FNA X, L) = FN(X, 17 L).

On the other hand, we say that a semiample test configuration (X, £) dominates (X, L) if
there exists a G,,-equivariant morphism y : & — X of normal test configurations for X such
that y is the identity on Xx (A'\{0}) and £ = u*L. We define the set of all non-Archimedean
positive metrics with respect to (X, L) as follows,

HNAL) = {All (semi)ample test configurations for (X, L)}/ ~

where ~ is the equivalence relation generated by domination. See also [5, Proposition 2.17].
It is easy to see that HN(L) is a set. Thus, the functionals F™ are independent of the
choice of ¢ € HNA(L). It is also easy to see that for any non-Archimedean positive metric
¢ € HNA(L), there exists a representative (X, £) of ¢ such that X is normal and there exists
a G,-equivariant morphism p : X — Xz such that p is canonical.

Proposition 2.11 ([32, Theorem 3.7], [5, Proposition 3.12]). Notations as above. Let
(X, A, L) be a polarized normal pair and (X, L) be a normal semiample test configuration.
Then,
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DFA(X, £) = V7 (K500 = P Ko ap/e) - L'+ RAX, L) + S(X, A, ENA X, ).

P

DEeriniTiON 2.12 (K-sTaBiLiTY). Let (X, A, L) be a polarized deminormal pair. (X, L) is

e K-semistable if
DFA(X, L) >0

for any semiample test configuration,
e K-polystable if (X, A, L) is K-semistable and

DFA(X, L) =0

if and only if (X, £) is isomorphic to a product test configuration in codimension 1,
o K-stable if

DFA(X,L) >0

for any non-almost-trivial ample test configuration,
e uniformly K-stable if there exists a positive constant € > 0 such that

DFA(X, L) > eI (X, L)

for any semiample test configuration.

We remark that the non-Archimedean / and J-functionals are norms in the following

sense. The non-Archimedean / and J-functionals are nonnegative and

JNAX, L) =0

if and only if the normalization of (&, L) is trivial by [5, Theorem 7.9]. They satisfy that

1
;JNA(X, L) <IN x, L) - INNX, L) < ndNANX, L)

by [5, Proposition 7.8].

Remark 2.13. Dervan [7] introduced the minimum norm of test configurations defined
by INA(X, £) — JNA(X, £) and also proved that this is a norm as the non-Archimedean I and

J-functionals.

It is well-known that MNA detects K-stability of polarized normal pair. See [5, Proposition
8.2] or Proposition 2.25 below. Note that MY*(X, £) = DFA(X, L) if X, is reduced.

DeriNTioN 2.14. For ¢ € HNA(L), we define a positive non-Archimedean metric ¢, for
d € 7 as follows. If (X, L) is a representative of ¢, then ¢, is represented by (X@, £D)
that is the normalization of the base change X x 1 A! via the d-th power map A 3 ¢t 14 €

Al

Note that deA(¢) = MXIA(gbd) and d DFA(¢) > DFa(¢,) for any d. Moreover, for
sufficiently divisible d, MgA(qﬁd) = DFA(¢y4) by [5, Proposition 7.16].

We will use the following notation in §4.
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DeriniTion 2.15. We say that a normal test configuration (X, £) for (X, L) is normalized
with respect to the central fiber if the following hold.
(1) There exists a G,,-equivariant dominant morphism p : (X, L) — (X1, La1).
(2) D = L — p*Ly: has the support X ¢ Supp D € X,, where X is the strict transform of
X x {0} in X.

Whenever there is no fear of confusion, we simply say that (X, £) as above is a normal-
ized test configuration. Note that (X1, L) is normalized and if (X, L) and (X, L;) are
normalized as test configurations for (X, L) and (X, L,) respectively, then (X, L; + L;) is
also normalized.

Lemma 2.16. Let (X, L) be a semiample test configuration for an n-dimensional polar-
ized normal pair (X, A, L). Suppose that (X, L) is normalized and there exists a canonical
birational morphism p : X — Xy1. Then the following hold,

(1) JNA(X, L) = —-ENAX, ).
() R\ (X, L) = ﬁ/O*K(x?I Ayer - L1

Proof. If (X, L) is normalized, [i-LgDl = 0by [5, Lemma 7.7]. Thus we have the assertions.
O

We are interested in K-stability of the following object.

DeriNiTiON 2.17. An algebraic fiber space f : X — B is a surjective morphism between
proper normal varieties with geometrically connected fibers. If F is the generic geometric
fiber, the relative dimension rel.dim f of f is dim F. Note that F' is normal and connected.
If f: X — B is an algebraic fiber space and flat, we call f a flat algebraic fiber space.
If f: X — B is an algebraic fiber space, H is an f-ample line bundle on X and L is
an ample line bundle on B, then we call f : (X,H) — (B, L) a polarized algebraic fiber
space. Moreover, if A is an effective boundary on X and f is as above, then we denote
f:(X,A,H) — (B, L) and call this a polarized algebraic fiber space pair.

DermntTion 2.18 (AbpiaBatic K-staBmiry). Let f : (X, A, H) — (B, L) be as above. Then
(X, A, H) is called adiabatically K-(poly, semi)stable over (C, L) if (X,A,eH + f*L) is K-
(poly, semi)stable for sufficiently small € > 0.

Remark 2.19. In the above definition, we name the above stability after the adiabatic
limit technique Fine [13], [14] and Dervan-Sektnan [11] used.

We need the following notation about algebraic fiber spaces.

Nortation 2.20. Let f : X — B be an algebraic fiber space and H and M be line bundles
on X. We say that H and M are Q-linearly equivalent over B, H ~pq M if there exists a
Q-line bundle L on B such that H ~g M+ f*L. Furthermore, we will denote H+L = H+ f*L
if there is no fear of confusion.

To show our main theorems, we need the following concept.
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DeriniTioN 2.21. Let f : X — B be a proper morphism of equidimensional schemes. We
say that a closed subset Z of X is of fiber type if codimyZ < codimpf(Z). We say that a
scheme-theoretic point & € X is of fiber type if so is {£}.

For K-stability of deminormal varieties, we calculate the Donaldson-Futaki invariant by
taking the normalization. We need the following,

DEFINITION 2.22 (PARTIALLY NORMAL TEST CONFIGURATION, [30, Definition 3.7]). Let X be
a deminormal scheme and X be a test configuration for X. Let also v : X — X be the
normalization. The partially normalization X’ of X is Specx(Oxxanop N v:O%). On the
other hand, we say that X is partially normal if X coincides with its partially normalization.
Partially normal test configurations for X are deminormal by [17, Proposition 3.3].

We recall the following fundamental result,

Proposition 2.23 ([34, Proposition 5.1], [30, Propositions 3.8 and 3.10]). Let (X, A, L) be
a polarized deminormal pair and (X, L) be a semiample test configuration for (X, L). Let
also (X, L) be the normalization and (X', L’) be the partially normalization of (X, L), i.e.,
L’ is the pullback of L. Here, (X, L) is a semiample test configuration for the polarized
normal pair (X, Ag,v*L), where v : X — X is the normalization and Ag = v;'A + condy.
Then,

DFy (&, £) = DFA(X’, L) < DFA(X, L).

We remark that an ample partially normal test configuration (X, £) is trivial if and only if
so0 is the normalization by [17, Proposition 3.9].

DeriniTiON 2.24. Notations as in Proposition 2.23. If (X, L) is partially normal, we define
the non-Archimedean Mabuchi functional of (X, L) to be

MYANX, L) = MA\NX, L),
Combining these facts, we obtain the following criterion for K-stability of deminormal
pairs.

Proposition 2.25. Let (X,A,L) be a polarized deminormal pair. Then (X,L) is
K-semistable (resp. uniformly K-stable) if and only if there exists € > 0 (resp. > 0) such
that

MYNX, L) > eI"N(X, L)
for any partially normal semiample test configuration.

Proof. The assertion when & is normal holds as [5, Proposition 8.2] even when X is
reducible. For the general case, let (X, £) be the normalization of (X, £). By what we stated
in Definition 2.14,

DF, (X9, L) = M\NXD, £19) = dMMN(X, L)

for sufficiently divisible d € Z., where (f(d), E(d)) is the normalization of the base change
of (X, L) via the d-th power map g4 : A! 51+ 1! € A'. Let (X9, £L@D) be the partially
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normalization of the base change of (X, £) via g,. Thus, we have
DFA(XD, Dy = MM XD, £ Dy = aMY* (X, L)

by Proposition 2.23. O

3. Review of Basic Results on K-stability and singularities

Recall that Odaka proved that K-stability puts the restrictions on the singularities on va-
rieties. In this section, recall those remarkable results of [31] and the logarithmic general-
izations [32], [5].

DermiTion 3.1. Let Z be a closed subscheme of a normal variety X and az; C Oy be the
coherent sheaf of ideals corresponding to Z. Let also 7 : X — X be the normalization
of the blow up of X along Z and we call this the normalized blow up and call the Cartier
divisor denoted by D = n~!(Z) corresponding to n~!(ay) the inverse image of Z. A divisorial
valuation v on X is called a Rees valuation of Z if v = Or‘c’lrEd(ED) where E is an irreducible
component of the exceptional divisor of 7. We will denote the set of Rees valuations of Z

by Reesx(Z2).

The following is the main theorem of [31],

Theorem 3.2 ([31, Theorems 1.2, 1.3], [32, Theorem 6.1], [5, §9]). Let (X, B, L) be a
polarized deminormal pair such that B is effective. Then the following hold.
(1) If (X, B, L) is K-semistable, then (X, B) has only slc singularities.
(11) If (X, B, L) is K-semistable and L = —Kx — B, then (X, B) has only kit singularities.

Let us recall the proof of this theorem briefly. First, we need the following result in MMP,
which is called the Ic modification or slc modification,

Theorem 3.3 ([33], [16]). (1) Let X be a normal variety and B be an effective Q-
divisor such that [B] is reduced. If f : (Y, Ay) — X is a proper birational morphism
such that Ky + Ay is f-ample and (Y, Ay) is lc with Ay = f7'B + Y E where E runs
over the irreducible and reduced f-exceptional divisors, then we call f : (Y,Ay) —
X the lc modification of (X, B) and the lc modification is unique up to isomorphism.

(i1) Let (X, B) be a normal log pair such that B is effective and [B] is reduced. Then,
there exists the lc modification f : (Y,Ay) — X of (X, B).
(iii) Let (X, B) be a deminormal log pair such that B is effective and [B] is reduced.
Then, there exists a morphism f : (Y, Ay) — X such that
o f is proper and isomorphic in codimension 1,
o (Y,Ay)is slc for Ay = f7'B+E where E is the sum of all reduced f-exceptional
divisors,
o Ky + Ay is f-ample.
We call such f : (Y,Ay) — X the slc modification of (X, B) and the slc modification
is unique up to isomorphism.

Let us recall the proof briefly. To prove (ii), we apply the results of [19] and [15]. (i)
follows from the argument of [16, §4]. Note that we do not assume that Ky + B is Q-Cartier
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in (i). To prove (iii), we take the normalization v : (X', B’ + D) — (X, B) where D is the
conductor divisor on X’. Then, there exists the Ic modification f” : (Y’',A}) — (X', B’ + D)
by (ii). Let n : D" — D be the normalization and D’ = f'~'D. If n’ : D™ — D’ is the
normalization,

(D™, Diffp (Ay = D)) — (D", Supp(Diff p(B')1) + Diff p(B") — Diff p(B')>1)

is the Ic modification in the sense of (i) (cf., [16, 4.4]). Here, Diff p(B’) is the different and
see the definition in [25, §16]. Therefore, the involution of D" lifts to D™ and (iii) follows
from [24, Theorem 5.13] (for details, see [33] and [16]).

By Theorem 3.3, we can conclude as follows.

Corollary 3.4 (cf. [5, Corollary 9.8]). Let (X, B) be a non-slc pair such that B is effective
and [B) is reduced. Let also v : (X', v.' B+ cond) — (X, B) be the normalization. Then, there
exists a closed subscheme Z C X of codimyZ > 2 such that Ax,p)(V) = Ay -1 Brconny®) < 0
for all v € Reesy (v'Z).

We also remark the following theorem,

Theorem 3.5 ([5, Theorem 4.8]). Let Z C X be a closed subscheme of a normal variety.
Then, if X is the normalization of the deformation to the normal cone of Z, Reesx(Z) coin-
cides with the set of non-trivial valuations vg, where E runs over the irreducible components
OfXO.

Therefore, Theorem 3.2 follows from the same calculation in [5, Proposition 9.12]. We
will prove in §5 that f-stability (we will define in §4 below) puts restrictions on the singular-

ity.

4. Fibration stability after Dervan-Sektnan

In this section, we introduce the notion of f-stability that is a modified version of fibration
stability, which is introduced by Dervan and Sektnan [11]. Next, we show the fundamental
results on f-stability (e.g., Theorem C) and compare f-stability with fibration stability.

First, recall the notion of fibration degeneration introduced by Dervan and Sektnan [11]
as test configurations in K-stability.

Dermition 4.1. Let 7 : (X, H) — (B, L) be a polarized algebraic fiber space (cf., Defini-
tion 2.17). I1 : (X, H) — B x A! is called a fibration degeneration for r if the following
hold.

o (X, H + jL,1) is an ample test configuration for (X, H + jn*L) for sufficiently large
j>0,

e Il is G,,-equivariant over By,

e Let I1; be the restriction of IT to the fiber over 1 € A'. Then 7 = I1;.

We will need a weaker concept which we call a semi fibration degeneration where H is
relatively semiample over B x A,

When 7 is flat, this notion coincides with [11, Definition 2.16] due to [loc.cit, Lemma
2.15 and Corollary 2.24] and the next proposition.
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Proposition 4.2. Let: (X, H) — (B, L) be a polarized algebraic fiber space. If (X, H) is
a test configuration such that (X, H + jLy) is a semiample test configuration for (X, H + jL)
for sufficiently large j, where X dominates X1 (hence also By), then there exists a fibration
degeneration for m dominated by (X, H).

Proof. By assumption, (X, H + jL,1) is semiample for some large j and hence H is
semiample over B,1. Therefore, if IT is a canonical morphism from X to By, IT*TT, (H®) -
H® induces a morphism fi : X — Projpea (P, Sym'TL(H®)) for sufficiently large
k. If (D, %Opm (1)) is the image of f;, this is a fibration degeneration for 7 dominated by
(X, H). O

Then we define the almost triviality of fibration degenerations similarly to test configura-
tions.

DermiTion 4.3. A semi fibration degeneration (X, H) is called almost trivial if (X, H) is
almost trivial as a test configuration.

Now, we define f-stability as follows,

DeriniTiON 4.4, Suppose that f : (X, A, H) — (B, L) is a polarized algebraic fiber space
pair. Let m = rel.dim f and dim B = n. For any normal fibration degeneration (X, H)
for f, we define constants Wy (X, H), WX, H), -, W (X, H) and a rational function
Wfﬂ(f\’ , H)(j) so that the partial fraction decomposition of MgA(X ,H + jL) in j is as fol-
lows:

V(H + JLMNNX,H + L) = W2 (X, H)G) + > W (X, H).
i=0

See also [11, Lemma 2.25]. Let 0 < / < n be an integer. Then f : (X,A,H) — (B, L) is
called

e f;-semistable if WOA > 0 and
W (X, H) = WX, H) =+ = WAX,H) =0 = W5, (X, H) >0

fori =0,1,---,l—1 for any fibration degeneration. Equivalently, f is {;-semistable
if Zfzo i WiA(X , H) > 0 for sufficiently large j > 0,

e f-semistable if f is f,-semistable,

e f-stable if f is f-semistable and

WAX,H)=0,i=0,1,---,n—1 = WNX,H) >0

for any non-almost-trivial fibration degeneration for (X, H).

Note that f is
e f-semistable if and only if W5 > 0 and W (X, H) = WNX, H) = --- = WAX, H)
=0= Wﬁrl(X, H) > 0 fori <[— 1 for any normal test configuration (X, H) dom-

inating X, such that (X, H + jL) is a semiample test configuration for sufficiently
large j.

e f-stable if and only if f is f-semistable and WiA(X, H) =0fori <n-1 =
WA(X, H) > 0 for any non almost trivial test configuration (X, H) for (X, H) domi-
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nating X1 such that H + jL is semiample for sufficiently large j.
This follows immediately from Proposition 4.2. If A = 0, we denote Wl‘A =W.

We remark the following trivial lemma.

Lemma 4.5. Let f : (X,A,H) — (B, L) be a polarized algebraic fiber space pair. Then
f 1 (X,A,H) — (B, L) is f-(semi)stable if and only if so is f : (X,A,H + jL) — (B, L) for
any j € Q.

ReMARrk 4.6. In the original definition of W; in [9], Dervan-Sektnan used DF instead of
MNA In other words, we can define W/ of any semi fibration degeneration (X, H) for f as

n
V(H + JLYDFAX, H + JL) = W3, (X, H)() + > jWA/(X, H).
i=0
However, f-stability defined by using DF coincides with the above one i.e., the positivity of
Yo Wf_ (X, H) coincides with that of 37", J W,’ﬁ (X, H). In fact, this follows from

V(H + jLYDF(X, (H + jL)) = MNY(X,(H + jL))) = (Xo = Xorea) - (H + jL)™X) > 0

and [5, Proposition 7.16]. On the other hand, if f is adiabatically K-semistable, then f is
f-semistable.

We also remark that f;-semistability coincides with the fibration semistability of [11]. On
the other hand, strict {-stability coincides with the previous version [9] of fibration stability
when B is a curve and all fibers are K-polystable rather than the one of [11]. See Remark
4.11 below.

Next, we want to calculate W, and W;. For simplicity, we need the following notation,

Notation 4.7. If f : X — B is a morphism of varieties and D is a Cartier divisor on B
such that f(X) ¢ D, then we can define the Cartier divisor f*D and we denote it by X N D.
Otherwise, we understand X N D be a Cartier divisor linearly equivalent to f*Op(D).

On the other hand, suppose that X is normal and let £ be a Weil divisor. If E is Cartier

at any point p of f*D of codimy-p({p} N f*D) < 1, note that we can define the Weil divisor
ENDof XN D (see[25, 16.3)).

Proposition 4.8. Let 7 : (X, H) — (B, L) be a polarized algebraic fiber space. Suppose
that m = rel.dimm and n = dim B > 2. Let (X, H) be a normal semi fibration degeneration
for nt. Then, for sufficiently large k € Z, there is D € |kL| such that (X N\ D, H|xnp) is the test
configuration of (X N D, H|xnp) and k(%™ )W1(X, H) = (""" )W1(X 0 D, Hlxnp).

Proof. Asin [11, p. 17], let

m (—Kyx-L"-H"™'\
X, — . m+2’
Ci(&. H) m+2( L' H" ) H
m (_KX L Hm—l)(Ln—] . Hm+1) )
Cy(X,H) = - L H"™,
2%, H) m+1( (L7 - H")?
—Ky - L' H"
, — . m+1’
C3(X, H) (—Ln — ) M
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1
C4(X H) _ Lﬂ 1 Hm+1 ;/gpl

Then, we obtain as [11]
WX, H) = (” +m)Z CiX. ).

The set of D € |kL| such that X N D, X N D and D are normal is a non-empty Zariski open
subset of |kL| for kK > 0 by the Bertini theorem. We may assume that k = 1 by replacing L
by some multiple. Moreover, X N D, X N D, D are also connected by [20, III Exercise 11.3].
Furthermore, since X N D dominates P!, it is flat over P'. Thus, (X N D, H|xnp) is a test
configuration for X N D. We apply the adjunction formula (cf., [25, §16, §17]) to D and the
pullback of this to X and obtain for example

(Kx + X N D)lxnp = Kxnp-

Note that Ky and &) eq are Cartier in codimension 1 but not Q-Cartier entirely in general.
However, we can choose D so general that Ky is also Cartier on any point of codimension
1 in & N D and then the adjunction formula holds for such X N D (cf., [25, 16.4.3]). Hence,
we obtain C1(X, H) + Co(X, H) = Ci(X N D, H|xnp) + C2(X N D, H|ynp). LetIl : X - B
be the canonical projection. Since X N D = I1"D and X N D = n*D, we also have

—Ky - Ln—l . H™
C3(X, H) 4 C4(X, H) — ( XL" o )Ln X Hm+1 L 1 Hm+1 ;?;g]?l
(Kn *D — Llﬂ' D) L| | n— HI" m+
- ( n-1 = L | y pTt L| Hl (Kll?gD/]pl Llr-p)
Lo, - HIE )
— _K”*D ) L|7T*D ) |7r:1*D Lln— |m+1 + L| |m+1 log
T, M Koo

and hence we have C3(X, H) + C4(X, H) = C3(X N D, H|xnp) + C4(X N D, H|xnp)- m]

Now, we can calculate Wy and W) directly as follows. First, we need the following lemma,

Lemma 4.9 ([11, Lemma 2.33]). Notations as in Proposition 4.8. Then
+
Wo(X, H) = (” ’")(H'“ L") - MNA (X, Hy)

holds for general b € B.

Proof. For the readers’ convenience, we prove this lemma here. First, we prove the
following claim. Let X be a fibration degeneration for 7 : X — B. Then a general fiber of X
over B is a test configuration &), for Xj.

It suffices to show that &, is flat over A!. Since B is normal, X is flat over codimension 1
points of B x A!. Therefore, X is also flat over (b, 0) € B, for general points b € B. On the
other hand, by cutting by ample divisors, we may assume that dim B = 1 and that X is flat
over B due to the same argument of the proof of Proposition 4.8 and the Bertini theorem.
Therefore, X x (A! \ {0}) is flat over B x (A \ {0}). Hence, for general point b € B, X}, is flat
over A!. Thus, the assertion follows as the proof of Proposition 4.8. |
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To calculate Wy, it suffices to show the following by Proposition 4.8:

Lemma 4.10. Let 7 : (X, H) — (B, L) be a polarized algebraic fiber space over a smooth
curve B. Suppose that deg L = 1. If (X, H) is a normal semi fibration degeneration for m,
then

Wi(X, H) = VIE)M X, H) + (S(Xp, Hp) — SX, H)(ENY(H) — ENA(H,)).
Proof. Notations as in the proof of Proposition 4.8. Then, it immediately follows that
C1(X, H) = VIH)E" (H)S(X,, Hy)
Co(X, H) = —V(H)EN (H})S(X,,. Hy)
C3(X, H) = V(HENA(H,)S(X, H)
C(X, H) = V)M N(X, H) - ENN(H)S(X, H))

from assigning n = 1. |

For general cases, we calculate W; by cutting B by general divisors in |L|g. Therefore,
we conclude that the original fibration stability defined by Dervan and Sektnan [9] is the
property of codimension 1 points of the base B. See also Example 4.18.

RemMark 4.11. In [11, Definitions 2.26, 2.28], the fibration stability is defined as the pos-
itivity of Wy(X, H) and W (X, H) for fibration degeneration (X, H) whose minimum norm

n , pym+l

L
(X, F)l.m = il +L"-H"-(H - Hp)

(cf., [11, Definition 2.27]) does not vanish. Here, the notations as in Proposition 4.8. It is
easy to see that a normal fibration degeneration that has the minimum norm ||(X, H)||,, = 0 is
not necessarily trivial but general fibers are trivial (see [11, Remark 2.30]). In this respect, {-
stability seems to be different from fibration stability even when the base is a curve. Indeed,
they are different at least in the logarithmic case as we see in Example 4.21 below.

On the other hand, we obtain the following when X is flat over B X Al

Proposition 4.12. Let n : (X, H) — (B, L) be a flat polarized algebraic fiber space. Let
(X, H) be a normal fibration degeneration for m such that (X N D, H|xnp) is trivial for
general D € |\mL| and for sufficiently large m > 0. If the canonical morphism I1 : X —
B x Al is flat, then (X, H) is the trivial test configuration.

Proof. We may assume that X N D is trivial for general member D of |mL| and for m > 0.
This means that X N D = X, p = D1 via the canonical birational map ¢ : X --» X X Al
By the assumption, (X, H + jL) is an ample test configuration for all j > 0, and hence
it suffices to show that X and X x A! are isomorphic in codimension 1 by the fact that if
(X, H + jL) is almost trivial and normal then it is trivial. Let a; € N, D; be the irreducible
divisors and X, = 3 a;D; be the central fiber over A'. Note that po : Xop — Bis a flat proper
morphism and hence any D; dominates B via pg. For general D, Xy N D = Y, a;(D; N D) is
the cycle decomposition and coincides with D as a cycle via the identification X N D = Dy.
Therefore, &) is integral.

By the valuative criterion for properness [20, II Theorem 4.7], we get a rational map
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W Xy --» X as the restriction of ¢. Let I' be the normalized graph of g and p : I' — X, ¢q :
I' — X be the canonical projections respectively. Let I'y be the central fiber of I over 0 € A!
and E be the irreducible component of I'y corresponding to X. We have to show that ¢|g,
is birational. Take the largest open subset U C X such that U has a morphism¢: U — T’
that is the local inverse of p. Let Uy be the central fiber of U over A!. Note that Uy # 0
since codim(X \ U) > 2.

Take D € |mL| such that X N D, Xy N D, X N D, Ey N D and I' N D are normal by the
theorem of Bertini. We may assume that Y N D, Xo N D, XN D, EyNn D and I' N D are
also connected. Indeed, if dim B > 2, they are connected. Otherwise, we may assume that
deg D = 1 and take a general fiber over B. We remark that £y N D # () because Ey dominates
B. Since X N D and D are isomorphic, U N D and I'N D are birational equivalent. Assume
that g|g, : Eg — X is not a birational morphism. Assume also that g|g, is not dominant, then
qlE,np 1s not birational for general D. This contradicts to that Uy N D is embedded into X via
got. Hence g|g, is dominant. Since we assume that g|g, is not birational, deg(g|g,) > 1. This
contradicts to deg(glg,) = deg(qlg,np) = 1. Therefore, glg, : Ey — X X {0} is a birational
morphism. O

To prove Theorem 5.2 below, we need to calculate Wl.A of an arbitrary normalized semi
fibration degeneration (X, H) for m and i > 2 as in Proposition 4.8. Indeed, we can prove
the logarithmic version of Proposition 4.8 similarly. However, the coefficients of WiA are
more complicated when i > 2 and we want to ignore the effects of points on B of higher
codimension.

Lemma 4.13. Let f : (X,A,H) — (B, L) be a polarized algebraic fiber space pair with
an ample line bundle H and (X, H) be a normal semiample test configuration for (X, H)
dominating X,1. Suppose that m = rel.dim f, n = dim B and (X, H) is normalized with

respect to the central fiber. Then, there exist constants C @ ....C 9 independent of (X, H)

n—i+1°

such that

A _ a—m-p[tTm log L qgm+i
Wi (.70 =M (l’l —i (K(XOD]szm---mD,,,[,AXnD,szm---mD,,,;)/P' HlXﬁDlﬁDzﬂ"ﬂDn-i
n
NA i) NA
= S, Ay, Hp) N Mo, esnon, D)+ D, CLOTNNHlxap,apse-on,),

k=n—i+1

where Dy,D»,--- ,D, € |ML| are general ample divisors for sufficiently divisible integer

M > 0 that ML is very ample. Here, Ay is the strict transform of A x P! on X.

NortatioN 4.14. If there is no fear of confusion, we will denote
JNA(H|XmDszn~~nDj) =/NMXND NDyN---N Dj, H|xnp,npyn--nD;)-

If j = dim B, we understand J~N*(H|xnp,np,n--np,) = V(ML)JNA(H|,) for general b.
For simplicity, we say that (X "Dy N D, N ---N Dy, Hlmeszm..,ij) is trivial if one of
the following holds.
e j>dimB,
e j = dim B and any irreducible component of X N D; N D, N --- N D is the trivial
test configuration for the corresponding fiber of f, or
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e j<dimBand X ND;ND,N---NDjis trivial.

fxXnD NnDyN---ND,_; is trivial, then JNA(ngc»nDlszm...ka) =0fork>n—-i+1
and hence it is easy to calculate Wl.A by Lemma 4.13. To show our main results, it suffices to
consider only such cases.

Proof of Lemma 4.13.  Note that (X, H + jL) is also normalized with respect to the
central fiber (as a test configuration for (X, H + jL)) by what we explained after Definition
2.15, and so is (X N Dy, H|xnp,). We have that

K(X,A) A (H + jL)n+m—l

X,AH+ jL) = —
SOGAH + 1) =~ m) =280

= S(Xp, Ap, Hy) + O(j 1),

where the coefficients of O(j!) depend only on n,m, H and L. Note also that the j*~/-term
of (H + jLY™"*!is

+m

n+m+1
n—i

)H’””“ = M+ m o+ 1)(’2 )JNA(Hl XDy A-AD,,)-

Here, we used Lemma 2.16. Thus, there exist constants £ (].i) independent of (X, H) such that

n+m

S A H + JLENNH + jL) = j"‘fo‘”( )S(Xb, Ay, Hp) N (Hxnp,0p0-00,.)

n—i

+ Z Z jn_iE;(:)JNA(HHmDIszn---nDk)-
i k=n—i+l
On the other hand, take D; € |ML| so general that Kxnp,n..np, ;> Xorea N D1 N---NDj_; and
Ay "Dy N---N D;_; are Cartier at any codimension 1 point of X N D; N --- N D;. By the
adjunction formula [25, §16], for example, we have

log _ log :
K noe 2000 = Kz, aapypr =X N Dilxap,,

as in the proof of Proposition 4.8 and hence we obtain the assertion. Indeed, if k =n—i+1,
then C\ = E¥ + (n — )M, Otherwise, C\" = E?. O

On the other hand, we calculate W; as Lemma 4.13 when there exists a line bundle L; on
B such that Kixp) = AH + f*Ly for 4 € Q.

Proposition 4.15. Let f : (X,A,H) — (B, L) be a polarized algebraic fiber space pair
with m = rel.dim f and n = dim B. Furthermore, suppose that H is ample and L is
very ample. Let (X, H) be an arbitrary normal semiample test configuration for (X, H)
normalized with respect to the central fiber. Suppose also that X dominates X,1, that
there exist A € Q and a line bundle M on B such that A\H = Kx + A + f*M and that
(XNDyNDyN---NDygs1, Hlxnp,np,n-nb,_,, ) IS trivial for general Dy, -+, Dy_j41 € |LI.
Then

-1
n+m . e
((n_k)m L k)) WA, H) = HYS, o (Lo, a0

+AINA(H b, npyn-p, ) — (k + DINH|xnp,0pan-nb,))-
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Proof. It follows from Lemma 2.16 that

NA NA
J (H|XlenDzm---nDH)=—E (H|XmDszn-~nD,,,k)-

Note that JNA(HIXQDIODZQWODHH) = 0 for s > 1 for general D; € |L| by the assumption in
the sense of Notation 4.14. Thus we have

k  yn—ky pNA
(Hm+ * Ln )RAﬂDlﬁDzﬂ"'ﬂDn_k(Hl’YlenDZm”‘mD”*k)
=p"Kx.n)lxnp,npsn-np, . * Hlxap,np,n-nb,

:p*(/lH - f*M) : (le\)ﬂD]ﬁDzﬁ"'ﬁDn_k)m+k
)m+k

)m+k

=Ap"H - (H|x~p,nD>0-nD, 4

where p : X — X is the composition of the canonical morphisms X — X, and X1 — X.
Here, we apply Lemma 4.16 below to (X N D; N Dy N --- N Dy, Hlxap,np,n--np,_,) and
obtain the last equality. Then, we have as [5, Lemma 7.25],

P*H - (M|xop,npsne-np, )" = (H™ - Ln_k)(INA(Hl’mD'nDZm"'mD”"‘)
—(m+k+ l)JNA(Hlan]szm---nank))

and S(Xp, Ay, Hp) = —mA. Therefore, the assertion follows from Lemma 4.13. O

Lemma 4.16. Notations as in Proposition 4.15. If (XN\Dy, H|xnp, ) is trivial for a general
ample divisor D € |L|, then for any line bundle M on B,

Hn+m . p*f*M — 0

Proof. Let F = H,1 — H. Since H is normalized, F is an effective Q-Cartier Q-divisor
and note that H|r and Hp:|r are nef. By assumption, we have
n+m—1
0=H"™". p'f'L=- Z F .-l 'H];l P fL
i=0
since Hy™ - p* f*L = 0. On the other hand, p* f*L|r is also nef and hence F - el Hﬁm .
p'ffL=0for0<i<n+m-1. Take k > 0 such that kL = M are very ample on B. Then
+F - HY L HL L pt M= F - H I HL - pt (KL + M) > 0. Therefore,
n+m—1
Z F.pmm-1-i 'H];] PFM = =M pt M = 0,
i=0

Hence, we obtain Lemma 4.16 and Proposition 4.15. O

Next, we discuss [11, Corollary 2.35]. Dervan and Sektnan conjectured that fibrations
whose every fiber is K-stable are fibration stable in the original sense [9]. They also conjec-
tured the following.

Conjecture 4.17 (Dervan-Sektnan [11]). Let f : (X, H) — (B, L) be a polarized smooth
fibration such that any fiber is K-stable. If Aut(Xy, Hy) = {id} for any b € B, f is fibration
stable in the original sense [9].
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In fact, they proved such fibrations are fibration stable in the sense of [11]. However,
there exists a following singular example for f-stability.

ExampLE 4.18. Suppose that B is a projective cone of an elliptic curve and C is a proper
smooth curve whose genus g(C) > 2 with no automorphism other than the identity (cf., [1]).
Let X = C X B be an algebraic fiber space over B. Note that X has the relative canonical
ample divisor over B. Let L be an ample line bundle on B and H = Kx,p + rL for sufficiently
large r > 0. Since B has an isolated singularity by (cf., [24, Proposition 3.14]), X has a Ic
center of codimension 2. Take the deformation to the normal cone (X, H) of C X {by}. Then
Wo(X, H) = Wi (X, H) = 0 by Proposition 4.8. We can compute W, (X, H) as follows. Note
that HN (X, H) = 0 and RN (X, H) + S(Xp, Kx, ) ENANX, H) = (X, H) — 3JN (X, H) by
Proposition 4.15. Let E = Hpi — H be the exceptional divisor whose center has codimension
3in X x P'. We see that HY, = H}, - E = HZ, - E* = 0. Then, we have

VH)NNX,H) = E-H? =3E* - Hpi — E*,
~V(H)IJNNX, H) = %H“ =-FE Ha + %E“.
Therefore,
VH)INAX, H) - 3JNA X, H)) = —iE‘*.

Since E is the pullback of the exceptional divisor on the blow-up of B x P!, we have E* = 0.
Hence, (X, H) — (B, L) is not {-stable. It also follows that Conjecture 4.17 does not hold in
the original sense or for f-stability in the logarithmic case.

With this in mind, we define f;-stability as follows.

Dermition 4.19. Notations as Definition 4.4. Then f : (X,A, H) — (B, L) is called f-
stable if f is fi-semistable and if Wl.A(X, H)=0forO<i<kthen(XND ND,N---N
Dy, H|xnp,nD,n--nD, ;) 18 trivial for any normal fibration degeneration (X, H) in the sense
of Notation 4.14. Note that f is f-stable if and only if f is f;-stable for 0 < i < n.

Now we can show that klt Calabi-Yau fibrations are f-stable as the well-known theorem
in K-stability [32, Theorem 4.1]. Indeed, we prove the following refinement of Theorem C.

Theorem 4.20. Let f : (X, A, H) — (B, L) be a polarized algebraic fiber space pair with
a line bundle Ly on B. Fix an integer 0 < k < n = dim B and let Z C B be a closed subset of
codimgZ > k or Z = 0. Suppose that (X \ f~'(2), Alx\r-1(z) is kit and Kx + A = f*Lo. Then
fis fj-stable for 0 < [ < k.

Proof. We prove the assertion by induction on /. First, note that f is fy-stable since general
fibers of f are kit Calabi-Yau pairs (cf. [32, Theorem 4.1]). Assume that f is f;-stable for
[ < k. Let (¥, H) be a normal semi fibration degeneration for f and m = rel.dim f. Note
that

MYAX, H + jL) = MYANX, H + jL + dX,)

for any d € Q. By replacing H by H + jL for j > 0, we may assume that H is ample and
(X, H) is a normal semiample test configuration normalized with respect to the central fiber
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(cf. Lemma 4.5). Suppose that (X N D; N --- N Dy_t41, H|xnp,n-nD,_,,) 18 trivial for general
divisors D; € |[ML| for [ > 0 and M > 0. By Proposition 4.15

n—k

for general D,_; € |[ML)|. It is easy to see that if (X \ f~'(2), Alx\f-1(z)) 1s KIt, then (X N
Din---NDyy,ANnDyN---N D, is kit for general divisors D; € |ML| and hence

-1
n+m —(n— m n—
( ) MW, H) = (H™E - LYHN, (poveon, (Hlxapiapyn-0p,,)

H\A b, Hxapinpsn-p, ) > 0 unless JNA(Hlxap,ap,n-np,) = 0 by [5, Proposi-
tion 9.16]. m|
Proof of Theorem C. It immediately follows from Theorem 4.20. O

On the other hand, we construct the following example as we stated in Remark 4.11.

ExampLE 4.21. Let B be an elliptic curve and f : X = BxB — B be the second projection.
Fix a closed point b € B and let A = B X {b}. Then, it is easy to see that for any ample
line bundles H on X and L on B, f : (X,A,H) — (B,L) is strictly f-semistable as the
proof of Theorem 4.20. Indeed, if (X, H) is the deformation to the normal cone of A, then
W§(X ,H) = WIA(X , H) = 0. However, for any fibration degeneration (X, H), W@(X ,H) =
0 if and only if ||(X, H)I|,, = O in this case. Thus, f is fibration stable in the sense of [11].
Therefore, fibration stability and f-stability are different at least in the logarithmic setting.

5. Singularities of semistable algebraic fiber spaces

In this section, we see that f-semistability implies that X has only Ic singularities similarly
to [31]. Moreover, we obtain Theorem 5.3, which states that K-semistable Fano fibrations
have no horizontal non-klt singularities. In the latter part of this section, we consider the
case when X is non-normal.

5.1. Normal case. First, we prepare the following lemma.

Lemma 5.1. Let f : (X,A, H) — (B, L) be a polarized algebraic fiber space pair and Z
be a closed subscheme of X with the corresponding ideal az. Suppose that 7w : X — X is the

ordE,. r
ordg, (az) }i:l'

If dim B > 1, then the following hold for any general divisor D € \mL| and for sufficiently
divisible m € Z.

(1) 7lgnp : X 0D — X N D is the normalized blow up along Z N D,
@ 713! (a7 Oxnp) = Oy(~B)lgop,

. . ordp : .
(3) Reesp(Z N D) is the set of valuations v denoted as O where F is an irre-

normalized blow up along Z, E is the inverse image of Z and Reesx(Z) = {

ducible component of E; N D for some i, and
(4) ifvisas above and Aix p)(E;) < 0 (resp. < 0), then Axnp.anpy(v) < 0 (resp. <0).
IfdimB =1, m =1 and L is a line bundle of deg L = 1, the above assertions also hold.

Proof. Note that D, X N D and X N D are normal and irreducible for general D by the
Bertini theorem. Since f is an algebraic fiber space, so is f|xnp. Furthermore, it is easy to
see that X N D is isomorphic to the normalized blow up of X N D along Z N D by [20, II,
Corollary 7.15]. Furthermore, we may assume that any irreducible component of E; N D is
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a 7|y~ p-exceptional divisor by taking D so general. Here, it is easy to see that (1), (2) and
(3) hold.

Next, we show the assertion (4). Since X N D (resp. X N D) is a normal Cartier divisor of
X (resp. X) and

Ke+X0D=n"(Ky + A+ XN D)+ > (Axa(E) - DE;,

we have by the adjunction formula (cf., [25, 16.3, 16.4, 17.2]),

Kgop = 7l (Kxnp + AN D) + Z(A(X,M(El-) —1)(E; N D).

Indeed, note that E; N D’s are reduced divisors (maybe reducible) and any x| ,-exceptional
divisor coincides with one of irreducible components of E; N D by Bertini’s theorem. We
remark that the above adjunction formula indeed holds for sufficiently general D that each
E; or irreducible component of A is Cartier at codimension 1 points of X N D. Therefore, we
have

Axrpanp)(F) = Axay(E)),

for any irreducible component F of E; N D. Thus, we conclude that (4) holds. O

We prove the following generalization of Theorem A in terms of f;-semistability.

Theorem 5.2. Let f : (X,A,H) — (B, L) be a polarized algebraic fiber space pair. Fix
an integer 0 < k < n = dim B. If f is fy-semistable, (X, A) has no non-Ic center n € X such
that codimg f({n}) < k.

Proof. Assume that m = rel.dim f and that (X,A) has a non-lc center n such that
codimg f({n}) < k. It suffices to show that then f is not f¢-semistable. Thus, we may further
assume that codimg f (@) > k for any non-Ic center £ of (X, A).

First, we treat the case when n ¢ Supp(A.1). Then, by Theorem 3.3, there exists the Ic
modification X of (X \ Supp(As1), A\ Supp(As1)). Thus, there exists a closed subscheme
Z C X \ Supp(As1) such that every valuation v € Reesy\supp(a.,)(Z) satisfies Axa)(v) < 0
by Corollary 3.4 and 7 : X — X \ Supp(A.) is the blow up along Z. Let Z be the Zariski
closure of Z in X in the sense of Notation 2.1. It is easy to see that the normalization of the
deformation to the normal cone X of Z is a fibration degeneration for f. Letp : X — X x A!
be the canonical projection, E be the inverse image of Z x {0} and H, = p*Hy1 — €E for
sufficiently small € > 0. We may assume that H is ample and there exists a positive constant
€ > 0 such that (X, = H,) is a normal ample test configuration by replacing H by
H + jL for j > 0 (cf., Lemma 4.5). Hence, (X, H,) is an ample test configuration for
0 < € < g. Note that (X, H,) is normalized with respect to the central fiber. Now, we prove
that for sufficiently small 0 < € < &, W (X, He) < 0 but WAX, H,) = 0 for i < k. Take
Dy,D,,---,D, € [ML| general for sufficiently divisible integer M > 0. By replacing L by
ML, we may assume that M = 1 as in Lemma 4.13. Then X N Dy N Dy N --- N Dy_y4q is
trivial in the sense of Notation 4.14. Therefore, Wl.A(X ,H.) =0fori < k. By Lemma4.13,

A B n+m log n—k m+k S(Xb: Ab’ Hb) m+k+1 n—k
Wi (X, He) = (n—k)(K(X,P*IAFI)/IP’I L e Tk ek
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n—k

NA
+ RAQD]QDZQ...QD’H((X N Dl N D2 n---N Dn—k, HelXﬂDlﬁDzﬂ---ﬂDn_k)

+ S(Xp, Ay HY)ENY(X N Dy N Dy N -+ N Dy, Hel o, npan-np, ))-

n+m _
=( )( " HYH D, panenp, (X N D10 Dy 0 -0 Dy, Hel xop,npan-nn, )

By the assumption, EN Dy N Dy N---N Dy # O and (X N Dy NDyyN---N Dyy,
Helxnp,np,n--np, ) 1S @ non-trivial normal test configuration. Let {F, ,-}le be the set of prime
exceptional divisors of XnD,NnD,N---ND, > XND,NDyN---ND,_; and suppose
that

min codimynp,np,n-n, L(Fi) = 1.
<i<q

Then, we see by [5, Proposition 9.12] that

NA 1
RAﬂDlﬂDzﬂ---ﬁDn,k(X N Dl N D2 n---N Dn—ka HEIXﬂD]ﬂDzﬂ---ﬁDn_k) = 0(€V+ )’ and

ENMXNnDiNDyN---ND,, Helxap,np,n-np, ) = O™

since (X N Dy NDyN---NDyg, Helxnp,np,n-np,_,) 1 also normalized with respect to the
central fiber. On the other hand, there exists a positive constant 7 > 0O such that

ng?Dszm---mDn_k(X NDyNDyyN---NDyy, He|XﬂDmD2m---mDn,k) =-T€e + O(ErH)

since if codimxnp,np,n.-np,_L(Fi) = r, then the center of F; is not contained in Supp(A.;)
and therefore Axnp,np,n--nD, 1.A0D,ADsn--nD, )(Fi) < 0 by Theorem 3.5 and Lemma 5.1.
Thus, the assertion in this case holds.

Otherwise, replacing n by the generic point of some irreducible component of A, if
necessary, we may assume that A = }) ¢;F; for some a; > 1 and codimpf(F;) < k, where
F; are distinct irreducible components. Fix such F';. Let (X, H,) be the deformation to the
normal cone of F; and H. = Hp: — €E where E is the exceptional divisor for sufficiently
small € > 0. Then by the argument in the previous paragraph, WiA(X, H.) =0fori < kand
there exists a positive constant 7 > 0 such that

NA 2
HAﬂDszﬂ-"ﬂDH(X N Dl N D2 n---N Dn—ks HElXﬁD]ﬂDzﬂ---ﬂDn_k) =-Te+ 0(6 )

since for any v € Reesy(F;) \ {ordr,}, codimy{cx(v)} > 2 even if F; is not a Q-Cartier divisor.
On the other hand,

NA 2
RAnDlszﬁ"'mDn—k(X N Dl N DZ N---N Dn—ka HEl(\’ﬁDlﬂDgﬂmﬂDn_k) = 0(6 )

ENA(X NDyNDyN - N Dy, Helxnp,npyn-nD, ) = 0(52)'
Thus, WkA(X , H.) < 0 for sufficiently small € > 0. We complete the proof. O

Proof of Theorem A. It immediately follows from Theorem 5.2. O

Note that Theorem B holds by the following theorem.

Theorem 5.3. Let f : (X,A,H) — (B, L) be a polarized algebraic fiber space pair. Fix
an integer 0 < k < n = dim B. Suppose that there exist 1 € Q- and a line bundle Ly on B
such that H+ f*Lo = —A(Kx + A), and that f is fi-semistable. Then any lc-center C C X of
(X, A) is of fiber type or codimg f(C) > k.
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Proof of Theorem B. Note that an irreducible closed subset Z C X is not of fiber type
if and only if Z does not contain any irreducible component of any fiber of f since f is
flat. Due to Theorem 5.3, it suffices to show that any non-klt center of X does not contain
any irreducible component of X, = f~!(b) for any b € B if B is klt. This fact immediately
follows from Proposition 5.4 below. The last assertion of Theorem B follows from the fact
that adiabatic K-semistability implies f-semistability (see Remark 4.6). |

Proposition 5.4. Let f : X — B be a flat algebraic fiber space whose all fibers are
reduced. Suppose that X is proper. If B has only kit singularities, there exists no Ilc center
C C X that contains any irreducible component of X, for any b € B.

To show this, we need the following.

Lemma 5.5. Let f : X — B be a smooth surjective morphism of normal varieties. If B is
klt, so is X.

Proof. Note first that Ky/p is a Cartier divisor since f is smooth. Thus, it is easy to
see that Ky = Ky/p + f*Kp. Let m : B — B be a resolution of singularities of B and
(X', A") = (X xp B’, X xg A) where the exceptional set Ex(r) = A is snc. Note that (X', A”) is
log smooth since f” : X’ — B’ induced by f is also a smooth morphism whose all fibers are
connected. Note also that for any two prime divisors D # D’ on B’, f™*(D) = | f"*(D)] and
f*(D) and f"*(D’) have no common component due to the property of f’. Letu : X’ — X
be the canonical projection. Since f” is the base change of f, u*Qx/p = Qx5 and hence
W'Kx/p = Kx/p. On the other hand, Kp + F' = 7n°Kp + E where E and F are effective
divisors that have no common components and | F'| = 0. Therefore,

Ky + f7(F) = i’ Kx + f"(E)

where f"*(F) and f"*(E) are effective divisors that have no common components and | f"*(F')]
= 0. Thus, X has only klt singularities. m|

Proof of Proposition 5.4. Note that X, is generically smooth for any » € B. Since f
is faithfully flat, we conclude that there exists a closed subset Z such that f is smooth on
X\ Z and Z contains no component of X, for any b € B. Hence, the assertion follows from
Lemma 5.5. |

In the proof of [31, Theorem 1.3], Odaka applied [3, 1.4.3]. To prove Theorem 5.3, it is
necessary to blow only up Ic centers of non-fiber type and we can not make use of the same
argument directly. Hence, we need the slight modification of the technique developed for
proving [31, Theorem 1.3] and [5, Proposition 9.9] as follows.

Proposition 5.6. Let (X,A) be an Ic pair and E; be prime divisors over X such that
Axn(Ej) =0for 1 < j<r. Then there exists a closed subscheme Z C X such that

0 # Reesy(2) < | —3b)
# Reesyx(Z) C ordz (2)

ordg,(Z2) # O} .
. -

Furthermore, suppose that one of the following holds:

(1) r =1 and E; is exceptional over X,
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(2) Any E; is a divisor on X.

Then, we have

OI'dE. r
Reesx(Z) = { . }

ordg,(Z) i1 '

Proof. Let f : X — (X, A) be a log resolution such that E ;’s are smooth divisors on X.
Suppose that

Ky + 7'M+ F = f*(Kx + A) + ) Axa(F)F;,
i

where F; are irreducible components of f-exceptional divisors and F' = }; F;. By assump-
tion, A(xa)(F;) > 0. Then by the proof of [15, 4.1], we can conclude that the Ky + A+ F-
MMP with scaling over X terminates with a Q-factorial dIt minimal model (X1, (f; .A+Dy).
Here, let f; : X; — X be the structure morphism and D; be the strict transform of F. Note
that any F; such that Ay a)(F;) # 0 is contracted but any E; is not contracted on X;. Then

Kx, + (fi):;'A+ Dy = fi(Kx + A)

Let D/ be the strict transform of }\'_; E; and D} = (f);'A+ Dy - D. Since K, +(f));'A+
Dy ~xq 0, the Kx, + DY + (1 — 6)D}-MMP with scaling over X terminates with a good
minimal model for 0 < 6 < 1 due to [2, Theorem 1.1] or [19, Theorem 1.6]. Therefore,
there exists the Ic model X of (X1, D} + (1 —6)D}) over X. Let f, : X, — X be the structure
morphism and the strict transforms of D and D on X, be D), and D) respectively. Then

Kx, + DY + (1 = 6)D;, = f5(Kx + A) — 6D}

and hence —D), is f,-ample. Hence, the exceptional set Ex(f>) C D), and any exceptional di-
visor other than Ey, - - - , E, is contracted. If the condition (2) holds, D), = ( fz);l(z;zl E)) +
0 and hence we have the second assertion. On the other hand, it is easy to see that some E;
is not contracted on X, by the definition of the Ic model. Therefore, the first assertion holds.
Furthermore, we also have the second assertion by the first one if (1) holds. |

On the other hand, in Proposition 4.15, we need to discuss positivity of

INA(H|Xleszﬁ---ﬂD,,_k) —(k+ 1)JNA(H|2mD1szﬂ---mDn_k)~

Lemma 5.7. Let f : (X,A,H) — (B, L) be a polarized algebraic fiber space pair and
Z C X be a non-empty closed subscheme of codimy(Z) = r. Suppose that L is very ample, X
is the normalization of the deformation to the normal cone of Z and p~'(Z x {0}) = E, where
p X — Xy is the canonical morphism. Let H, = p*H 1 — €E for sufficiently small € > 0.

If Z is of non-fiber type and 0 < codimp f(Z) = k < n = dim B, then r > k and there exists
a positive constant C > 0 such that

(1) " (Hlxnp,npyn-np, ) — & + DINHelxnp,npon-np, ) = CEF + O(€™?)
for general Dy,--- ,D,_ € |L|.

Proof. The first assertion is trivial. Since JNA(Helme]szm...mDHH), s ]NA(HE’Z,) =0
for general D; € |L| and b € B, the value of (1) does not change when we replace H by
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H + L. Thus, we may assume that H and H, are ample for sufficiently small € > 0. As we
saw in Lemma 5.1, (X "Dy N Dy N -+ N Dy_g, Helxnp,npon--nD,_,) 15 the normalization of
the deformation to the normal cone of ZN Dy N D, N --- N D,_;. Thus, we may replace
XbyXNDNnD,N---N D, and assume that k = n. Let N = dim X and decompose
E = E\+E>+- - -+Ey where each irreducible component E(‘Y) of E; has the center 77(.‘” € Xx{0}

such that COdlmx{ﬂ(S)} = i. Note that r = min{i|E; # 0} > n. Let {E(S)} be the set of

irreducible components of E;. Let F . be the generic fiber of p|.« : E(;) - {77(;)} x {0}.
J J b h

Since E; = Z’Sf:l msEi.s) for some m; > 0, we have as [5, Lemma 9.11] for sufficiently small
€ > 0 that

t; .
1 i [ n—j j+1 Lo
- , » € > mgb; (.)(Z w - -H"™ )y +0(™) forix>j
al(e):= ) mE\Y - Hl-HY = ; AV
= 0 fori< j
where b(s) = (- 1)f(F i E’) > 0 is independent of €. Note also that Z o -H"/ > 0. Thus,
we have by [5, Lemma 7.4]

N
(HYY N (H) =€ ) af(e) = ea)(e) + O(€"™),
j=r
N ) 1 N
(H)Y NN H) = 2.2 a(e) = € Z a”(e) + 0(e™).
Therefore, we have
EV (N HO=(n + DINNH) = edy(€) - 1 Z al(e) + O(e™?)

ey Z msb( )(Z o - H"™™) [( r) 1’/\;-:11 (;)) + 0(6r+2)
r+1 Zm b(s (Z (5) H" r)( )(1 _ Z::: I)"‘ 0(6r+2).

Since r > n, INA(H,) — (n + 1)JNA(H,) > 0 for sufficiently small € > 0. O

Proof of Theorem 5.3.  First, we may assume that 4 = 1. Suppose that there exists
at least one non-klt center 5 of non-fiber type and codimgf({n}) < k. By Theorem 5.2, it
follows that 7 is an Ic center. If necessary, replacing k by a smaller integer, we may assume
that codimg f (m) = k and that there exists a closed subset W C B of codimg(W) > k such
that (X \ f~1(W),A\ f~'(W)) is Ic by Theorem 5.2. Then there exists a closed subscheme
Z c X\ f~'(W) whose closure Z is of non-fiber type with codimg f(Z) = k such that there
exists a unique valuation v € Reesy, ¢-1)(Z) such that Ax)(v) = 0 by applying Proposition
56t0 (X\ f'(W),A\ f~1(W)). Thus, f(cx(w)) € W for any w € Reesx(Z) \ {v}. Let X
be the normalization of the deformation to the normal cone of Z, E be the inverse image of
Z x {0} and H, = H,: — €E. Here, we may assume that H and L are very ample.

We will show that WkA(X ,H,) < 0 and WiA(X ,H,) = 0 for i < k for sufficiently small
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€ > 0 as in the proof of Theorem 5.2. First, we take general D;’s of |L|. Note that X N D; N
+++N Dy_y is not trivial but X N Dy N+ -+ N D,y is trivial. Thus, we have WA(X, H,) = 0 for
i < k. On the other hand, cx(w) N D; N -+ N D,_x = 0 for any w € Reesy(Z) \ {v}. Replace
XbyXNDyNDyNn---N D, Thus, we have

WX, H) = HYAX, H) — IMN(X, H) + (k + 1)IVAX, H,)

and HgA(X , H¢) = 0 by Proposition 4.15 and Lemma 5.1. It follows from Lemma 5.7 that
WX, He) < 0. O

5.2. Non-normal case. Next, we consider the deminormal case. We will define {-stability
of deminormal algebraic fiber spaces and prove generalizations (Theorems 5.13 and 5.15)
of Theorem 5.2 and Theorem 5.3 in this subsection.

DeriniTioN 5.8. Let X be a proper deminormal scheme and v; : X; — X be the normal-
ization of irreducible components (compare this with Definition 2.17). A surjective proper
morphism f : (X,A) — B of equidimensional reduced schemes is called a deminormal al-
gebraic fiber space pair if f; : X; — B; is an algebraic fiber space for any X;, where f; is
induced by f ov; and B; is the normalization of f ov;(X;), which is an irreducible component
of B.

DermNtTioN 5.9 (cF., DEFINITION 4.4). Suppose that f : (X, A, H) — (B, L) is a deminormal
polarized algebraic fiber space pair with a boundary A. Let rel.dim f = m and dim B = n.
We remark that we can define (semi) fibration degenerations for f similarly to Definition 4.1.
For any fibration degeneration (X, H) for f, we set constants W(’)A(X ,H), W{A(X JH), -+,
W,;A(X , ) and a rational function W2, (X, H)(j) so that the partial fraction decomposition

n+l

of DFA(X, H + jL) in j is as follows:

V(H + JLYDFAX, H + L) = WA, (X, H)G) + > JWA(X, H).

i=0
Then f : (X,A,H) — (B, L) is called
e f-semistable if W(’)A > (0 and
WA X, H) = WAX, H) = - = WAX, H) = 0= WA, H) >0
fori =0,1,---,l—1 for any fibration degeneration. Equivalently, f is {;-semistable

if Y0_o /"TW/AX, H) > 0 for sufficiently large j > 0,
o f-semistable if f is f,-semistable,
e f-stable if f is f-semistable and

WAX,H)=0,i=0,1,-- ,n—1 = WX, H) >0
for any non-almost-trivial fibration degeneration of (X, H).

Let (X, H) be as above and be partially normal as a test configuration and (;\7 ,H) be
the normalization of (X, H), where H as Notation 2.3. Then we set constants W@(X ,H),
WX, H),- -, WX, H) and a rational function W2 (X, H)(j) so that the partial fraction
decomposition of MEA(X, H + jL)in jis as follows:
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n
V(H + JLIMYMX, H + L) = Wi (X, H)G) + D FWE (&, H).
i=0
Note that f is f;-semistable if and only if Zfzo i Wl.A(X , H) > 0 for sufficiently large j > 0.
It is easy to check this fact as the proof of Proposition 2.25. See also Remark 4.6.
We prepare the following to calculate WkA by taking the normalization,

DerintTioN 5.10. Let X = [J;_, X; be the irreducible decomposition. For 1 < i < r, let
b; be a general point of f(X;). Let also (X, H) (resp. X;) be the normalization of (X, H)
(resp. X;) in the sense of Notation 2.3. We say that a polarized deminormal algebraic fiber

space pair f : (X, A, H) — (B, L) has the same average scalar curvature with respect to the
fiberof fifforl <i< j<r,

S (%, (2! &+ condplgy ey ) = S (00, (224 + condple Ay, ).

Then we have the following:

Lemma 5.11 (cf. [21, Theorem 6.6]). Notations as in Definition 5.10. If f : (X, A, H) —
(B, L) is fo-semistable, then f has the same average scalar curvature with respect to the fiber

of f.

Proof. Suppose that dim B = n and rel.dim f = m. Assume that
S((/)_(T)—;,/l, (A + conb)g)l(@;l , ﬁl(m]) > S((’)_{T);i, (o 'A + CDanN(S(T);j’ ﬁl(mj)

for 2 < j < r. Let B = | By be the irreducible decomposition and B; = f(X;). Then we
obtain as [21, Theorem 6.6]

o~ - ~ 2(Ll)" S(Xp, Ap,., Hp,)
S((Xl)b],(ﬂ*lA-i- conbg)l(ml,Hl(ml) > : Lnk Bk
LetZ = X;NJ;»» X; and X be the partially normalization of the blow up of X, along Zx {0}
with the exceptional divisor E. Let F' be the strict transform of X; x {0}. By taking the finite
base change via the d-th power map of A', we may assume that the normalization X of X
has the reduced central fiber as in the proof of [5, Proposition 7.16]. Choose n7 > 0 such that

—E +nF is X,1-ample and let

H =H, —e(E—nkF)

be an ample Q-line bundle over & for sufficiently small € > 0. Then

_1 m+1
n+m A n m —b
( n ) WO (X’ H) - Zk:(LlBl‘) (K(thsAbk)/Pl * ku + S(ka, Abka ku)m _: 1]

= en(Hly, 1, )’"(Z<L|Bk)"5(xbk, Ap H,)
k

= (LS (X0 (' A+ condp)l g Hlg )) +0(&)

for general b, € By similarly to the proof of [21, Theorem 6.6]. Thus, WOA(X, H) < 0O for
sufficiently small € > 0. O
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Therefore, if a reducible algebraic fiber space f : (X, A, H) — (B, L) is f-semistable, then
we can decompose WkA as follows,

Lemma 5.12. Let f : (X,A,H) — (B, L) be a deminormal polarized algebraic fiber
space pair that has the same average scalar curvature with respect to the fiber of f, 0 <
k < dimB = n and (X, H) be a partially normal semiample test configuration for (X, H)
dominating X,1. Suppose that H is ample, L is very ample and X has the reduced central
fiber. Letv : X — X be the normalization and X = \J/_, X; be the irreducible decomposition.
Let (X H) be the normalization of (X, H) and X = Ui 1 X be the irreducible decomposition
where the indices corresponding to those of X = U

If(X,,HIXi) is normalized and (X, NnNDN---N D"—k”’ﬁlfiﬂmemDn_m) is trivial for
general ample divisors Dy, -+ ,Dy_j+1 € |L|, then

,
VI Adcondg)ly, ~ —~
WAX, H) = ) W, (X H ).
i=1

Proof. By the assumption, we have

DFA(X, H + jL) = M™A (X, H + jL)

(V7' A+condg)

for any j. Moreover, since each (X}, H|3 ) is normalized, we have

-
-1 N — o~ VI Adcondg)ly, ~ —~
W/EV* A+conDX)(X’ H) = Z Wk xX)lx; (X, Hl,ﬁ)

i=1

by Lemma 4.13. |

Note that if (X, H) is a deformation to the normal cone of a closed subscheme Z of X with
the inverse image E of Z X {0} such that dimZ < dim X and H = H,1 — €E for sufficiently
small € > 0, then (X;, H| 22) is normalized with respect to the central fiber in Lemma 5.12.

Theorem 5.13. Let f : (X,A,H) — (B, L) be a polarized deminormal algebraic fiber
space pair. Fix an integer 0 < k < n = dim B. If f is fi-semistable, (X, A) has no non-slc
center n such that codimgf({n}) < k.

Proof. By Lemma 5.11, we may assume that f has the same average scalar curvature
with respect to the fiber of f. Thus, f satisfies the assumption of Lemma 5.12. Assume
that (X, A) has a non-slc center 7 such that codimg f({n}) = k and codimp f({£}) > k for any
non-slc center & € X as in the proof of Theorem 5.2.

First, we treat the case when {n} ¢ Supp(A.;). By Theorem 3.3, there exists the slc
modification 7 : ¥ — X \ Supp(A.1) of (X \ Supp(A.1),A \ Supp(A~1)). It is easy to see
that there exists a closed subscheme Z C X \ Supp(A.) such that r is the blow up along Z.
Let v : X — X be the normalization and D = condg be the conductor. If vy : ¥ — Y is the
normalization of ¥ and 7 : ¥ — X is the induced morphism, then (¥, Ay + 77! D) is the lc
modification of (X \ v"'(Supp(As1)), (Ag + D) \ v"1(Supp(As1))) where Ay = (vy);'Ay and
Ay = v;'A. Let (X, H, = H,1 — €E) be the partially normalization of the deformation to
the normal cone of Z the Zariski closure of Z, where E is the inverse image of A% {0} and
€ > 0. Let also (X HE) be the normalization of (X, H¢). Then it is easy to see that X is the
normalization of the deformation to the normal cone of v~'Z. For any irreducible component
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5(;- of )7, 2?1 is the normalization of the deformation to the normal cone of v™'Z N )71 where
X; is the irreducible component corresponding to X;. Hence, we have WkA X+D(X ,Ho) < 0
and WZ.A’? +D(27, 7:76) = 0 for i < k and for sufficiently small € > 0 by the proof of Theorem

5.2 and by applying Lemma 5.12. By
WX, H) = WX, H)

for 0 < i < dim B, we have the assertion in this case.

Next, we treat the case when {r} is an irreducible component of A. ;. Then, as in the proof
of Theorem 5.2, the partially normalization of the deformation to the normal cone (X, H) of

{n} with some polarization H satisfies that WkA(X ,H) < 0and WiA(X ,H)=0fori<k. O

As in Proposition 5.6, we need the following partial resolution.

Lemma 5.14. Let (X, A) be a quasi projective slc pair and fix an slc center n € X such

that codimy{n} > 2. Let v : X — X be the normalization. Then there exists an irreducible
closed subscheme Z that satisfies the following.

(1) The reduced structure red (Z) = {n}, and
(2) Az y:1Avcomng) (V) = 0 forany v € Reesg(v™!2).

Proof. Fix an ample line bundle H and let .# be the ideal sheaf corresponding to the

reduced structure of {57}. Then the linear system d = H°(X, .¥ ® O(mH)) is base point free

outside from {n} for sufficiently large m > 0. We can choose D € b such that D contains no
slc center other than those contained in {17} and X; ¢ Supp(D) for any irreducible component
X;of X. Let f : Y — X be a log resolution of (X, v;'A + v*D + condg) and a resolution of
the base locus of d. By replacing D by general one, we may assume that f*v*D does not

contain any prime divisor E on ¥ such that Ag -1 ocomy)(E) = 0 and v o f(E) ¢ {5} due to
the theorem of Bertini. Let Ay be the Q-divisor satisfying that f,Ay = v;'A + condg and

Ky + Ay = f*(Kg +v.'A + condg).

Then, since (Y, Ay) is log smooth and sublc, for any non-lc center " of X, Vv.!A+ev'D +

condg), v(i7') € {7} for sufficiently small rational e > 0. Note that (X, A + ev*D) is not slc
along {n} but [ev*D + A] is reduced. Thanks to Theorem 3.3, we take the slc modification
g: W — X of (X, A+ev*D) and there exists a closed subscheme Z such that g is the blow up

along Z. It is easy to see that red (Z) = {7} and Az ;-1 p+comn;)(v) = O forany v € Reesy(v™'2).
O

Theorem 5.15. Let f : (X,A,H) — (B, L) be a polarized deminormal algebraic fiber
space. Suppose that there exist A € Qs and a line bundle Ly on B such that H + f*Ly =
—A(Kx + A), and f is Ty-semistable for 0 < k < n = dim B. Then, (X, A) has no slc-center n
of non-fiber type such that codimg f({n}) < k.

Proof. We may assume that H is ample and L is very ample. It follows from Theorem
5.13 that (X, A) is slc. Assume that codimp f({£}) > k for any slc center & of non-fiber type
and there exists at least one slc center 77 of non-fiber type such that codimg f ({n}) = k. Then
we will show that f is f;-unstable as Theorem 5.3. By Theorem 5.13, we may further assume

that there exists a closed subset W c B of codimgW > k such that (X \ f~' (W), A\ f~'(W))
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is slc. Throughout the proof, let v : X — X be the normalization and D = condg be the
conductor divisor. Note that we may assume that f satisfies the assumption of Lemma 5.12
as Theorem 5.13.

First, we treat the case when V is an irreducible component of D = condy. Note that D
need not to be Q-Cartier in general. Due to Proposition 5.6, there exists a coherent ideal
sheaf a C OX(—D) = Ox(-D) satisfying the following.

e Let Z be the closed subscheme of X corresponding to a. Then it holds that f o

v(cz(v)) € W or there exists an irreducible component E of D such that v = Ofggfa)

for any v € Reesgz(v~!(Z)), and
e ordg(a) # O for any irreducible component E of D.

Then consider the partially normalization of the deformation to the normal cone (X, H, =
H,1 — €E) of Z where E is the exceptional divisor for € > 0. We may assume that the
central fiber &) of X is reduced by the same argument of the proof of Theorem 5.13. If
(X, 776) is the normalization of (X, H,), then HX’A(QQI,, TZI %,) = 0 for general b € B and
hence Wg(?( , H.) < 0. Therefore, we may assume that any singular locus of codimension 1
of (X, A) is of fiber type. Furthermore, we may assume that any irreducible component of a
general fiber is Ic.

Next, we treat the case when 7 is the generic point of an irreducible component V of [A].
Let X; be the irreducible component of X containing 1. There exists a closed subscheme Z
of X, such that for any valuation v € Reesgz(v~'Z) \ {ord -1y}, f o v(cg(v)) € W by applying
Proposition 5.6 to X; \ (X \ X)) similarly to the proof of Theorem 5.3. For any general point
b € f(X1) C B, any irreducible component of (X, Ap) is Ic and Reesx,),(Z,) = {ordy,} by
what we assumed in the previous paragraph. Therefore, it is easy to see that if (X, H,) is
the partially normalization of the deformation of X to the normal cone of Z where E is the
inverse image of Z X {0} and H, = H,1 — €E, then we have W@(X , H.) < 0 for sufficiently
small € > 0. Thus, we may assume that [A] is of fiber type.

Finally, we treat the case when codimx{_n} > 2. By applying Lemma 5.14 to (X \
F7YW), A\ f~1(W)), there exists a closed subscheme Z ¢ X \ f~'(W) such that {7} = red(Z)
and it holds for any v € Rees;(\vflffl(w)(vle) that Az ,-1a,p)(v) = 0. Hence, if Z is the
Zariski closure of Z, we have fov(cg(w)) € Wif Az ,-1a,p)(v) # 0 for any w € Reesz(v"'Z).
Now, let (X, H,) be the partially normalization of the deformation of X to the normal cone
of Z, E be the inverse image of Zx{0yand H. = H a1 — €eE. Here, we may assume that
dim B = k by replacing X by X N Dy N --- N D, for general divisors Dy, -, D, € |L|.
Since dimf(Z) = 0, any center of v’ € Reesg(v~'Z) is of non-fiber type. Hence, we see
that WkA(X ,Ho) < 0 and WiA(X ,H.) = 0 for i < k and sufficiently small € > 0 similarly to
Theorems 5.13 and 5.3 by applying Lemma 5.7. |

Proof of Theorem D. It immediately follows from Theorem 5.13 and Theorem 5.15. O

Proof of Corollary E. It immediately follows from Theorem D and the fact that adiabatic
K-semistability implies f-semistability. m|
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