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ALGEBRAICITY OF THE METRIC TANGENT CONES AND
EQUIVARIANT K-STABILITY
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1. INTRODUCTION

We work over the field C of complex numbers. This paper is a sequel to the
works in [29,35,36]. Together with the previous works, we complete the proof of
Donaldson-Sun’s conjecture [13, Conjecture 3.22] (see Theorem 1.1), which says
that as an affine variety, the metric tangent cone C := C\,(Meuo, doo) of any point
o on a Gromov-Hausdorff (GH) limit (M, ds) of a sequence of Kéhler-Einstein
Fano manifolds only depends on the algebraic structure of the singularity and is
independent of the metric structure. Previously in [35] we proved that the interme-
diate semistable cone W in Donaldson-Sun’s work (see [13]) only depends on the
algebraic structure.

Our strategy is to systematically use minimizers of the normalized volume func-
tional (defined in [31]) to characterize valuations associated to metric tangent cones.
Aiming at a vast generalization of the original differential geometric approach, we
try to algebraize the construction of [13] by giving a completely local definition
of a two-step degeneration process for an arbitrary klt singularity. This has been
done under suitable assumptions about the minimizer of the normalized volume. In
fact, these assumptions yield the first step of the degeneration and our current note
draws a complete picture of the second step in the degeneration. In particular, with
the help of the metric structures, we now have a rather satisfactory understanding
of this process for those singularities appearing on the GH-limit M,,. We will give
more details in the following discussion.

1.1. Main results. For the first step of the degeneration, in [35], we showed that
the valuation considered in [13], whose original definition depends on the metric,
is a minimizer of the normalized volume (see 2.3) and such a minimizer is uniquely
determined by the underlying algebraic structure. In fact, we proved in [35] that
for any klt singularity (X,z), the real valuation v € Valy , that minimizes the
normalized volume functional and satisfies the following two conditions is unique
up to rescaling: (a) v is quasi-monomial; (b) v has a finitely generated associated
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1176 CHI LI ET AL.

graded ring. These two conditions are satisfied by the valuation constructed via
Kéhler-Einstein metric structure in [13]. So this result allows us to recover the
semistable cone W, which is defined by the associated graded ring of v, by using
the minimizing valuation and hence verifies the first part of [13, Conjecture 3.22].
Note that it was conjectured in [29] that minimizing valuations always satisfy these
two conditions. !

We know that the semistable cone W degenerates to the metric tangent cone
C and is K-semistable (see [13] and [35, Theorem 5.5]). In the current paper, we
complete the picture by showing that the metric tangent cone C' is the unique K-
polystable degeneration of W. In particular, this implies that C' depends only on
the algebraic structure of W, which itself only depends on the algebraic structure
of o € M.

Theorem 1.1 ([13, Conjecture 3.22]). The metric tangent cone C of o € Mo, on a
GH-limit of Kahler-FEinstein Fano manifolds depends only on the algebraic structure
of o € M.

As in [13], the assumption on M, can be weakened, e.g. My, is a GH-limit of
a sequence of projective manifolds X with fixed volumes, bounded Ricci curvature
and diameter. All arguments extend verbatim. One can expect Theorem 1.1 will
significantly simplify the determination of metric tangent cones in examples (see
e.g. [19]).

Since a Fano cone singularity (C, £) with a Ricci-flat Kéhler cone metric is aways
K-polystable (see [9, Theorem 7.1] and also Corollary A.4), once knowing that
W depends only on the algebraic structure of o € My, Theorem 1.1 is just a
consequence of the following more general result by letting (X, D, &) = (W, 0,&):

Theorem 1.2 (Existence and uniqueness of K-polystable degenerations: log Fano
cones). Given a K-semistable log Fano cone singularity (X, D, &), there always
exists a special test configuration (X, D,&y;n) that degenerates (X, D,&y) to a K-
polystable log Fano cone singularity (Xo, Do, &o). Furthermore, such (Xo, Do, &) is
uniquely determined by (X, D,&y) up to isomorphism.

If we restrict ourselves to the quasi-regular case of log Fano cones, then we obtain
the following result for log Fano varieties.

Theorem 1.3 (Existence and uniqueness of K-polystable degenerations: log Fano
varieties). Given a K-semistable log Fano variety (S, B), there always exists a spe-
cial test configuration (S, B) that degenerates (S, B) to a K-polystable pair (So, Byp).
Furthermore, such log Fano pair (So, By) is uniquely determined by (S, B) up to iso-
morphism.

We note that for the special case of Q-Gorenstein smoothable Fano varieties, this
was proved in [33, 7.1] based on an analytic results on the existence and uniqueness
of Gromov-Hausdorff limit for a flat family of Fano K&hler-Einstein manifolds (see
also [42]). We emphasize here that our proof of Theorem 1.2 is new and uses
only algebro-geometric arguments. Moreover, our techniques also give rise to an
equivariant criterion for testing K-polystability.

LAfter the submission of this paper, the quasi-monomial property has been proved in [46].
More recently, the uniqueness of minimizers (up to rescaling) is proved in [47] unconditionally.
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ALGEBRAICITY OF THE METRIC TANGENT CONES 1177

Theorem 1.4 (T-equivariant K-stability=K-stability). Let (S, B) be a log Fano
variety with an action by a torus group T = (C*)?. Then (S, B) is K-polystable if
and only if it is T-equivariantly K-polystable, that is for all T-equivariant special
test configuration (S,B), the generalized Futaki invariant Fut(S,B) > 0, and the
equality holds only when the test configuration is a product, i.e. (S,B) = (S, B)xAl.

Note that Theorem 1.4 is proved for smooth Fano manifolds in [10] for general
reductive group actions using analytic approach. Our result works for any singular
Q-Fano varieties. This combined the work [20] allows one to effectively check the
K-stability of Q-Fano T-varieties of complexity one. 2

We will first deal with the quasi-regular case, i.e. Theorem 1.3. The key tech-
nical result in its proof is Theorem 3.2, which says that if (S, B®)(i = 1,2)
are two special test configurations of the log Fano pair (S, B) with central fibres
(,S’éi)7 B(()i)) and vanishing Futaki invariants, then there exist special test configu-
rations (S’ B'®)) of (S(()i),B(()i)) such that (8™, B’ have isomorphic central
fibers. In practice, we will work on the cones: we first take the cone over (S, B) to
get a log Fano cone (X, D), and then take cones over (S, B®) to get test config-
urations (X, D®) of (X, D). Then we just need to find a common degeneration
of the central fibre of (X(gi), D(gi)). To construct such test configurations, we aim at
constructing a (C*)2-equivariant family (X, D) of log Fano cones over C?, such that
if taking the base change over Cx {1} (resp {1} x C), we get back the test configura-
tion (XM, DW) (resp. (X, D?)). Then the special fiber (X,D) xc2 {(0,0)} gives
a common degeneration of (X, D)), This family (X,D) is obtained by using a
divisor 5122) over (X D) to degenerate (X2, D?), where the divisor 5,22) is a
birational transform of Ej x C and F}, belongs to a sequence of special divisors { Fy }
(k > 1) over X. To see 5,532) induces a degeneration, one needs to show that there
is a birational model y,§2> — (X,EQ), Dl(f)) such that the only exceptional divisor of

y,§2> / Xf) is & for k> 1. This is a subtle property, and we prove it by combining
the tools of Minimal Model Program (MMP) with a careful analysis of normalized
volumes functional (see Section 3.2.1 for a more detailed explanation for this step).

The following commutative diagram shows some relation between different ob-
jects in this proof. The symbols ‘~~’ means the degeneration under a special test
configuration and ‘--+’ means taking a C*-quotient. See (3.11) for the more detailed

diagram.
(1) (X D) S (X,D)
s B e
(x'@ D) (8’ p®) (s BD) (x@ pO)

1 1
(Sh, By) <~~~ (S5", BS")
_ 7 (5/(1),3/(1)) ~

—~
—

(1 1
(X, D)+~ (6 DY)

~

2After the submission of the paper, the equivalence between equivariant K-stability and K-
stability has been completely solved in [48].
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1178 CHI LI ET AL.

To confirm Donaldson-Sun’s conjecture (see [13, Conjecture 3.22]), we then use
some approximation approach to treat the case of a general log Fano cone, i.e.
including the irregular case. However, the common degenerations are a priori only
weakly special (Definition 2.16). So we extend [34, Theorem 4] to (possibly irregular)
log Fano cones, proving that for K-polystable log Fano cones, weakly special test
configurations with vanishing Futaki invariants must already be special. To apply
this to metric tangent cones which are Ricci-flat Kéhler cones, we use the result of
Colins-Székelyhidi [9] about the K-polystability of Ricci-flat Kéhler cones. Since we
need to allow more general test configurations than just special test configurations,
we provide a proof of this fact (see Remark A.2) in Appendix A by adapting the
argument of Berman in [1] to our setting.

We now sketch the organization of the paper. More details will be given at the
beginning of each section. In Section 2.1, we recall basic tools in our arguments
including normalized volumes, normalized multiplies and Kollar components. In
Section 2.2, we recall the notions of log Fano cones, their test configurations and
K-stability. We also discuss how to get test configurations using models over log
Fano cones. In the quasi-regular case, we are reduced to the K-stability of log
Fano pairs. In Section 3, we prove our main results in the case of log Fano pairs. In
Section 3.1, we prove a lemma about special degenerations of K-semistable log Fano
pairs with zero Futaki invariants. In Section 3.2, we prove the main technical result
(Theorem 3.2) on common special degenerations of special degenerations with zero
Futaki invariants. In Section 3.3, we finish the proof of main results for log Fano
pairs. In Section 4, we deal with the general case of log Fano cones. In Section 4.1,
we obtain common weakly special degenerations for log Fano cones with vanishing
generalized Futaki invariants. In Section 4.2, we show that these weakly special
test configurations are indeed special test configurations. We generalize the last
step of results in [36] to the case of log Fano cones. We complete the proof of
Theorem 1.2 and Donaldson-Sun’s conjecuture in Section 4.3. In the appendix, we
prove the analytic result that Ricci-flat Kéhler cones are Ding-polystable among
Q-Gorenstein test configurations. This result could substitute results in Section 4.2
to complete the proof of Theorem 1.1.

Notation and conventions. We follow the standard notation in [24,26]. In this
paper, a variety is a reduced, separated and finite type scheme over C, that is
allowed to be reducible. We call a pair (S, B) a log Fano variety if (S, B) has klt
singularities, and —(Kg + B) is ample.

2. PRELIMINARIES

2.1. Normalized volumes. In this section, we recall the definition of the normal-
ized volume of valuations centered at a klt singularity « € (X, D). This is intro-
duced in [31]. For readers’ convenience, we discuss some basic properties which will
be needed later.

Definition 2.1. Let X = Specg(R) be an irreducible affine variety and z € X a
closed point. We denote by Valx , the space of real valuations v : R — R>oU{+00}
that satisfy the following conditions: for any f,g € R:

(1) v(fg) = v(f) +v(9);
(2) v(f +g) = min{v(f),v(g9)};
(3) v(0) = 4o00,v(C*) = 0;
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ALGEBRAICITY OF THE METRIC TANGENT CONES 1179

(4) v(f) >0if f(z) =0.
For any v € Valx , and m € R, its m-th valuation ideal is defined as a,,(v) :=
A (v, X) = {f € B; v(f) > m}.

We remark that Valy , is also called the ‘non-archimedean link’ around = € X
in some literatures.

For any m > 0, a,,(v) is a primary ideal associated to the maximal ideal m,,.
We will denote its Hilbert-Samuel multiplicity by mult(a,,). If A = v(R) C Rxg
denotes the valuative semigroup of v, then {a,,(v); m € A} is a A-graded sequence
of ideals. In other words, they satisfy, for any m,m’ € T', (i) : ap (v) C ap,(v) if
m’ > m and (i) : @y, (V) - Ay (V) C Ay (V). Note that {a,,(v);m € Z} is also a
Z-graded sequence of ideals.

Definition-Proposition 2.2 ([14,28]). Let X be an irreducible variety of dimen-
sion n. For any v € Valx ;, the volume of v is the following well-defined quantity:

(2.1) vol(v) = lim M: lim

mult(a,,)
m—+o0 m”/n! m—+4o0 mn

=: mult(a,).

Now we assume (X, D) is a log pair such that Kx + D is Q-Cartier. For any
divisorial valuation v = ordg where S is a prime divisor on a normal variety Y
with a proper birational morphism p : Y — X, the log discrepancy of ordg is
defined as A(x p)(ordg) = ords(Ky — p*(Kx + D)) + 1. By [21] and [5], there is
a canonical way to extend the log discrepancy to become a lower semicontinuous
function A(x py : Valx,, — RU {+o0}.

Definition-Proposition 2.3 (see [31, Theorem 1.1]). Assume z € (X, D) is a klt
singularity. For any v € Valx ;, its normalized volume vol(x p ) (v) is defined as:

(2.2) \T&(X,D,x)(’l)) = { Ax.py(v)" - vol(v), if Ay p)(v) < +00;

~+00, if  Ax,p)(v) = +oo.

For simplicity, we will just write \781(11) if the singularity € (X, D) is clear. This
quantity is a rescaling invariant: \7(;1()\1)) = \781(1}) for any A > 0.

The volume of a klt singularity « € (X, D) is defined to be the following positive
number
(2.3) vol(z, X, D) = ve\llglfx,x vol(x,p,a) (V).

It has been shown that there always exists a minimizer v of \7(;1( X,D,z) among all
v € Valx , in [4]. The expected properties of the minimizers are formulated in the
Stable Degeneration Conjecture ([31, Conjecture 6.1], [35, Conjecture 1.2]). The
case of cone singularities over Fano varieties was studied in [29,32]. The general
case was systematically studied in [36] under the assumption that the minimizer
is a divisorial valuation and in [35] under the assumption that the minimizer is a
higher rank quasi-monomial valuation.

We will need a relation between the normalized volume and the normalized
multiplicity of a graded sequence of ideals.

Proposition 2.4 ([38]). If z € (X, D) is an n-dimensional klt singularity, then we
have
vol(z, X, D) = ig1f mult(b,) - let" (X, D; b,),

where b Tuns over all graded sequence of primary ideals cosupported at x.
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1180 CHI LI ET AL.

We now state some central results from our previous works and refer to the next
section for the notations of log Fano cones (see Definition 2.12) and their K-stability
(see e.g. Definition 2.23).

Theorem 2.5 ([29,32,35,36]). Let (X, D,§) be a log Fano cone singularity. Then
it is K-semistable if and only if the valuation wte induced by & is a minimizer of

\751()(1[)195) on Valx ;.
We will also use the following notion frequently:

Definition 2.6. Let (X, D, z) be a klt singularity. A prime divisor S over (X, D, x)
is called a Kolldr component over (X, D, z), if there exists a projective birational
morphism p : Y — X such that (i) p is an isomorphism over X \ {z} and the
exceptional divisor § = p~!(x) is irreducible and Q-Cartier; (ii) —S is p-ample;
(iii) (Y,u;'*D + 9) is plt.

For any Kollar component, we define its different Ag by the following equality:
Ks+ Ag = (Ky + S+ p,'D)ls.
It is easy to see that (S,Ag) is a log Fano pair.
The relevance of Kolldr components to the minimization of normalized volume
is contained in the following result:
Theorem 2.7 ([36, Theorem 1.2, 1.3]). Let (X, D,x) be a kit singularity. Assume

I~

that vo € Valx , is a minimizer of vol(x p ). Then we can find a sequence of
Kolldar components Sy, and constants ¢ > 0, such that

¢ -ordg, — vg and @(ordsk) — \7(;1(11) as k — 4o0.

Moreover, if vy is divisorial, then vy = c - ordg for some ¢ > 0 and a Kolldr
component S satisfying the condition that the log Fano pair (S, Ag) is K-semistable.

In Theorem 2.7, when vy is a divisorial minimizer, then [4] also shows it yields a
Kollar component. In the case of K-semistable log Fano cones, the approximation
stated in Theorem 2.7 can be realized concretely by perturbing the Reeb vector
field to rational ones.

2.2. K-stability of log Fano cones. In this section, we recall the definition of
a log Fano cone singularity and its K-stability, by essentially following [8,9] and
[35, Section 2.5]. Denote by T' a complex torus which is isomorphic to (C*)".

Test configurations.

Definition 2.8. Let X be an n-dimensional reduced affine variety which is not
necessarily irreducible. We say that a T-action on X is good if it is effective and
there is a closed T-fixed point € X (called the vertex) that is in the closure of
any T-orbit. By a T-singularity in this paper, we always mean an affine variety X
with a good T-action. If D is a T-invariant R-divisor on X we say that (X, D) is
a pair with a good T-action.

Let N = Hom(C*,T) be the co-weight lattice and M = N* the weight lattice.
If X = Specc(R) is a T-variety, then there is a weight space decomposition:

(2.4) R=@D R, where T'={a € M | Ry # 0} C M.
acl
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ALGEBRAICITY OF THE METRIC TANGENT CONES 1181

The action being good implies Ry = C. We will call any element ¢ in the Lie algebra
Nr := N QR a coweight vector (or abbreviated as a vector). We will denote by (£)
the subtorus of T' generated by &, i.e. the subtorus corresponding to the minimal
linear Q-linear subspace V' C N ® Q such that V' ® R contains &.

If T acts on a smooth variety X, then ¢ will give a vector field on X. For
example, if we consider the multiplication of C* on C, then the coweight vector
1 € Z yields the vector field t0;.

Definition 2.9. The Reeb cone of X with respect to a good T-action is the fol-
lowing set:

(2.5) Ny :={¢€ Ng | (o, &) >0 for any a € T\{0}}.
Any vector £ € NH‘{ will be called a Reeb vector on the T-variety X.
Definition 2.10. For any & € NH‘{, we define its volume as:

dim¢c (R
lim Z(g,wgk (C( a)

volx (§) :=volx (&) = om kn /!

The limit in Definition 2.10 was known to exist by using the multivariable Hilbert
series as in [8, Proof of Theorem 4.10] (see also [39]). If (X, z) is a normal affine
T-variety, then each ¢ € NH‘{ corresponds to a valuation wte € Valx, which is
defined as:

(2.6) wtg(f)_min{m,f);f_z:fa with f(,;é()eRa}.

Note that in this case volx (§) in Definition 2.10 is just the volume of the valuation
th.
One key property of the volume function is the following.

Lemma 2.11 (see [8,35,39]). The function & — volx ,(§) is smooth and strictly
convexr on Nﬂ'{.

Proof. The smoothness was proved in [8, Theorem 4.10] where volx(£) was inter-
preted as the leading coefficient of the expansion of the so-called index character,
(which also appeared in the earlier work of Martelli-Sparks-Yau (see [39, (6.10)]).

The strict convexity of volx , follows from [35, Section 3.2]. In fact, if we let
Y — X be the normalization of X, the T-action can be lifted to Y. Denote the
preimage of x to be {y; };, then we know y; are on pairwise distinct components Y;
of Y, and the T-action on each Y; is good. We claim that the following identity
holds true:

VOlX’I (f) = Z VOIY,yi (5)

Indeed, since £ + volx ,(§) and & — voly,,, ({) are continuous, we just need to
verify the identity when £ is rational. Any rational £ generates a C*-action and
vol(&) reduces to the degree of an ample orbifold line bundle (see [8, Proposition
4.3] and [39, 5.3]). The identity follows from the fact that the degree of the orbifold
line bundle is the sum of its degrees on irreducible components.

Thus we may assume X to be normal. Then [35, Proposition 3.10], which gen-
eralizes the convexity result from [39], says that { — volx ,(£) is a strictly convex
function for £ € N]f{- ]
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1182 CHI LI ET AL.

Definition 2.12 (Log Fano cone singularity). Let (X, D) be an affine pair with
a good T action. Assume (X, D) is normal with klt singularities. Then for any
¢ € N, we call the triple (X, D, &) a log Fano cone structure that is polarized by
€. If (¢) = C* which is equivalent to saying that ¢ is a multiple of a vector in N,
then we call (X, D, &) quasi-regular. Otherwise, we call it irregular.

Definition 2.13 (Quotient in the quasi-regular case). In the quasi-regular case,
we can take the quotient (S, B) of (X \ {z}, D\ {z}) by the C*-group (£) generated
by & in the sense of a Seifert C*-bundle, and we will denote by (X, D)/(£). More
precisely, assume & € %N , and we write

R=| P B&R.|=EEPr;.

k=0 \ (£,0)=k/1

Then we take S = Proj(@,_, R,). By [23, Section 4], m: X \ {z} — S is a
Seifert C*-bundle, with the quotient X \ {z} — (S, B1) where B; is the branch
divisor. Write D = >~ a;D;. Since each D; is C,,-invariant, D; is the pull back of
a divisor F; on S and the multiplicity of D; along 7*(F;) is denoted by m;. Define
By, =3, %EZ Let B = By + Ba. Then n*(Kgs + B) = (Kx + D)|x\{s} since
T (Kx + B1) = Kx\{a} (see [23, Corollary 41]) and 7*(B1) = D|x\ {2}

The quotient (S, B) is a log Fano variety, because we assume that (X, D) is klt
at x (see [23, 42] or [24, Lemma 3.1]).

Definition 2.14 (Test configuration). Let (X, D, &) be a log Fano cone singularity
with a torus group T action (see Definition 2.12). A T-equivariant test configuration
(or simply called a test configuration) of (X, D, &) is a quadruple (X, D, &p; n) with
amap 7 : (X, D) — C satisfying the following conditions:

(1) X is an affine variety and m: X — C is a flat family. D is a divisor on X
with Supp(D) not containing any component of a fiber of .

(2) 7 is a holomorphic vector field that generates a C*-action on (X, D) such
that 7w is C*-equivariant and 7,n = —t0;. As a consequence, there is an
isomorphism ¢: (X, D) x¢ C* = (X, D) x C*.

(3) The torus T acts on (X,D) fiberwise and commutes with the C*-action
generated by 7, and coincides with the action on the first factor when

¢
restricted to (X, D) x¢ C* = (X, D) x C*.

A test configuration (X, D, &y;n) is called a product one if there is a T-equivariant
isomorphism (X, D) = (X, D) x C and n = ny — t0; where 7 is a coweight vector
of T and t0; is the canonical lifting of ¢{9; on C through the second projection. In
this case, we will denote (X, D, &p; 1) by

(X X CaD X (C7§0777) = (XCaDCa€O§77)~

A normal test configuration (X, D,&y;n) is called Q-Gorenstein if Ky + D is
Q-Cartier.

According to Definition 2.14, a test configuration (X, D, &y;n) of the log Fano
cone (X, D, &) is a T := T x C*-equivariant degeneration of (X, D) where the C*-
action is generated by —n. If it is not a product test configuration, then its central
fibre Xy admits an effective T—action, whose Lie algebra is generated by the Lie
algebra of T and 7.
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ALGEBRAICITY OF THE METRIC TANGENT CONES 1183

Moreover if we assume X = Spec(R) and decompse R = @, R, into weight
spaces with respect to the fiberwise T-action, condition (1) in Definition 2.14 implies
that each weight piece R, is a flat C[t]-module. As a consequence X and X, have
the same weight cone and Reeb cone with respect to the fiberwise T-action. In
particular, &j is contained in the Reeb cone of Xy under the T-action.

Remark 2.15. Any test configuration can be T' x C*-equivariantly embedded into
CN x C (for N > 1) and our definition is the same as the definition given in
[8, Definition 5.1]. The choice of sign in the identity m.(n) = —t0; in Definition
2.14 is compatible with our later arguments and calculations.

Because K x+D is Q-Cartier, by the structure theory of T-varieties, there exists a
T x C*-equivariant nowhere-vanishing section s € |m(Kx+D)| (see [37, Proposition
4.4], and also [39, 2.7]). For any b € R and £ + bn € Ng @ R, define:

1 Legpys
A(g+by) = =2

3

where L¢ 1y, is the Lie derivative of s with respect to the vector field associated to
& + bn. Note that this is a linear function.

If (X,D,&);n) is any Q-Gorenstein test configuration of an n-dimensional log
Fano cone (X, D, &), we will denote:

T50 (77) — A(fO)n B A(n)fo

n

(2.7)

Definition 2.16 (Weakly special and special test configurations). In the notations
we used before, we define a weakly special test configuration (resp. special test
configuration) of (X, D, &) to be a Q-Gorenstein test configuration (X, D,&o;n)
with central fiber (Xo, D) satisfying that:

(X,D + Xp) has log canonical singularities (resp. (Xo, Do) has klt singu-
larities).
In this case, we say that (Xo, Dg) is a weakly special degeneration (resp. special
degeneration) of (X, D).

Note that by inversion of adjunction, being special implies being weakly special.

For simplicity, we will just say that (X, D) is a Q-Gorenstein (or weakly spe-
cial, special) test configuration if £, and 7 are clear. We also say that (X, D, &)
degenerates to (Xg, Dy, &) (or simply to (Xg, Dy)).

Test configuration and filtration. In [6, Section 2.5], a filtration viewpoint for test
configurations is developed. Here we will mainly work with data over the vertex of
the cone which brings more flexibility when applying the minimal model program.
In this section, we will discuss these ideas and modify them to fit into our context.

Lemma 2.17. Given a normal T-equivariant test configuration (X,D,&y;n) of
(X, D), we can find a Z-graded sequence of ideals {as} of R (see (2.4)) such that
(1) ap =R for k <0;
(2) ai is a homogeneous ideal for any k € Z: a, = @, ar N Ry, for any k € Z;
(3) the extended Rees algebra Rees := @5t *aj, satisfies Spec(Rees) = X.

Moreover, if n is in the Reeb cone of Xy with respect to T =T x C*, then ay, is
primary for k > 0.
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Proof. Recall by the definition of the test configuration, X = Spec(R) where R =
@ R, and each R, is a flat C[t]-module. For any f € O, we could denote by f its
pull back from the first factor of X x C*. Since X x¢ C* 2 X x C*, we could mimic
the construction in [6, Section 2.5] by defining a, = @, {f € Ra [t7"f € Ra},
and then we form the extended Rees algebra Rees = @, art™ . We claim
Rees is finitely genrated. In fact, by construction, we have the injective morphism
Rees — R. Conversely using the weight decomposition with respect to the C*-
action, any F' € R, is of the form )", t=k fi, for some {fx} C Ra. So we have
R = Rees, which in particular implies that Rees is finitely generated.

Since R is a flat C[t]-algebra, that means ag = R which implies that a;, = R
for £ < 0. This is the first property. The second property follows from that the
C*-action generated by 1 commutes with 7.

Finally, if n is in the Reeb cone, then (1, «) > 0 for any a € I'\{0} (see (2.4)).
Thus for any « # 0 and f € Ry, the order of f vanishing along (¢ = 0) is (n, @) > 0,
which implies for any k, f € a; for m > 0. |

Remark 2.18. Since the Reeb cone with respect to T is open, for any given test
configuration, one can always perturb & to be a rational Reeb vector &) € N& .
Our choice of the sign for n with m.(n) = —t0; means that the weight n on the
function ¢ has weight 1. For m > 1 sufficiently divisible, m&) + n is an integral
vector in the Reeb cone with respect to T = T x C*. See e.g. Example 2.19.

We give a way of obtaining test configurations using models. It generalizes the
construction of special test configurations via Kollar components as discussed in
[35, 2.2.1].

Example 2.19. First, we give an example from [36, Example 7.1.2] which will
illustrate the construction. We refer to [35, 2.2.1] for more general constructions.
Consider the 3-dimensional A, singularity

X={24+2+2+20"'=0}cC* with d>3.

Set D =10, & = Z?Zl(d + 1)2;0,, + 2240, which generates the natural C*-action
on X, and set the vertex to be z = (0,0,0,0). Then (X, &) is a log Fano cone.

Consider the filtered blow p : Y — X which is given by the strict transform of X
under the weighted blowup of C* with weights (2,2,2,1). The exceptional divisor
isgiven by E = {Z} + 723+ 73 =0} C P(2,2,2,1) ¥ P(1,1,1,1) = P3. We see that
E ~P(1,1,2) with the different Ap = 2D, where Do = {Z, =0} NE =P?NE.
Note that F is a Kollar component.

We can also consider the special test configuration given by

X = {(t; 21, 22, 23,24); 21 + 25 + 25 + 7320 =0} c C* x C,
and n = —t9; + 2 Zle 2;0, + 240, generates the C*-action
(7, (t; 21, 22, 23, 24)) (174, 7221, 7220, 7223, T24).

Since we assume d > 3, the central fibre Xo = {27 +22+22 = 0} C C* is isomorphic
to (C%/Zy) x C and admits a (C*)2-action generated by &, and 7. Note that 71|,
is in the Reeb cone of X with respect to (C*)? and

(B, Ap) = (Xo \ {0})/(C" = (n)).
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Moreover in this example the log Fano pair (E, Ag) admits an orbifold Kéhler-
Einstein metric and is hence K-polystable. So by [35,36,47], ordg is the unique

minimizer of volx ;.

Definition 2.20. Let (X, D, &) be a log Fano cone singularity. Let pu: Y — X
be a T-equivariant proper birational morphism from a normal model Y, which
is an isomorphism outside X \ {z} with a T-equivariant integral Weil divisor FE
supported on Ex(p) such that —E is ample. Denote by R := @, ., t=*by, where
by = 1 (Oy (=K E)).

Then (X, D,&p;n) is a test configuration associated to the model p : Y — X,
where X := Spec(R) and D is the cycle (with Q-coefficients) degeneration of D.
More precisely, if we write D = > a;D;, where D; are prime divisors with the
corresponding ideal Ip,, then we can define D; on X to be the divisor corresponding
to the ideal Zp, := @y (by N Ip,)t™* C R, and let D =" a;D;.

Conversely, starting with a normal test configuration (X, D, &y;n) and assuming
1 is in the Reeb cone of X, we take the primary ideals a; as in Lemma 2.17, and
then take the normalized filtered blow up (see [44, Chapter 1] for the definition)
w:Y — X induced by ae = {ay }rez with an exceptional divisor E.

Lemma 2.21. The above two constructions give equivalence between normal test
configurations (X, D, ;) with n in the Reeb cone and models pi: Y — X satisfying
the conditions in Definition 2.20. Moreover,

(1) (X,D,&o;m) is a special test configuration if and only if p:' Y — X yields
a Kolldr component; and
(2) (X,D,&o;n) is weakly special if and only if (Y, E + u; D) is log canonical.

Proof. If we start with a normal test configuration (X,D,&q;n), then we get a
graded sequence of primary ideals {ae} by Lemma 2.17. If we take the filtered
blow up of {a.} and get F as above, then we claim it is normal and the algebra
{br = p+(Oy (—kE))} is the same as the algebra @, _, a.

In fact, @, _,ar C @,_, b is a subalgebra, but the latter is integral over the
former. Thus it suffices to verify that the R-algebra @,_, aj is integrally closed.
Similar to the proof of [27, 9.6.6], this follows from the fact that to check whether
a function f is contained in aj suffices to only check it at the divisorial valuation
along the the special fiber Xy. More precisely, let the special fiber Xg = > m;E;
where E; are the prime divisors, then

a homogeneous element f € the normal closure EB ay
k=0
& f satisfies an equation f™ + a1 f™ 1t + -+ a,, = 0 with a; € a,

which implies the vanishing order of f along F; is at least km,; as the element in
a; have vanishing order along E; at least jm; by the definition. Then we conclude
f € ag.

If we start with a normal model p: Y — X and E as in Definition 2.20, then
D,._, bx is a normal algebra where by, = 11, (Oy (—kE)), then we can easily show the
Rees algebra P, c,, t~*by, is normal, thus the induced test configuration (X, D, £o; )
is normal. If we take the filtered blow up then Y = Proj(€p,_, bx) as —F is ample,
and the divisor Proj(€D,_, bx/brs+1) C Y yields E.
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To prove the second part of the statement, let v: AL C X corresponds to the
section of vertices. Consider the C*-action given by 7 in the data of the test
configuration, then (S = Projc Rees, B) is the base of the C*-quotient of (X' \
v(A}), D\ v(A})) as a Seifert bundle (see [23]), i.e., we remember the codimension
one orbifold structure and put it into B. Over the special fiber, we have

So = Proj @ ar/ary1 = Proj @ br/bri1 = E.
k=0 k=0

If (X,D+ Ap) is log canonical, then X, is reduced and (Xo, Dg) is semi-log-

canonical. Thus F = Sy is reduced and (S, By := Bl|s,) is semi-log-canonical.

Moreover, if we write Kg+ Dp = (Ky + E+u; ' D)|g, then Dp is sent to By under

the isomorphism between E and Sy. Thus by inversion of adjunction, (Y, E+pu; D)

is log canonical.

For the converse, assume (E,Dpg) is log canonical, it suffices to show that
bi/b1 = HO(E, Op(—kE)) for any positive integer k, as this implies that (Xq, Do)
is the orbifold cone over (F, Dg) induced by the ample (Q-Cartier) integral Weil di-
visor —E. First, since the test configuration is Q-Gorenstein, —Kp — Dg ~g AE|g
for some A > 0 . Therefore, E and Ky + E + u; ' D are anti-ample over X,

—(k+1)E=Ky +E+p;'D—(k+1)E - (Ky + E+u;'D).
We conclude that R'y.Oy (—(k + 1)E) = 0 by the Kawamata-Viehweg vanishing
theorem; then we can apply u. to the following exact sequence

If we specialize the argument to the plt case, we obtain that E is indeed a Kollar
component. O

Generalized Futaki invariants and K-stability. We define the generalized Futaki
invariant for Q-Gorenstein test configuration using the volume function. One can
easily show this definition is the same as the one in [8]. However, the formula in
Definition 2.22 is more convenient to use for the current paper.

Definition 2.22 (Generalized Futaki invariant). For any Q-Gorenstein test con-
figuration (X, D, &y;n) of (X, D, &) with the central fibre denoted by (Xo, Do, &),
its generalized Futaki invariant is defined as

Dr, volx, (&)
Fut(X, D, &o;n) 1= ng((jl)x (50; 7
0

where we used Tg, (1) in (2.7) and the directional derivative

d
Dr, (n) volx, (§0) = P volx, (&0 + €Te, (1))-
e=0

Since generalized Futaki invariant defined above only depends on the data on the
central fiber, we will also denote it by Fut(Xo, Do, &o;7)-

Next, we will introduce the notions of K-stability. We note that in the definition,
we only look at special test configurations, in the spirit of [43].

Definition 2.23 (K-stability). We say that (X, D, &) is K-semistable; if for any

special test configuration (X, D, &y;n), we have Fut(X, D, £y;n) is nonnegative.
We say that (X, D, &) is K-polystable, if it is K-semistable, and any special test

configuration (X, D, &o;n) with Fut(X, D, ;1) = 0 is a product test configuration.
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If (X, D, &o;n) is a special test configuration, we know A(§) = A(x,, p,)(Wtg,) >
0. Then we see the following identity holds:

d — 1
(28) DTso (n) VOIXO (50) = & o VOlXo (Wt50+67]) ’ W’

where we use the rescaling invariance of the normalized volume and A(&y) = A(&+
t-Te, (1)) for t < 1 (see (2.7)) As a consequence, we can rewrite the Futaki invariant
of a special test configuration in the following way:

1

(o)™~ - volx, (§0)

This shows that it differs from the one in [35, Definition 2.26] by a positive constant.
It also differs from Collins-Székelyhidi’s definition by a constant.

(2.9) Fut(X, D, £o;n) := D,volx, (wte, ) - —

Remark 2.24. Obviously to define the K-stability notions, we can also consider
more general test configurations than the special ones. In [34] we proved that for
the K-stability of log Fano varieties, to test on all test configurations is equivalent
to only test on special test configurations.

For log Fano cone singularities, results like [34] are not completely known. Never-
theless, later in this paper, we have to deal with weakly special test configurations,
as they will naturally appear in our argument. Thus we need to prove a statement
(see Proposition 4.3) similar to [34, Theorem 4], which says that for log Fano cone
singularities, our definition of K-semistability is also equivalent to test on all weakly
special test configurations.

Compared to the other literatures, all test configurations are considered in [8],
whereas in [9,35] K-stability notions are only tested on special test configurations.

We will need the following simple fact, which follows from the definition of the
generalized Futaki invariant applied to product test configurations:

Lemma 2.25. Assume that the log Fano cone (X, D,&y) admits a torus action by
T' = (C*)" that commutes with (&). Let N’ be the coweight lattice of T'. Then
the function

n — Fut(Xc, D¢, {03 1)

is linear with respect to n € Ng.

Log Fano varieties. In the below, we will specialize previous definitions to the case
of quasi-regular log Fano cones, which correspond to Fano projective varieties.

Definition 2.26. Assume (S, B) is a log Fano variety. A test configuration of
(S,B,—(Kgs + B)) is a quadruple (S,B,L;n) with a map 7 : (S,B) — C that
satisfies the following conditions:

(1) £ is a m-ample Q-line bundle and 7: § — C is a flat family and Supp(B)
does not contain any component of the fiber. We denote the central fiber
by (So, Bos Lo)-

(2) There is a C*-action (with coweight n) on (S,B) such that 7 is C*-
equivariant where C* acts on the base C by multiplication and there is a
C*-equivariant isomorphism ¢ : (S, B, L) x¢c C* = (S, B, —(Kgs+ B)) x C*,
where C*-trivially acts on the first factor of (S, B, —(Kgs + B)) x C*.

Most of the time, as in the literature, we omit 7 in the quadruple and simply denote
the test configuration by (S, B, £).
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Such a test configuration is called Q-Gorenstein if S is normal,
Ks+ B is Q-Cartier and £ ~g —(Ks + B).

In this case, we usually just write the test configuration as (S, B;n) or simply as
(S8,B).

A Q-Gorenstein test configuration is called special if (Sp, By) is a log Fano pair
with kit singularities. In this case, we say that (S, Bp) is a special degeneration of
(S, B).

A test configuration (S, B, £;n) is called a product one if there is an isomorphism

(§,B,£)=(5,B,—(Ks+ B)) xC such that n = ny + t0;

where 79 is a coweight vector on some torus group 7" acting on (S, B) and t0; is the
coweight corresponding to the C* factor. In this case, we will denote (S, B, L;n)
simply by (Sc, Be;n).

For a test configuration of a log Fano variety, by trivially adding a copy over
{o0}, we can take the intersection formula (see [41,45]) of the generalized Futaki
invariant as the definition. More precisely, for any test configuration of (S, B), we
can glue it with a trivial family of (S, B) x P1\ {0} along (S, B) x C* to get (S, B)
over P! and denote by £ ~g —(Kg/p + B).

Definition 2.27 (Generalized Futaki invariants). For any Q-Gorenstein test con-
figuration (S, B, L;n) of (S, B), we define the generalized Futaki invariant

Ln
Fut(S, B;n) i= — where n = dim S + 1.
By the intersection formula (see [41,45]), Definition 2.27 of the generalized Futaki
invariants coincides with the one in [12].

Definition 2.28 (K-stability, see [12,34,43]). We say that (S, B) is K-semistable,
if the generalized Futaki invariant Fut(S, B;7) is nonnegative for any special test
configurations. We say that (5, B) is K-polystable, if it is K-semistable, and any
special test configuration (S,B,L;n) with Fut(S,B,L;n) = 0 is a product test
configuration.

Remark 2.29. We choose to work specifically on Q-Gorenstein test configurations
(8, B, L), since it fits into our study on log Fano cones. By [34], we know for a log
Fano variety, working on this intermediate generality of test configurations yields
the same stability notions as working either only on special test configurations or
on all test configurations.

Given a Q-Gorenstein test configuration (S, B, L;n), by choosing A such that
A(Ks + B) is Cartier, we can get a Q-Gorenstein test configuration (X, D, &y;n) of
(X,D) := C(S,B,—\(Ks + B)) by letting (X,D) = C(S,B;—\L), & = ud, the
canonical rescaling vector on X where u is an affine coordinate on the line bundle
AL, and letting n also denote its canonical lifting from S to X that corresponds to
the pull back of pluri-log-canonical forms (see [29, Page 3186-3187].

Lemma 2.30 (see [8, Theorem 4] and [29, Lemma 6.20]). Notations as above. If
(S8, B;n) is a Q-Gorenstein test configuration, then

Fut(S, B;n) = Fut(X, D, &3 ).
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Proof. With the above choice of &, A(&) = A™!. Since 7 is the canonical lifting,
we have A(n) = 0 so that T¢, () = Alo) y — AT—:ln (see (2.7)). So we get:

n
AL dvoly, (& + tn)
n

Dy Vol (&0) = =
t=0
W, /\n—1£_~n

1 ’

n

=17 i
m—>too m™/(n — 1)
where w,, is the weight of the (n) action on H°(Sy, —mA(Ks, + Bo)). The sec-
ond identity follows from [8, Theorem 4] (see also the calculation in [29, Proof of
Lemma 6.20]). For the last identity, see [6, Theorem 5.3]. Dividing both sides by
volx, (£9) = A" (—(Kg + B)) ™! we get the identity. O

Lemma 2.30 says that the definition 2.27 is compatible with the generalized Fu-
taki invariants for log Fano cones in Definition 2.22. Thus Definition 2.23 specializes
to Definition 2.28. It is well known that if we have a product test configuration
induced by a vector field coming from a C*-action on (S, B), then the generalized
Futaki invariant defined above becomes the classical Futaki invariant. It also follows
from Lemma 2.25 that

Lemma 2.31. Assume a log Fano variety (S, B) admits a torus action by T =
(C*)". Let N be the coweight lattice of T. Then the Futaki invariant n — Fut(S x
C, B x C;n) is linear with respect to n € Ng.

3. CASE OF LOG FANO PAIRS

In this section, we will focus on the stability of log Fano pairs. More concretely
we will construct a common degeneration of two K-semistable degenerations of
a log Fano variety, as well as investigate the equivariant K-stability for a torus
action. Even in this case of log Fano varieties, we find it more flexible to work
on the associated log Fano cones in order to use a combination of techniques from
the minimal model program and results on normalized volumes. The study will be
generalized to log Fano cones later. However, we believe that treating the case of
log Fano pairs first will help the reader to more easily get the main idea.

3.1. K-semistable degeneration of K-semistable log Fano pair. We will
need the following lemma which allows us to reduce a two-step equivariant de-
generation to a single equivariant degeneration. The idea of its proof is similar to
the one used in [36, Section 6]. In fact, the proof is a mimic of the argument in the
classical GIT situation, but replacing Kempf’s instability theorem [22, Corollary
4.5] by [36, Theorem 1.4].

Lemma 3.1. Let (S,B,n) be a special test configuration of a K-semistable log
Fano variety (S, B) with central fiber (So, Bo). Suppose that Fut(S,B) = 0. Then
(So, Bo) is a K-semistable log Fano variety.

Proof. By [36, Theorem EJ, if a log Fano pair admits a torus action, then to test its
K-semistability it suffices to consider torus equivariant test configurations. There-
fore, if (So, Bp) is not K-semistable, then there is an equivariant special test con-
figuration (S’,B’) := (S',B’,n') with respect to the C*-action corresponding to n
such that

Fut(S',B',7") < 0.
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We denote by (S{, Bj) the central fiber of (S',B',1/).

We can assume (S, B) (resp. (8’,8')) is C*-equivariantly embedded into PV x
Cx {0} (resp. PV x {0} x C). By abuse of notations, we denote 7 : C* — SL(N +1)
(resp. 7' : C* — SL(N + 1)) to be the 1-parameter subgroup (1-PS) generated by
7 (resp. n’). Then n commutes with 7, or equivalently [n,n'] = 0. Let ©® = mB
for some sufficiently divisible positive integer m such that © is integral.

(3.1)
Hilb(S, ©) € HY'"? := {(Hilb(S), Hilb(0)) € Hilb(P", P) x Hilb(P",p) | © ¢ S ¢ PV}

where P(k) = h°(Os(k)) and p(k) = h°(Oe(k)) for k > 1 are the Hilbert polyno-
mials for (S,0) C PV x PV, The SL(N + 1)-action on P induces an action on
HN-PP, We then have the following convergence:

Hilb(Sp, ©5) = lim (t) - Hilb(S, ©).

We remark Oy := mBy is not necessarily the same as the scheme ©f due to the
possible appearance of embedded points on ©F. However, we have the inclusion of
the ideal sheaves Igx C Ig,, with the support of the cokernel being of codimension
at least two on Sp. We can similarly define p’(k) = h%(Og,(k)) and have the
following convergence:

Hilb (S, ©f) = lim 7' (£) - Hilb(So, ©o) < HN-Pr
—

Hilb(S(, ©F°) = }in(l) 7' (t) - Hilb(Sy, ©F) ¢ HN-PP,
—

Therefore, we have the inclusion of the ideal sheaves Ig;» C Iy, and the codimen-
sion of the support of the cokernel is at least two on Sj).

Our goal now is to construct a new test configuration (S”,B") of (S, B) with a
special fiber (S}, Bj)) such that Fut(S”,B"”) < 0, contradicting to our assumption
that (S, B) is K-semistable.

Notice that the action of C* x C* 22 () x (n’) < SL(N + 1)? on HM"? induces
a C* x C*-equivariant map

p: C*xC" —— HN-Pp

(3-2) 1) —  (n,n)-Hilb(S,0)

which may be regarded as a rational map ¢ : P! x P! -—s» HV-PP. By extending ¢
to the closure the its graph:
é
(P! x PY) x HV-PP 5 G := graph(¢) ——— HV- PP,
we obtain the following diagram
(3.3) g

T [ HN’P’p

C*— 5 C"xC'——Pl x Pl - = >

\/

(n,n")-Hilb(S,0)
where f is a (C* x C*)-equivariant blow-up, ¢(0,0) = Hilb(S}, ©F°) and

7: C* — C*xC*

(34) t — (tk,t)
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is a 1-PS with k£ > 1 and 7 its lift. Then 7 satisfies
b o7(0) = lim b o7(t) = ¢(0,0) = Hilb(S}), OF).
—

Let (S”,0”) be the flat family obtained by pulling pack the universal family
(ST pHIP) — HN-PP via 7, and let B” := -LO”. Then (S”,B") is a special test
configuration and we have

Fut(S”,B") = Fut(S), Bi;kn+1')
= Fut(Sg, By; kn) + Fut(So, By n')
= Fut(So, Bo; kn) + Fut(Sy, B ')
= k-Fut(S,B) + Fut(S',B')
= 0+ Fut(S',B) <0,
where we used the linearity of the Futaki invariant (cf. Lemma 2.31) in the second

identity. Hence (S”,B") is the test configuration we are looking for and our proof
is completed. O

3.2. Common degenerations of log Fano pairs.

3.2.1. A common degeneration result and outline of proof. The main technical the-
orem of this section is the following.

Theorem 3.2. Let (S, B) be an (n—1)-dimensional K-semistable log Fano variety.
If there are special test configurations (S, B®) (i = 1,2) of (S, B) with central
fibers (Sél),Bél)) and (862),3(82)) such that Fut(S®W, B") = 0, then there are two
special test configurations (S’ B'W) of (S(()i),B(()i)) with isomorphic central log
Fano fibers (S}, BY) such that Fut(S'®, B/ = 0.

We remark that Theorem 3.2 should be regarded as an analogy of a corresponding
statement in classical geometric invariant theory (GIT) (see e.g. [40, Theorem 3.5]).
As an immediate consequence we have the following;:

Corollary 3.3. In the above notion, if we assume further that (Sél),Bél)) is K-
polystable, then there is a special test configuration of (Séz), B(()Q)) with generalized
Futaki invariant 0 and central fiber isomorphic to (S((,l), Bél)).

To make our proof of Theorem 3.2 in 3.2.2 more accessible, we first give an
outline of the argument. We will use notations introduced in previous sections.

Motivated by the works in [29,32,36], we consider the normalized volume func-
tion @(X,D,z) (+) defined on the valuation space Valx , over the vertex x of the cone
(X,D) = C(S, B; —\(Kgs + B)) for a sufficiently divisible A > 0. Then (S), B1))
determines a “ray” of valuations, temporarily denoted by {we}o<c«1, emanating
from the canonical valuation wy = ordg (S also denotes the divisor obtained by
blowing up the vertex). Indeed, by Lemma 3.4, when k > 1, wy,;, = ay - ordg,,
where a;, > 0 and Ej, is a Kollar component over (X, D, z) (see Lemma 3.4). More-
over we know that the generalized Futaki invariant Fut(S(™), B1) is the derivative
of the normalized volume at wq along this ray.

By taking cones similar as before, {(S®,B(")},_; 5 induce special degenera-
tions of (X, D), which will be denoted by {(X® D®)},_; 5. Note that Ej x C*
determines a divisorial valuation over X x C* and hence over (X, D®). As we
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mentioned in the introduction, our main goal is to construct a model y,f) - Xx®
with a (prime) exceptional divisor 5,22) given by Fj x C*, such that it satisfies
(y,gz), 5,22)) xc C* = (Yy, E) x C*, where the isomorphism is compatible with the
equivariant isomorphism of the second special test configuration. Based on the re-
sults from the minimal model program (MMP) (see [3]), this would be true if we
could find a graded sequence of ideals 2, and a positive real number ¢ such that
the following two conditions are simultaneously satisfied:

(%) (X, D? 4 a,)isklt and A(E, x C; X2 D 4 ¢al,) <1,

where A(Ej,xC; X2 D@ 1¢,2,) is the log discrepancy of (the birational transform
of) Ey x C with respect to the triple (X, D + ¢, 2,). Note that this way of
applying MMP is also a major ingredient in the study of some related problems in
[4,35,36] .

To construct such a graded sequence 2, of ideals, we look at the graded sequence
of valuation ideals {ae} of ordg, and its equivariant degeneration along the second
special test configuration (X @), D(Q)). The resulting graded sequence of ideals over
X®?) will be denoted by 2,. We claim for k > 1, 2, is exactly what we are looking
for. Indeed, as we will show (see Claim 3.6), the assumptions that (5, B) is K-
semistable and Fut(S™M), B(!)) = 0 guarantee the existence of ¢} satisfying the two
conditions in (%¢). This is possible thanks to the interaction between K-semistability
and minimization of normalized volumes/normalized multiplicities.

Applying the relative Rees algebra construction to 5,22) C y,f” /C, and then
taking a quotient by the natural rescaling C*-action, one can obtain a family over
C?, whose restriction to C x {t} for t # 0 is the same as (S, B(")) and it gives a
degeneration of (Sél), Bél)) when restricted to C x {0}. On the other hand, over

{0} x C, one get a degeneration of (S(()2), Béz)). Therefore, we obtain that the two
log Fano varieties (Sél), Bél)) (i = 1,2), which are special fibers of the two special
test configurations (S, BM) (i = 1,2) with Fut(S®,B®) = 0 (i = 1,2), indeed

admit degenerations with isomorphic special fibers (see Theorem 3.2).

3.2.2. Proof of Theorem 3.2. As (S, B®) (i = 1,2) are special test configurations,
(Sél),Bél)) and (562),3(()2)) are log Fano varieties. Consider the cone (X, D) =
C(S, B; —A(Ks + B)) over § and similarly (X\”, D) = c(s{”, B{": “AE g0 +
Béi)))(i = 1,2) for some sufficiently divisble A\. Denote the corresponding degen-
eration of X to Xéi) over C to be X then we get special test configurations
(X® DO &) of (X, D, &), where D is the cone over B*) and & is from the
natural C*-action on the cone.

From [6, Definition 4.4], we know that the central fiber Sél) of the special de-
generation S induces a valuation w’ := ¢ - ordp for some divisor F over S. Let
ordg denote the canonical divisorial valuation associated to the exceptional di-
visor, which is isomorphic to S, obtained by blowing up the vertex z. Assume
2 S — S is a birational morphism such that the divisor F is on S and (S, F) is log
smooth. Let X — X be the resolution given by the total space of the line bundle
of u*(\(~Kx — B)) over S. Then following [29, Page 3181-3182], we denote by
ay = —)\(A(SyB)XC(Sél)) — 1) and let w,. be the quasi-monomial valuation on the
model (X, S + F) with weight (1 + eay, eq) with respect to S and the pull back F
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of F by X — S (see [29, Definition 6.12]). We choose €* such that 1+ ea; > 0 for
any € € [0,€*). Then w, is centered at the vertex = of X. By [29, Proposition 6.16],
we have the identity:

(35) A(X,D)(vk) = kA(X7D)(w1/k) =k- A(X,D)(Ords) =k

For N> k> 1, let vy = k-wy ;. Then vy = d-ordg, is a multiple of a divisorial
valuation ordg, for some d € Z. As a valuation, we can describe vy explicitly as
follows (see [29, (57)]). For any f € H°(S,—mA(Kgs + B)),

(3.6) v (f) :km+ordsél>(f),
where f is the meromorphic section of m£ — S obtained by pulling back f via the
map

(S\SSV,mL) = (S x C*,m-piL) 2 (S, mL).
Note that vj, can also be defined as the restriction of Wtye,—, from C(X™1) to
C(X) by using the C*-equivariant isomorphism X(l)\Xél) >~ X x C* (see [29, page
3184-3185]).

Lemma 3.4. Notations as above, for k> 1, the divisor Ey corresponding to vy is
a Kolldr component with an associated model Y, — (X, D). Moreover, the special
test configuration (XM, DM is given by the special test configuration associated to
E}, (in the sense of Definition 2.20) up to a base change. In particular (S, BM)
can be recovered by the model Ey, — Yy, — (X, D).

Proof. For simplicity, we denote L = —A(Kg + B). By [6, Proposition 2.15] (see
also Lemma 2.17), we know that XM is given by

Speccy @ @t*j}"jHo(S,mL) =: Spec(c[t](R(l))

meN \ jEZ
where F7H(S, mL) is given by:
FIHY(S,mL) = {s € H*(S,mL) |t /s € H*(S,mL)}.

Therefore Xél) is isomorphic to

Spec @(@fjHO(S,mL)/}"jHHO(S,mL)> ,

JEN \meN
and the (C*)2-action on X(gl) is induced by the two gradings. B
On the other hand, f € F/H°(S,mA(—Ks — B)) if and only if ordg)(f) > j
0
which by [29, (57)] is equivalent to

ve(f) = mk—i—ords((]l)(f) >mk+j.
In other words, the valuation ideal a,(vg) of vy = d - ordg, is determined by:
f e H°(S,m\(—Kgs — B))Nay(vg) if and only if f € FP~"™ H°(S,mA\(—~Kgs — B)).
Since v, € Valx , is C*-invariant, we have the identity:

gr,,R= P P F " H (S, mL)/FrH " HO(S,mL).

pedZ m
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Let E% =&y — %77. For an element
fe FHYS,mL)/F T H(S,mL),
its weight vector is v = (m, —j) and (§1, ) =m + L. Thus
Proj(gtpa,, ) = Proj(er,, )

is the quotient of Xél) by the C*-action generated by 5% (see Definition 2.13). So
we have: (Fy, Bg) := ((X(gl), D(()l)) \ {x(l)})/<§%> (where (1) is the vertex and By,
includes the orbifold locus) and Ej can be extracted over X. Since (Xél),D((Jl))
has klt singularities, (Ey, By) is a log Fano variety which has klt singularities and

hence is a Kollar component over X by the inversion of adjunction.
To see that last statement, note that we can rewrite R(!) as:

RL = @ @ t ™ g (vr) N HO(S,mL),

j€Z meN

@ @ t7PT™R g (vp) N HO(S, mL),

pEZ meN

which is isomorphic to the extended Rees algebra of ae(vg):

(3.7) P Pt Pap(vx) N H(S,mL) = @t Pay(vx).

pEZ meN PEZ

Indeed, it is easy to verify that the map ¢t =P+™* f s ¢ =P f for any f € a,NH°(S,mL)
is an isomorphism of the two algebras. On the other hand, the extended Rees
algebra of ordg, is given by:

@u‘qaq(ordEk) = @ u”day,(vg).

qE€L pEdZ

From this we see that X(1) = ) X¢,1t¢ C where Y is the test configuration asso-
ciated to ordg, in the sense of Definition 2.20. O

In the proof of Lemma 3.4, there is a rank 2 torus (C*)? acting on Xél), such
that if we let & be the coweight vector (1,0), then Xél)/<§0> = S’él), and the action
by the coweight (0, 1) is induced by the action on Sél) from the test configurational
SM structure. We construct a ray & = & — en, where 7 corresponds the action
with coweight (0,1). Then any & gives a quasi-monomial valuation wt. on Xél)
(see (2.6)). Moreover, for € € [0,€"), it also induces a sequence of quasi-monomial
valuations w, in X which is contained in Valy , (see [35, Proof of Theorem 3.5]).
Our proof in Lemma 3.4 just gives a verification of the divisorial valuation, which
can be easily extended to the general case.

Furthermore, as proved in [29, Lemma 6.20] or [35, Section 2.4], if we define
fle) = ;(;l(wg)7 then it is a smooth convex function on [0, €*) with 0 < €* <« 1 such
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that f(0) = vol(v) and

FO) = vl

€

= “voly, (wt.)
e=0 de ’ ‘ e=0

de|_ volxa(6o = en)

— O Fut(X®, D, g p),
where the last identity follows from (2.9) and the constant
C =n-Ax,(wtg)" ! - vol(&) > 0.
Lemma 3.5. For k sufficiently large, the model Y, — X extracting E, can be

degenerated along X to obtain a model  : y,i” — X®@ over C with an exceptional
divisor &, such that the following properties hold true:

(1) There is the following isomorphism which is equivariant with respect to the
C*-action generated by n? :
VP £P)) xc C* 2 (Y, Ex) x C*.

(2) (y,f’, py D@ 4 5,9) + (y,f))t) is log canonical for any t € C (i.e., in the
terminology of [25, Definition 2.2], (32122),#*_11)(2) + 5,22)) a locally stable
family over Al).

Proof. For a fixed sufficiently large k, denote by I) the m-primary ideal over z €
X induced by Ej which is the push forward of O(—mE}) for a fixed sufficiently
divisible m. Let

e = let(Iy; X, D) =: let(Ig)
be its log canonical threshold. Then because Fy is a Kollar component, we have:

f (%) = @(ordEk) = mult(ly) - ci.

Note that because of the rescaling invariance of the normalized multiplicities
mult(Iy)-let”™ (I), we can replace I, by its powers and the normalized multiplicities
do not change, so we do not specifically denote m.

Since f/(0) = C - Fut(X™M, DM &:n) = 0, we have

((3)-r0-0(t)

Fix k, for each [ > 1, as in [36, Lemma 4.1], we can construct a graded sequence
of ideals 2, = {A;} on X@ such that

A @cpyy Clt 1Y = I[t,t71] and 2 @y (C[1]/ (1)) = in(I}),
where {in(I})} is the graded sequence of ideals consisting of initial ideals of the

sequence {1}, for the C*-degeneration of X to X(g2). To simplify the notations, we
just denote

br,e = {bx, 21 = {in(I})}.
Claim 3.6. For any ¢ > 0, we can find k sufficiently large and § sufficiently small
satisfying:
(38)  A(EuX,D+dI)<e/2 and ¢ <lct(bye: X3P, D)
with ¢} == ¢x(1 —9).
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Proof of Claim 3.6. To prove the claim, we first note that, by using A(Fx, X, D +
crly) = 0 and identity (3.5):

A(Ek,X,D + (1 — 5)Ckfk) = 5 . A(X,D)(Ek) = 5 . k . A(X,D)(OrdS)~

On the other hand, since (X(gz)7 DéQ)) is K-semistable by Lemma 3.1, we know that
£(0) = vol(z(?), X(gz), D(()Q)) (see Theorem 2.5), where 2(?) is the vertex. Therefore,

£(0) It (bg.e; X3, D)™ - mult(by,o)

<
< ¢ -mult(ly)

() =r0+0 ().

where we have used Proposition 2.4 for the first inequality, and the non-increasing
of log canonical thresholds under specialization as well as mult(by o) = mult(l}) for
the second inequality.

We get the inequality:

lct(bk., x$? iy ( )1/"

Since (1 + O(%))1 is also of the order (1 + (%)) for any fixed €, there exists
Ky > 0 such that for any & > K,

FO) N ¢
(f(l/k)> =1 4k - Ax p(ordg)’

Now if we choose ¢ to be:
€

d= ,
2k - A(X,D) (ordg)

then ¢, = (1 —9) - cx < lct(byo; X(gz), D(()Q)) and
(39) A(Ek,X,D+(1—5)Cka) 26/2.

We may assume e is less than 1. It follows from Claim 3.6 that

(3.10)

A(Bp x C;X® D@ 4 21, < ¢/2 and ¢ <let(Ae; X DA 4 x Py,
where we used the inversion of adjunction for the second inequality. We can then
apply [3, Corollary 1.4.3] to precisely extract an irreducible divisor EliQ) to obtain
a birational morphism p: y,?) — X@) whose restriction over X x C* is the divisor
FE x C* and —éf) is ample over X2,

Moreover, as (y,‘f), p D 4 (1 - 6)5,52) + Y0(2)) is log canonical, by ACC of log
canonical thresholds ([16, Theorem 1.1]), we may choose € to be sufficiently small
and independent of k such that (y(”, p DR 4+ 5 —|— YO(Q)) is log canonical. O

There is a C* x C* = (&) x (n®)-action on Xé2). Note that [£9,7?] = 0. The
ideals {by ¢} is (C*)?-equivariant. In fact, by definition it is clearly equivariant with
respect to (n(Q)). It is also equivariant with respect to the first factor because Ej
is (£o)-invariant and X'?) is (£y)-equivariant.
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(3.11)
(x@ D@y Y@, )
(x$?, DP )< (X, D)<—— Y« Ei
~ A —~ - -
s p2) £
(8§, BE) S~ (s, By
('@ D@5 (73,52 (sW.5MW) (x® DMy gy =Ey xal

1 1
(5, Bh) <~ (s(() ),Bé >)
_ 7 (5/(1),3/(1)) Y\

> ~
— ~

(X0, D{))W\(/W (X, DY) <Yy 0 < Ey.

Now we apply the family version of the construction first introduced in [36,
Section 2.4], to conclude that the model y,ﬁ” — X with relative anti-ample 5,22)
over X yields a degeneration of X?) which gives a family (¥,D) over C2, whose
restriction over (C*)? C C? is isomorphic to (X, D) x (C*)2. More precisely, if we
assume X2 = Specg(,(R?) and define the extended Rees algebra:

(3.12) R = @ apm(ordg, )s™™ c RP[s, 571,
MmEZL

where as before a,,(ordg, ) = {f € R®, ordg, (f) > m}. Then X = Speccy, 5 (R)
and D is the divisor on X induced by D). Using the fact that (y]iQ)?u;lD(?) +
5,52) + (y,?))t) is log canonical for any ¢t € C (see Lemma 3.5.2), we know that
(X, 4+ X xc2 ({t} x C)) xc2 (C x {0}) is log canonical (see Lemma 2.21).

Using the basic property of the Rees algebra (see e.g. [36, Section 4.1]), we see
that

(%,D) 2 (C x {1}) = (x® DAy,
Moreover, we claim that:
(%,D) xc2 ({1} x C) = (¥, D),

This holds true if the morphism a,,(ords,) = w.O(—mé&;) — an(ordg,) =
(uly, )«O(=mEy) is surjective which follows from the vanishing R' .. (=m&) = 0.

The restrictions of (X,D) over the two axes C x {0} and {0} x C respectively
give test configurations (Xél),D(()l)) and (XéQ),D((f)) with the same central fiber
(X(, Djy). We know these two test configurations are indeed weakly special because
(2,9 + X xc2 ({0} x ©) xex (€ x {0}).

The (£p)-action on (X, D) extends naturally to (X, D) over C2. Moreover, Kx+®
is Q-Cartier and admits a (C*)2-equivariant nowhere-vanishing section s € |m(Kx+
®)|. Then we can take the quotient of the action (X,D) by the (£)-action to get a
pair (&, B). Its restrictions over the two axes C x {0} and {0} x C respectively give
test configurations (Sél), B(()l)) and (552), Béz)) with the same central fiber (Sg, By).
Because the generalized Futaki invariants are defined by the intersection numbers,
we know the generalized Futaki invariant of the test configuration (&, B) xcz (C x

{0}) degenerating (S(gl),B((Jl)) to (S5, BY) is 0 since the nearby fibers (S, B) x¢2
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(C x {t}) (t # 0) all have generalized Futaki invariants 0, and the same is true for
the test configuration (&, B) X2 ({0} x C) degenerating (S(gz), B(()Q)) to (5S4, BY)-
Then the central fiber (S}, By) will automatically be a log Fano variety since
otherwise it follows from [34, Theorem 7] that we can construct a special test con-
figuration of (Sél), B(()l)) with a strictly negative Futaki invariant, which contradicts
to the K-semistability of (S(gl), B(()l)) by Lemma 3.1.
Thus this completes the proof of Theorem 3.2.

3.2.3. Application to torus-equivariant K-polystability.

Lemma 3.7. Assume (S,B) is an (n — 1)-dimensional K-semistable log Fano
pair. Let (S,B) be a special test configuration with central fibre (Sy, By) such that
Fut(S,B) = 0. If S admits a torus Ts = (C*)4~1-action, then (S, B) and (So, Bo)
admit a common K-semistable degeneration (S1, By) with a Ts x C* = (C*)%-action,
which extends the Ts-action on (S, B) as well the C*-action on (S, Bo).

Proof. By Lemma 3.1, we know (Sy, Bg) is K-semistable. Fix a sufficiently divisible
A. By Lemma 3.4, for k > 1, the special degeneration induces a Kollar component
FE}. over the cone

Ey —-Y, — (X, D) = C(S,B; —/\(KS + B))

The cone (X, D) admits a T = Tg x C*-action, where the first factor Tg-action is
induced from the Tg-action on (5, B) and the second factor C*-action comes from
the natural rescaling on the cone (X, D).

Consider the valuation ideal I = a,,(ordg, ) for m > 1, and its equivariant
degeneration {by ;}; of {I}} on the fiber of X¢a := X x C? over 0 € C? with respect

the T-action given by by ;. That is to say, by is a T-equivariant ideal on X¢a which

is flat over C?, whose restriction over in 1 = (1,...,1) € (C*)? c C?is I, and over
0€ C%is byy.

Then as before, we know there is a smooth function f on [0, €*) with 0 < ¢* < 1
such that

k
Then by exactly the same argument as in Claim 3.6, we know that for any € > 0,
we can pick k> 1 and ¢), such that

A(Eg, X, D + ¢, 1)) < ¢ and ¢ < let(bg,e; Xo, Do).

! (1) = mult(ly) -let(Zy)"  and  f'(0) =0.

Therefore, we can construct a T-equivariant birational model pg: Vi — Xca
which over 1 yields Y — X, and Ex(uq) = € is an irreducible divisor which is
anti-ample over X¢a. For any point ¢t € C%, we can find the coordinate hyperplanes
Hy, ..., H; passing through ¢t. By inversion of adjunction, (Xca, Dca + Zle H; +
- ﬂ;) is log canonical, which implies that (Vy, € + puy ' Dea + p* Z?Zl H,) is log
canonical by ACC of log canonical thresholds (see [16]) as before. This implies
that for any t+ € C? any component of the fiber ()); is of dimension dim(X)
by [11, Proposition 39] as it is contained in p* Zle H;. Moreover, (Vi) — X
is birational, since if ()x); has another component, then it is contained in E and
w* Z?Zl H;, thus violates [11, Proposition 39] again.

Denote by a; = pq,, Oy, (—i€). For any j € N, we have an exact sequence

0= Oy (—(i+1)€) = Oy, (—i€) - Q; = 0
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for a sheaf @); supported on €. Since £ is Q-Cartier, we know @; is Cohen-Macaulay
(see [26, Proof of Proposition 5.26]); thus it is flat over C? as it is equi-dimensional.
By the vanishing theorem, we can pushforward the above exact sequence by g to
get

0— ajr1 — a; = pg, (Q;) — 0.

Since for any t € C*, R7(114)+,(Q;): = 0 for any j > 0, by base change theorem (see
e.g. [17, Theorem III.12.11]), this implies

pa(Qi) ® k(t) = pa,(Qi © k(t) = (na)e, (—i&) /(1a)e, (= (0 + 1)E)

and we inductively get a; ® k(t) = (1a)t,Oy,), (—i&) for all i € N. Then we
can take the relative extended k[t1, ..., t4)-Rees algebra @, ., a; - t*, which yields
T-equivariant family X441 over CT1. The above discussion says the construction
commutes with any base change, i.e. for a any t € C?, if we consider the base change
Xgr1 Xea+1 ({t} x C), we get exactly the degeneration induced by (Vi) — X. In
particular, we can choose (X1, D1) to be the fiber over 0 € C4*! and (51, By) is
its C*-quotient. And (S, By) is K-semistable, since it is a special degeneration of
(S, B) with generalized Futaki invariant 0. (]

3.3. Proof of main results for log Fano pairs.

Proof of Theorem 1.3. Given a K-semistable log Fano pair (S(®, B©)) := (S, B).
If it is not K-polystable, then by [34] we know it has special degenerations to log
Fano pairs which are not isomorphic to (S, B), with generalized Futaki invariant 0.
Let (SP, BP) be a log Fano pair, which among all possible special degenerations of
(S, B) admits a faithful torus action of the maximal dimension. We claim (S?, BP)
is K-polystable. If this is not true, by Lemma 3.7, (SP, BP) has a K-semistable
degeneration (S, BM) which admits a faithful torus action of a larger dimen-
sion. However, by the proof of Lemma 3.1, we can indeed degenerate (S, B) to
(SM . BM) which is a contradiction.

The uniqueness directly follows from Theorem 3.2, as any test configuration
(S8, B) which degenerates (S, B) to a K-polystable log Fano pair (Sp, By) automat-
ically satisfies Fut(S, B) = 0. O

Proof of Theorem 1.4. Tt is known from [36] that to check K-semistablity, we only
need to check the T-equivariant special test configurations. Then from K-
semistability to K-polystability, it follows from Lemma 3.7. O

4. GENERAL CASE OF LOG FANO CONES

In Section 4.1, we will generalize the techniques in Section 3 to the case of log
Fano cones. This allows us to get weakly special test configurations with isomor-
phic central fibres and generalized Futaki invariants 0, under similar assumption
as in Theorem 3.2. In Section 4.2, we prove that these weakly special test con-
figurations are indeed special. We prove this fact by generalizing the last step in
[34] to the setting of log Fano cone singularities, including the irregular case. We
complete the proof of Donaldson-Sun’s conjecture (Theorem 1.1) and Theorem 1.2
on existence/uniqueness of K-polystable degenerations in Section 4.3.
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4.1. Common degenerations of log Fano cones. Fix a K-semistable log Fano
cone (X, D, &) with a torus action by 7' = (C*)". Then wte, is a minimizer of

\70\1X1D by Theorem 2.5. Assume that (X@, D@ &:n®) (i = 1,2) are two special
degenerations of (X, D, &) to (Xéi)7 D(()i), o), (i = 1,2) respectively. Recall that &y
on X is just given by the natural extension of & on X x C*. By assumption n(*)
has an integral coweight which can be written as the form (-, 1) with respect to the

decomposition of T := T x C* 22 (C*)"*'. Note that the central fibers (Xéi)7 D(()i))
(i = 1,2) admit T-actions generated by T and (n(*).

Theorem 4.1. Let (X, D, &) be a K-semstable log Fano cone. With the notations
in the above paragraph, assume Fut(X™ DM ¢3:n1)) = 0 and Fut(X?, DA ¢;
7)) = 0. Then there are weakly special test configurations (X', D' ¢q;n/®)
of (X(()i),Déi), 0) (i = 1,2) with isomorphic central fibers such that
Fut(X'@ DO i/ =0 fori=1,2.

We follow a similar strategy as in Section 3.1.

Proof. We first claim that (X(()l), D(()l),fo) is K-semistable. If not, then there is a
special test configuration (Xé/(l),Dg(l),fo; 7" M) with

Fut(X) ™, D)™ &0 0" D) < 0,

which degenerates (Xél),Dél),fo) to (X(/)/(l),Dg(l),go). Then we claim there is
a test configuration (é\?é/(l),@g(l),fo;kn(l) + 1"M) for some k > 0 degenerating

(X,D, &) to (X(/)/(l), Dg(l), &o) with the generalized Futaki invariant
Fut(Xy ™, Dy, €9 k™ + ")
= k- Fut(xM, DD g5 n™M) + Fut (x5, D7, €05
< 0,

which is contradictory to our assumption (X, D, &) is K-semistable. Here we used
the linearity of the generalized Futaki invariant from Lemma 2.25 as in the log
Fano cone case. Denote by o : Al — /'?él) the section of vertices and similarly
o’ Al — /'%/(1). To see the existence of such test a configuration we fix a rational
vector & € N7, and take the quotient, we get (Sél),[j’él)) and (Sg(l),[j’g(l)) which
give special test configurations of the log Fano pairs obtained as the (£})-quotients
of (X,D) and (Xél),D(()l)). Since [n™),n""™M] = 0, the proof of Lemma 3.1 shows
that there is a test configuration that degenerates the (£)-quotient of (X, D) to
that of (X(I)/(l),Dg(l)). Then we can take the cone back to get (fé/(l),bg(l),fo).
(Also see [35, Section 4.2] for a direct construction.)

Applying the diophantine approximation (cf. [35, Lemma 2.7]) of the coordinates
of &, we can choose a sequence of integral vectors {€;} such that |&, — k€| < A for
any constant A > 0 where k is an infinite sequence of increasing positive integers.
Consider the Kolldr component Ej, determined by &, + n™) over z € (X,D) (it is
a Kollar component by Lemma 3.4). Let I}, = a,,(ordg, ) for a sufficiently divisible
m depending on k. Let ¢, = let(Iy; X, D) and consider:

f(%) = vol(ordg, ) = mult(Iy) - ¢}
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Let T = ~<fo,n(1)> >~ (C*)"*! be the torus generated by & and 7", and N =

Hom(C*,T) be the coweight lattice of T".
Since (Xél), Dél),fo) is K-semistable,

VOl(f) = VOI(XSI),D(()I))(WQ)
is a smooth function of £ € NH‘{ and obtains the minimum at &y (see Theorem 2.5).
By (2.9), this also implies that for any rational vector 1, € Ng,
d vol(wtey 11, )
dt t=0

By Taylor’s remainder theorem there is a neighborhood U of & € Ny and a
positive constant C' > 0 (independent of &) such that, for any £ € U, we have the
inequality:

(4.1) = C - Fut(X" x C, DY x C,&3m) =0

vol(§) < vol(§) < vol(éo) + Cl¢ — &l
Note that f(3) = ‘7(;1(%&: + %77(1)) by the rescaling invariance of the normalized
volume. Because %Ek + %n(l) — 50‘ < C'k~! for C' > 0 independent of k, there
exists Ko > 1 such that for any k > Ko, f(+) = f(0) + O(&%).

Then the same argument as in the case of the log Fano varieties using [3, Corol-
lary 1.4.3], shows that we can find u(?: y,f) — X® a morphism over C with a
divisor 5152) such that —5,&2) is ample over X(?) and (y,i”, 5,&2)) xcC* = (Y, Ep) xC*
where the isomorphism is equivariant with respect to the C*-action generated by

7). Moreover, fixed any arbitrarily small e, we can choose k sufficiently large such
that the log discrepancy of Ej with respect to (X, D+ (1 — d)cy - It,) is less than e,
and (X(()Q), D(()z) + (1 —9d)ck - in(ly)) is log canonical for a suitable choice of small §
(see (3.8)). The it follows from the ACC of log canonical thresholds (see [16]) that
(y,i”, 5,&2) + (U 1D? + (y,iz'))t) is log canonical for any ¢ € C.

The relative extended Rees algebra gives a family (X, D) over C2, such that over
C x {t} (resp. {t} xC) (t # 0), it gives a family which is isomorphic to (X1, D)
(resp. (X D)), The family (¥,D) admits a (C*)"*+2-action.

By Lemma 2.21, we get weakly special test configurations

(XD, DD, g1/ @) of (X5", D" &) (i=1,2)

with an isomorphic central fiber (X, D{, &o).
We claim that the generalized Futaki invariants Fut(X'(2), D' &y:9/(®)) are 0.
Indeed, by the construction,

x.D. &0 ~ (D) pM) e . (1Y
( ) 550577 )Cx{t} ( ) a€0577 )

It follows from our assumption that
Fut(X W, DU, go5nM) = Fut(X{", D§Y, 60 ) = 0.
By the flatness of the weighted piece and (C*)? equivariance, we get for any ¢,
voly (&0 + ') = volx; (& + tn™"),

which implies that Fut(X}, Dj,&0;n™") = 0 (see (4.1)). Similarly, we have
Fut(X§, Dj, &o;n®) = 0. O
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By the above result, we obtain two weakly special test configurations
(X' D' ¢4/ with isomorphic central fibres (X(/)(l)7 D(/)(l)7 &) (X(/)(Q), D6(2), o)
and zero generalized Futaki invariants. In the next subsection, we are going to show
that (X', D'@) gy:1/(") are indeed special test configurations.

4.2. Vanishing Futaki invariants and special degenerations. We will prove
Proposition 4.3, which says to test K-(semi, poly)stability of a log Fano cone.
Although in our definition we only require to test on all special degenerations, it
is indeed the same to test on all weakly special test configurations. A tool we will
use is to write the generalized Futaki invariant of a weakly special configuration as
the derivative of the leading coefficient of the index character (see [8,9,39]).

If there are two T-equivariant weakly special test configurations

(X(i) = Spec(R(i)), PION 1) of a K-semistable log Fano cone (X, D, &),

with Fut(X®, D® ¢y:n) = 0, by Lemma 2.17, we know X is associated to a

graded sequence of ideals asi) which we can assume to be primary (see Remark

2.18) as

Fut(xX®, DO &5;mel +n)
= Fut(X@ DO ¢5;me)) + Fut (XD, DD ¢h:n)
= ()7

where Fut(X®) D &5 ) = 0 follows from the K-semistability of (X, D). More-
over, since the test configuration is weakly special, by Lemma 2.21 there is indeed
a birational morphism p’: Y* — X (i = 1,2) with a reduced exceptional divisor
E? such that (Y, E' + (4*);1D) is log canonical and ag) = pt(—kE*"). There-
fore, we can take a normalized graph p9: Y9 — X of Y! --5 Y2 over X with
pi: Y9 — Y. Then for any pair (a,b) such that (—apj(E') — bp3(E?)) is integral,
by Definition 2.20, we can consider the test configuration ), ;, of (X, D, &) induced
by (—api(E") — bps(E?)).

We apply the T-equivariant index character (see [8, Section 4] for more details)
for any £ € ]\7]1'{ C Ng = R"*! where Nﬂ'{ is the Reeb cone of the T' = T' x C*-action
and t € C with the real part $(¢) > 0, and define:

(4.2) Fla,b;6,t) = Y e '® dim RS’ (v),
aeil‘{f
where R%? is the ring of the special fiber of YV, 5.
Now if we fix a prime integral vector £ € tﬁ{ N N such that
(€)-quotient of (X, D) = (8O B £O) (;=1,2)

give test configurations of the (£)-quotient (S, B) of (X, D) with polarizations L.
Then the quotient of Y, by (£) is given by the normalized graph S, ; of St —-»
S®) with morphisms ¢;: Sap — S and the polarization is given by a¢iL™) +
b L2,

The following statement essentially follows from [8, Theorem 4.10].

Proposition 4.2. For a fized £ € NH‘{ the index character F(a,b;&,t) has a mero-
morphic extension to C with poles along the imaginary axis. Near t = 0 it has a
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Laurent series expansion:

(4.3) F(a,b;€,t) = “O(jﬁf)"! 4+ alab f}l(" L

where ag(a,b; &) is a polynomial of (a,b) whose coefficients depend smoothly on
£eNg.
Proof. 1t follows from [8, Proposition 4.3] that when ¢ is rational, then ay coincides
with the leading term of the total weight on the test configuration S, ; constructed
from the quotient log Fano pair. Since it can be represented by an intersection
formula, in particular, it is a polynomial of @ and b by [41,45].

Denote by s = r + 1. By the proof of [8, Theorem 4.10], we know

e_t(fla’l"!‘"'fs(ys) . HNa,b(e_t£17 . e—tgs)
Hé_\’zlﬂ _ e—t(£1w1j+--»+£swsj)) ’

F(a,b;&,t) =

where £ = (&1,...,&) € NH‘{, (ov1,...,a5) € Z° and w;; (1 <i<s,1<j5<N)
are real numbers. The leading term of the Laurent expansion is the same as the
leading term of
HNg(1,...,1)
Hévzl(l — e—t(§1w1j+"'+fswsj))

Since a, b only appear in the part HN,(1,...,1) which does not depend on &, and
from the case that £ is rational, we know that HN,;(1,...,1) is a polynomial of
(a,b), which implies ag is a polynomial of (a,b). O

With all these preparations, we can prove Proposition 4.3 which is a general-
ization of [34, Theorem 4] from the quasi-regular case to the general case of an
arbitrary log Fano cone singularity. Although we expect the full results of spe-
cial degeneration in [34] can be extended, here we only need the last step of the
argument.

Proposition 4.3. Let (X,D,&y;n) be a weakly special test configuration of a log
Fano cone singularity (X, D,&). Then we can find a special test configuration
(X', D', &0;1') and a positive integer m such that

Fut(X', D', &o;n') < m - Fut(X, D, o3 m),
and the strict inequality holds if (X, D,&o;n) is not a special test configuration.

Proof. By Lemma 2.21, the weakly special test configuration is induced by a T-
equivariant morphism p: Y — X, such that the reduced exceptional divisor E is
anti-ample over X and (Y, E + p;!D) is log canonical. Suppose (X,D,&o;n) is
not special, then (Y, E + ;D) is not plt. Therefore, by [36, Proposition 2.10],
we can find a T-equivariant Kolldr component S over z € (X, D) such that its
log discrepancy with respect to (Y, E + p; D) is 0. Denote by u': Y’ — X the
plt blow extracting precisely S. So by Lemma 2.21 again, it gives a special test
configuration (X', D', £y;n') and the base change factor m (which we omit from now
on) corresponds to a multiple such that the coefficient of S in the pull back of mE
is integral.

Let Y9 be the normalized graph ¥ --» Y/ and p: Y9 - Y, p: Y9 - Y’
the natural morphisms. Then for any pair of positive integers (a,b), the divisor
bp*E + ap’*S are anti-ample, and therefore induces a test configuration X, ; by
Lemma 2.21. We take ag(a,b,§) as in Proposition 4.2.
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Now we claim that
Dr, (myao(1,0,&0) = Fut(X, D, &;m) > Fut(X', D', §051') = D1y (iao(0, 1, o).
To see this we write:

p*(Ky + E+p; ' D) = p™*(Ky' + S+ (1,) 7' D) + G,

and since the log discrepancy Ay g, -15(5) = 0, the negativity lemma (see [26,
Lemma 3.39]) implies that G > 0.

For any irreducible component E; in Supp(G), denote by c¢; its coefficient in G.
In particular, from our assumption that X is not a special test configuration, for
some component Ey contained in Supp(F), its coefficient ¢ is positive. Let F; be
divisor on X given by the orbifold cone C'(E;, —E|g,).

We take the previous construction for the two test configurations X and X’. By
Proposition 4.2, for a fixed &, if we define

f(t;:&0) = Dre (ao(l — ¢, &o),

then the difference of the generalized Futaki invariant is of the form

dt
The integrand is smooth in [0, 1], and the proof of [34, Proposition 5] shows that
it is non-positive when & is rational. Thus it is non-positive. We claim its value at
0is

d 1
44 LT e N6 volp .
(4.4) dtf( :&0) - volx (wie.) zi:c volg, (wte,) < 0

Ld
Fut(X', D', &0;n') — Fut(X, D, &o;n) :/ — f(t; &) dt.
0

In fact to see (4.4), when &y is rational, we can compute on the quotient log Fano
pair, and this is given in [34, Page 217]. Since both sides are smooth functions on
&o, we know that they must be equal to each other. |

An immediate consequence is the following.

Corollary 4.4. For a K-semistable log Fano cone singularity (X, D, &), if it has a
weakly special test configuration (X, D,&o;n) with the generalized Futaki invariant
being 0, then it is a special test configuration, i.e., the central fiber is kit.

4.3. Completion of the proofs of main theorems for log Fano cones.

Proof of Theorem 1.2. The proof follows the same structure as the proof of Theo-
rem 1.3, so we will only outline the steps.

We first prove the existence of K-polystable degenerations. Let (XP?, DP &)
be a log Fano cone which admits a maximal dimensional torus 7P-action among
all K-semistable special degeneration of (X, D,&y). By definition, TP contains 7.
If (XP,DP &) is not K-polystable, it admits a T-equivariant degeneration to a
non-isomorphic log Fano cone (X (1),D(1),§0) under a special test configuration
with generalized Futaki invariant 0. Similar to the proof of Lemma 3.7, this indeed
implies that there is a TP-equivariant degeneration of (X7, D?, &) to (X2, D) &)
under a special test configuration of generalized Futaki invariant 0. Moreover,
(X D@ &) admits an action by a torus whose dimension is equal to dim(7?) +
1. By the proof of Theorem 4.1, (X(z),D(Q),fo) is also a K-semistable special
degeneration of (X, D, &), which is a contradiction.
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To see the uniqueness, by Corollary 4.4, we can replace the word “weakly special”
by “special” in the statement of Theorem 4.1. Recall that by definition special
degenerations of K-polystable log Fano cone with zero generalized Futaki invariants
must be product. So the uniqueness of K-polystable degeneration follows. O

Proof of Theorem 1.1. Tt is shown in [13] that there is a special test configuration
(W, &o;m) of the intermediate cone (W, &) with central fibre (C,&y). Because C
admits a Ricci-flat Kéhler cone metric, we know C' is K-polystable (see [9, Theorem
1.1] or Corollary A.4). In particular, Fut(W, &y;n) = 0. Moreover by [35, Theorem
1.4], we know that W is K-semistable and is uniquely determined by the algebraic
germ (M, 0).

Assume W specially degenerates to another K-polystable Fano cone C’ by a
special test configuration (W', &p;n') with Fut(W’,&y; ') = 0. Then Theorem 4.1
implies that C' and C’ degenerate to a Fano cone C” by special test configurations
with generalized Futaki invariants 0. This implies C = C” = C’ by the polystability
of C and C'. O

APPENDIX A. DING-POLYSTABILITY OF RICCI-FLAT KAHLER CONES

In the proof of Theorem 1.1, we rely on the result proved in [9] which says that
that for a Fano cone singularity with a Ricci-flat K&hler cone metric, the generalized
Futaki invariant Fut(X,&p;n) > 0 for any non-product special test configuration.
However, as we have seen, in our argument (see e.g. the proof of Theorem 4.1),
more general test configuration will show up. Therefore in this appendix, we want
to discuss the proof of a more general statement, namely for any non-product
Q-Gorenstein test configuration, the corresponding Ding invariant is positive (see
Theorem A.3). This can be used to slightly modify the proof of Theorem 1.1 (see
Remark A.5). We point out that our proof of Theorem A.3 follows the general
strategy in [1] and is slightly different from [9]. For simplicity of notations, in this
appendix we will restrict to the case that the boundary divisor D = () which suffices
for proving the main application of our results in Theorem 1.1.

Definition A.1 (Ding-stability). We say that (X, &) is Ding-semistable, if for any
Q-Gorenstein test configuration (X, &p;n) of (X, &) with central fibre (Xo, &), its
Berman-Ding invariant, denoted by DN*(X, £y;n), is nonnegative, where

DTgo (77) VOlXO (fo)
vol(&o)
We say that (X,¢&) is Ding-polystable, if it is Ding-semistable, and any Q-

Gorenstein test configuration (X,&g;n) with DNA(X, &;n) = 0 is a product test
configuration.

(A1) DNA(X, Eo5m) = + et (X Xp) — 1.

We will show in (A.18) that the DN*-invariant in (A.1) is equal to the slope of
a Ding-type functional (see Definition A.9) along a subgeodesic ray associated to
the test configuration. Following the notations of [6] in the log Fano case, we will
use DNA to denote such slope functional, since it can be viewed as a functional on
the space of non-Archimedean metrics (associated to test configurations).

Remark A.2. We immediately see that DNA(X, o3 n) = Fut(&, &y;n) if and only
if the test configuration is weakly special, and Ding-semistability (resp. Ding-
polystability) implies K-semistability (resp. K-polystability). It has been proved
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that in the log Fano pair case, they are equivalent [6,15]. Following [1], it will
become clear that the notions of Ding-stability fit better with our calculation.

Theorem A.3. Assume (X,&) admits a Ricci-flat Kaler cone metric. Then
(X, &) is Ding-polystable among Q-Gorenstein test configurations.

Corollary A.4. Assume (X,&) admits a Ricci-flat Kihler cone metric. Then
(X, &) is K-polystable among all weakly special test configurations.

Remark A.5. Corollary A.4 could yield an alternative argument in one step of the
proof of Theorem 1.1. More precisely, with notations in the proof of Theorem 1.1,
let C and C’ be two K-polystable degenerations of W. Then the degenerations
of C and C' to C"” obtained via Theorem 4.1 are weakly special with zero Futaki
invariant. We can skip Proposition 4.3 but replace [9, Theorem 1.1] by the stronger
statement Corollary A.4, which directly implies there is no non-product weakly
special test configurations of C' and C” with zero Futaki invariant. Then we conclude
immediately that C = C" = (',

Let (X, &) be a Fano cone singularity with the vertex point o. Recall that this
implies that X is a normal affine variety with at worst klt singularities. Moreover
there is a good T action where 7' = (C*)" and & € N;. On X there exists a T-
equivariant nowhere-vanishing holomorphic m-pluricanonical form s € | — mKx|.
Such holomorphic form can be solved uniquely up to a constant as in [39, 2.7]. In
the following, we will use the following volume form on X associated to s:

5 1/m
(A.2) dVy = <\/—1m" s A §> .

Assume that (X,&) is equivariantly embedded into (CV, &) with & =
> aizi% with a; € Rsg. Fix a reference smooth Kéahler cone metric on CV whose
associated Reeb vector field 79, —/—1.J(r0,) = 2. By its rescaling property such
a radius function is C%-comparable to vazl |2;]?/. The restriction wx = wen|x
is a Kéhler cone metric on X. Moreover 2Im(&y) = J(r0,) is the Reeb vector field
of wev and wy. Since T acts on X, T also acts on the set of functions on X

by 7o f(z) = f(r—'x) for any 7 € T and x € X. For convenience, we denote
X° = X\ {o} where o is the vertex of X and define:

Definition A.6. Denote by PSH(X, &) the set of bounded real functions ¢ on
X° that satisfies:

(1) poT = for any T € (&);

(2) r2 :=r7e” is a proper plurisubharmonic function on X.

We can think of functions in PSH(X, &) as transversal Kéhler potentials as in
[13]. More precisely, because 0, generates a R-action (Ry = {a € R;a > 0}) on
X° without fixed points, if the link of X is defined as Y := {r = 1} N X, then
Y =X°/R; and X°2Y x R;. We set:

V-1 = 1
(A.3) X = T(@—@)logTQ = —inlogrz,
and define:

Definition A.7. Denote by PSH (Y, &) the set of bounded real function ¢ on Y
that satisfies:
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(1) poT =0 for 7 € exp(R - Im(&p)). B
(2) ¢ is upper semicontinuous on Y and (dx + \/—18890)’)/ > 0, where the
positivity is in the sense of currents.

Here we identify the function on Y with its pull back to X° 2 Y x R, via the
projection to the first factor. There is an isomorphism PSH (X, &) = PSH(Y, &)
by sending ¢ — ¢|y. We will use these two equivalent descriptions in the following
discussion.

Definition A.8. We say that r?p = r2e¥ where ¢ € PSH(X,&) is a radius
function of a Ricci-flat Kéhler cone metric on (X, &) if ¢ is smooth on X" and
there exists a constant C' > 0 such that

(A.4) (V—=180r2)" = C - dVx.

If we take L,5, on both sides, we get: L,5,.dVx = 2ndVx, which is also equivalent
to L¢,s = mns. If we write

(A.5) dVx = 2r2""Ydr AQy, or equivalently Qy := 2*17“1*2”1'& dVx,
then Ly Qy = 0. On the other hand, a direct computation shows that:

(A.6) V=180r], = r2(dx + V—180¢) + dr’, A (X - %Jdcp) .

Then it is easy to verify that the equation (A.4) is equivalent to:

(A7) (dx +V—=100p)" A x = % e 0y

The equation (A.4) is the Euler-Lagrange equation for the following Ding-type
functional:

Definition A.9 (see [9,35]). For any function ¢ € PSH(X, &), define:

(A8) D(p) = E(p) — log ( / eridv> — B(¢) + G(9)

where E(y) is defined by its variations:
_ 1 fri — a..2\n
SE(p) - dp = (n = 1)1(2n)" volx (&) /X(&p)e (V—=190r,)".

Using the identity (A.6), one can verify that:

(6p)(dx + V—=100p)" 1 A x.

(A.9) OE(p) - dp = —m /y

As in the standard Kahler case, a consequence of this description is the following
explicit expression of E(p) (see [13]):

(A.10) E(p) = —m i /Y o(dx + V=1009)" A (dx)" " A x.
i=0

In the similar vein, using (A.5) we have the identity:
(A.11) G(p) = —log </ e”“"Qy> —log(n — 1)
Y

We will study the asymptotic of E(p¢). In the following we will denote D := {z €
Zi|z| < 1}, D* = D\ {0} and S = {z € D;|z| = 1}. We will always identify
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the functions on X with functions on X x D or X x D* by pulling back via the
projection to the first factor.

Proposition A.10 (see [35, Lemma 5.10]). Let o(x,t) = p(z,]t]) : X xD* - R
be a upper semicontinuous function such that ¢y = (-, |t|) € PSH(X, &) for each
t € D*. Assume /—109(r?e®) > 0 over X x D* in the sense of currents. Then the
following identity holds:

82 r 1 (.2 p\\n+1 —r2
\/_1WE(¢t)dt/\dt T Tr DI vl /XXD*/D*(\/—laé‘(r e Te e

1 _
- - - d —100p)™ .
(@n)" vol &) /M*/D*( X+ V=1009)" Ax

In particular, E(p;) is concave in — log [t|2.

Proof. The proof of the first identity is the same as the proof as in [35, Lemma
5.10]. The second identity follows from the first one and using the following identity
on X x D* to calculate:

V=100r? = r2(dx + V—180p) + drl A (x — %Jdgo).
]

Now assume that (X, &g;n) is a Q-Gorenstein test configuration of X. Because
1 commutes with & and generates a C*-action, we can assume that X" is embedded
into CV x C and the embedding is equivariant with respect to the 7' x C*-action
generated by {&o,n}. If we write n = _, bizi% with b; € Z and let o(t) : C* —
GL(N,C) be the one-parameter subgroup generated by the vector field 7. Then
o(t)(z;) = thiz; and we let

r(t)? = O'(t)*(’I“Q) =: p2e?(),
The asymptotic of E(@;) can be easily calculated:
Proposition A.11 (see [35, Proposition 5.13]). We have the following identity:

lim _E(@) _ Dy vol(&)
t—0 —log |¢[2 vol(&p)

(A.12)

Proof. We refer to [35] for details. Here we just sketch the key ingredients. Let
Ee=E+en=>"(a; + ebi)zi% and 7. be a radius function for £&. Then we have:

1

/ e_rg(\/—lé‘grf)".
X

0

Taking derivative with respect to € in the above volume formula, we can derive:

D6 = gy [, O (/00"
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where we have denoted 6 := n(logr?). We can then calculate (see [39, Appendix
C] or [35, Lemma 5.11]):

C B = : | g (=ro0r(0®y

d(—log [t]?) (n — )(2m)™ vol(&o)
— 1 o(t)* 670*7‘20_* 19812\
= ) Jy 0O o o)
1

—r? _ _T2 n
(n — 1)!(27)" vol(&o) /Xt fe~ " (V—100r7)

As explained in [35, Proof of Proposition 5.12], the last expression converges as
t — 0 to D, vol(&y)/ vol(&o).

By Proposition A.10 E(¢;) is concave in — log [t|?. So the statement follows from
the above discussion and the following identity for concave functions:

B(1) = lim =2

lim ———
#530 d(— log [t]2) 50 — log [¢]2

O

We need the following basic result from [13] which generalizes Berndtsson’s result
to the Kahler cone setting.

Theorem A.12 ([13], see also [1,2]). Let o(x,t) = @(z,[t]) : X x D* — R be
an upper semicontinuous function such that p; := p(-,t) € PSH(X,&) for each
t € D*. Assume \/—_185(7“269”) > 0 over X x D* in the sense of currents. Then
G(py) is convex in —log |t|>. Moreover, if G(p) is affine in —log [t|?, then there
exists a holomorphic vector field no on X commuting with & such that r,, = o;7y,
where oy = exp(log|t| - o).

Let (X, &p; 1) be a Q-Gorenstein test configuration of X with the projection map
7m: X — C. Let X; := w1(t) be the fiber over {t} and o; the vertex point of X;.
Denote X° = X \ {o;t € C}. In the following discussion, we denote by R? the
function obtained by restricting 72, considered as a function on CV x C, to X via

a fixed the equivariant embedding X — CN x C: R? = r2|X .

Definition A.13. Denote by PSH(X|},&o) the set of bounded real functions ®
on X°|, that satisfies:

(1) T0® =@ for any 7 € T}

(2) R2 := R2%e® is a proper plurisubharmonic function on X|p.

As before, we can think of functions in PSH(X|p,&p) as transversal Kéahler
potentials on X|p. If we also denote by x the restriction of xy = @(5—6) log R? =
—3JdlogR? to Y := {R = 1} N X, the we can similarly define PSH(Y,&) as
Definition A.7.

Moreover, using the equivariant isomorphism ¢ : X|p~ & X xID*, we can associate
to any ® € PSH(X|p) plurisubharmonic function ¢ on X x D* and hence a path
¢t € PSH(X,&) such that R = .* (ri). As an example, the path asssociated to
® =0 and is given by ;.

Proposition A.14. Assume ® € PSH(X,&) and let ¢, € PSH(X, &) be the
associated path. Then G(p) is subharmonic in t and its Lelong number at t = 0 is
given by 1 — let (X, Xp).
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Proof. Since R2 = 1*(r%e?) is plurisubharmonic over X|p- = X x D*. Applying
Theorem A.12, we get G(¢p;) is subharmonic in ¢. To see that it’s subharmonic over
D, we just need to show that G(¢;) is uniformly bounded from above. Because ®
bounded, we know that

|G(pr) = G(&1)| < C.

So we just need to show that G(¢;) is uniformly bounded from above.

Because 7 preserves the global section s € [mKx|: L;s = 0. As a consequence,
2 1/m‘

dVx, = (\/—_17”” s /\5)

satisfies 0/dVy, = dVx, = dVx. So we have:
Xy

G(pt) = —log (/X A (a*dVXt)) = —log </X eTdext) .

Because L9, dVx, = 2ndVx,, we can write dVx, = 2r?"~1dr A Qy, and calculate:

2
/ e " dVXt = (n— 1)'/ Qy
Xt Y:

(A.14) = C, / e vy, < Cn/ dVx,,
{r<1}nX, {r<1}nX,

(n—1)!
fol e—r?p2n—1lgr2’

Now the upper boundedness of G(;) can be seen in two ways. For one way, one
can resolve the singularity of {r < 1} N (X|p) and estimate the integral using the
method as in [30, Proof of Lemma 3.7] or [7]. The other approximation approach
is the following. Recall that r2 is the radius function associated to the vector field

k
o=, aizia%i. Now we choose a sequence of vector fields §(k) = ial(. )zi%

where C,, =

with al(.k) € Q and al(k) — a; as k — 4+o00. Choose a sequence of new radius
function (¥ = Tewr such that ) is uniformly C°-comparable to the functions

ZzN:l |zi|2/(“51k)). Then there exist C1,Cy > 0 such that, for any ¢ > 0, we have:
Cr(rN1=¢ < < Oy(r®)e for k> 1. So we get:

/ dVXt S/ L dVXt-
{r<1}nX, {Tov)gc}l*f)’ }mxt

(k) i rational, we can taking quotient of X by the C*-action generated

by £ = > agk)azi and reduces to the log Fano case considered in [1] in which
case the upper boundedness of G(¢;) was shown.
Finally we need to calculate the Lelong number of G(@;) with respect to t.

According to [1, (3.21)], the Lelong number of G(t) is equal to the infimum of ¢

Because a

such that
/ o= G—(=o)logt]?; 1 A g — / e~ ri—(1-0) log\tIQdVX < +o0.
U X|p
We have the following identity:
(A.15) / e m-alsln gy, — ¢, O G %
Xp X[pn{r<1}

Because e~ < e’ < 1 is a bounded function, the right-hand-side of (A.15) is
integrable if and only if 1 — ¢ < let(X N {r < 1}, Xy N{r < 1}). Using the rescaling

Licensed to Princeton Univ. Prepared on Fri Jun 3 15:55:37 EDT 2022 for download from IP 71.226.228.64.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



ALGEBRAICITY OF THE METRIC TANGENT CONES 1211

symmetry as used in (A.14), we see that let(XN{r < 1}, XoN{r <1}) = lct(X, A).
So we are done. O

Assume r2e¥¥E with pxp € PSH(X,&) is a radius function of a Ricci-flat
Kéhler cone metric on (X,&y). Let (X,&;n) be a test configuration of (X, &y).
We construct a geodesic ray associated to (X, &y;n) by solving the homogeneous
Monge-Ampere equation:

(A.16) (V=I08(R2™))™ ! = 0 on X|p,  ®|xxs1 = oxe.
Using transversal point of view, this equation is equivalent to the following equation:
(A.17) (dx +V—=1002)" Ax =0o0n Ylp, @y, = PKEly -
By considering the envelope (or its equivalent formulation on X|p)
& :=sup{¥ € PSH(Y|p,&) : ¥ < ¢kply on d0Vp) =Y x S'},

then the following result can be proved in exactly the same way as in [1, Proposition
2.7] by using the transversal Kéhler structures of (),&p). Note that this kind of
extension has also been used in [13] (see also [9,18]).

Proposition A.15 (see [1, Proposition 2.7]). ® is locally bounded such that R*e®
has positive curvature current and satisfies (v/—109(R%e®))"*1 =0 on X|p.

Finally we can give the proof of Theorem A.3.

Proof of Theorem A.3. Let ® be the geodesic ray emanating from kg that is de-
termined by (X,&p). Let ¢; be the associated path in PSH(X,&p). Then because
(vV—100(R%e®))"*! = 0, E(y;) is affine in ¢ by Proposition A.10. G(i;) is subhar-
monic in ¢ by Proposition A.14. So D(t) := D(¢p;) is subharmonic over ID. Because
D(t) depends only |t|, D(t) is convex in —log|t|2. Because D(p;) > D(pxg) for
any t € D, we see that D(t) is a non-decreasing function in — log [¢|2.

By Proposition A.11 and Proposition A.14, we have:

(A.18) lim D(t) _ Dyvol(&)

_ NA .
=0 —log[tZ ~  wol(&) (1= let(%, &0)) = DA, o3 ).

If DNA(X,&9;m) = 0, then because D(t) is convex and non-decreasing in — log |#|?,
we see that D(¢) is affine and hence G(y;) is affine. So by Theorem A.12, there exists
holomorphic vector field 7y such that ¢; = (01)*¢kE where o; = exp(log |t|ng). The
rest of the argument is the same as [1, Proposition 3.3] as extended to the Ricci-flat
cone setting in [9]. O

ACKNOWLEDGMENTS

We would like thank Yuchen Liu for pointing out an inaccuracy in the previous
version of the preprint and the anonymous referees for many helpful comments.

Part of the work was done when the second author was visiting ITHES and
the third author was visiting Institut Henri Poincaré (partially sponsored by ‘the
Poincaré Chair’), to which they want to thank the inspiring research environment.

Licensed to Princeton Univ. Prepared on Fri Jun 3 15:55:37 EDT 2022 for download from IP 71.226.228.64.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



1212 CHI LI ET AL.

REFERENCES

[1] Robert J. Berman, K-polystability of Q-Fano varieties admitting Kdhler-Einstein metrics,
Invent. Math. 203 (2016), no. 3, 973-1025, DOI 10.1007/s00222-015-0607-7. MR3461370
[2] Robert J. Berman, Sebastien Boucksom, Philippe Eyssidieux, Vincent Guedj, and Ahmed
Zeriahi, Kdhler-FEinstein metrics and the Kdhler-Ricci flow on log Fano varieties, J. Reine
Angew. Math. 751 (2019), 27-89, DOI 10.1515/crelle-2016-0033. MR3956691
[3] Caucher Birkar, Paolo Cascini, Christopher D. Hacon, and James McKernan, Ezistence of
minimal models for varieties of log general type, J. Amer. Math. Soc. 23 (2010), no. 2,
405-468, DOI 10.1090/50894-0347-09-00649-3. MR2601039
[4] Harold Blum, Ezistence of valuations with smallest normalized volume, Compos. Math. 154
(2018), no. 4, 820-849, DOI 10.1112/S0010437X17008016. MR3778195
[5] S. Boucksom, T. de Fernex, C. Favre, and S. Urbinati, Valuation spaces and multiplier ideals
on singular varieties, Recent advances in algebraic geometry, London Math. Soc. Lecture
Note Ser., vol. 417, Cambridge Univ. Press, Cambridge, 2015, pp. 29-51. MR3380442
[6] Sébastien Boucksom, Tomoyuki Hisamoto, and Mattias Jonsson, Uniform K-stability,
Duistermaat-Heckman measures and singularities of pairs (English, with English and French
summaries), Ann. Inst. Fourier (Grenoble) 67 (2017), no. 2, 743-841. MR3669511
[7] Sébastien Boucksom and Mattias Jonsson, Tropical and non-Archimedean limits of degenerat-
ing families of volume forms (English, with English and French summaries), J. Ec. polytech.
Math. 4 (2017), 87-139, DOI 10.5802/jep.39. MR3611100
Tristan C. Collins and Gabor Székelyhidi, K-semistability for irreqular Sasakian manifolds,
J. Differential Geom. 109 (2018), no. 1, 81-109, DOI 10.4310/jdg/1525399217. MR3798716
Xiuxiong Chen, Song Sun, and Bing Wang, Kdhler-Ricci flow, Kdhler-Einstein metric,
and K-stability, Geom. Topol. 22 (2018), no. 6, 3145-3173, DOI 10.2140/gt.2018.22.3145.
MR3858762
[10] Ved Datar and Gébor Székelyhidi, Kdahler-Einstein metrics along the smooth continuity
method, Geom. Funct. Anal. 26 (2016), no. 4, 975-1010, DOI 10.1007/s00039-016-0377-4.
MR3558304
[11] Tommaso de Fernex, Jdnos Kolldr, and Chenyang Xu, The dual complex of singularities,
Higher dimensional algebraic geometry—in honour of Professor Yujiro Kawamata’s sixtieth
birthday, Adv. Stud. Pure Math., vol. 74, Math. Soc. Japan, Tokyo, 2017, pp. 103-129, DOI
10.2969/aspm/07410103. MR3791210
[12] S. K. Donaldson, Scalar curvature and stability of toric varieties, J. Differential Geom. 62
(2002), no. 2, 289-349. MR1988506
[13] Simon Donaldson and Song Sun, Gromov-Hausdorff limits of Kahler manifolds and algebraic
geometry, II, J. Differential Geom. 107 (2017), no. 2, 327-371, DOI 10.4310/jdg/1506650422.
MR3707646
[14] Lawrence Ein, Robert Lazarsfeld, and Karen E. Smith, Uniform approzimation of Abhyankar
valuation ideals in smooth function fields, Amer. J. Math. 125 (2003), no. 2, 409-440.
MR1963690
[15] Kento Fujita, A wvaluative criterion for uniform K-stability of Q-Fano wvarieties, J. Reine
Angew. Math. 751 (2019), 309-338, DOI 10.1515/crelle-2016-0055. MR3956698
[16] Christopher D. Hacon, James McKernan, and Chenyang Xu, ACC for log canonical thresh-
olds, Ann. of Math. (2) 180 (2014), no. 2, 523-571, DOI 10.4007/annals.2014.180.2.3.
MR3224718
[17] Robin Hartshorne, Algebraic geometry, Springer-Verlag, New York-Heidelberg, 1977. Gradu-
ate Texts in Mathematics, No. 52. MR0463157
[18] Weiyong He and Jun Li, Geometric Pluripotential Theory on Sasaki Manifolds, J. Geom.
Anal. 31 (2021), no. 2, 1093-1179, DOI 10.1007/s12220-019-00257-5. MR4215260
[19] Hans-Joachim Hein and Song Sun, Calabi- Yau manifolds with isolated conical singularities,
Publ. Math. Inst. Hautes Etudes Sci. 126 (2017), 73-130, DOI 10.1007/s10240-017-0092-1.
MR3735865
[20] Nathan Ilten and Hendrik Suss, K-stability for Fano manifolds with torus action of complezity
1, Duke Math. J. 166 (2017), no. 1, 177-204, DOI 10.1215/00127094-3714864. MR3592691
[21] Mattias Jonsson and Mircea Mustata, Valuations and asymptotic invariants for sequences
of ideals (English, with English and French summaries), Ann. Inst. Fourier (Grenoble) 62
(2012), no. 6, 2145-2209 (2013), DOI 10.5802/aif.2746. MR3060755

B

9

Licensed to Princeton Univ. Prepared on Fri Jun 3 15:55:37 EDT 2022 for download from IP 71.226.228.64.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



ALGEBRAICITY OF THE METRIC TANGENT CONES 1213

[22] George R. Kempf, Instability in invariant theory, Ann. of Math. (2) 108 (1978), no. 2, 299—
316, DOI 10.2307/1971168. MR506989

[23] Jénos Kollar, Seifert Gy, -bundles, arXiv:math/0404386 (2004).

[24] Jénos Kolldr, Singularities of the minimal model program, Cambridge Tracts in Mathemat-
ics, vol. 200, Cambridge University Press, Cambridge, 2013. With a collaboration of Sdndor
Kovacs. MR3057950

[25] Janos Kollar, Families of varieties of general type, https://web.math.princeton.edu/
~kollar/book/modbook20170720-hyper.pdf, 2017.

[26] Janos Kolldr and Shigefumi Mori, Birational geometry of algebraic varieties, Cambridge
Tracts in Mathematics, vol. 134, Cambridge University Press, Cambridge, 1998. With the
collaboration of C. H. Clemens and A. Corti; Translated from the 1998 Japanese original.
MR1658959

[27] Robert Lazarsfeld, Positivity in algebraic geometry. II, Ergebnisse der Mathematik und ihrer
Grenzgebiete. 3. Folge. A Series of Modern Surveys in Mathematics [Results in Mathematics
and Related Areas. 3rd Series. A Series of Modern Surveys in Mathematics], vol. 49, Springer-
Verlag, Berlin, 2004. Positivity for vector bundles, and multiplier ideals. MR2095472

(28] Robert Lazarsfeld and Mircea Mustatd, Convex bodies associated to linear series (English,
with English and French summaries), Ann. Sci. Ec. Norm. Supér. (4) 42 (2009), no. 5, 783—
835, DOI 10.24033/asens.2109. MR2571958

[29] Chi Li, K-semistability is equivariant volume minimization, Duke Math. J. 166 (2017), no. 16,
3147-3218, DOI 10.1215/00127094-2017-0026. MR3715806

[30] Chi Li, Yau-Tian-Donaldson correspondence for K-semistable Fano manifolds, J. Reine
Angew. Math. 733 (2017), 55-85, DOI 10.1515/crelle-2014-0156. MR3731324

[31] Chi Li, Minimizing normalized volumes of valuations, Math. Z. 289 (2018), no. 1-2, 491-513,
DOI 10.1007/s00209-017-1963-3. MR3803800

[32] Chi Li and Yuchen Liu, Kdhler-Einstein metrics and volume minimization, Adv. Math. 341
(2019), 440-492, DOI 10.1016/j.aim.2018.10.038. MR3872852

[33] Chi Li, Xiaowei Wang, and Chenyang Xu, On the proper moduli spaces of smoothable Kdhler-
Einstein Fano varieties, Duke Math. J. 168 (2019), no. 8, 1387-1459, DOI 10.1215/00127094-
2018-0069. MR3959862

[34] Chi Li and Chenyang Xu, Special test configuration and K-stability of Fano varieties, Ann.
of Math. (2) 180 (2014), no. 1, 197-232, DOI 10.4007/annals.2014.180.1.4. MR3194814

[35] Chi Li and Chenyang Xu, Stability of valuations: higher rational rank, Peking Math. J. 1
(2018), no. 1, 1-79, DOI 10.1007/s42543-018-0001-7. MR4059992

[36] Chi Li and Chenyang Xu, Stability of valuations and Kolldr components, J. Eur. Math. Soc.
(JEMS) 22 (2020), no. 8, 2573-2627, DOI 10.4171/JEMS/972. MR4118616

[37] Alvaro Liendo and Hendrik Siiss, Normal singularities with torus actions, Tohoku Math. J.
(2) 65 (2013), no. 1, 105-130, DOI 10.2748/tmj/1365452628. MR3049643

[38] Yuchen Liu, The volume of singular Kahler-Einstein Fano varieties, Compos. Math. 154
(2018), no. 6, 1131-1158, DOI 10.1112/S0010437X18007042. MR3797604

[39] Dario Martelli, James Sparks, and Shing-Tung Yau, Sasaki-Finstein manifolds and volume
manimasation, Comm. Math. Phys. 280 (2008), no. 3, 611-673, DOI 10.1007/s00220-008-
0479-4. MR2399609

[40] P. E. Newstead, Introduction to moduli problems and orbit spaces, Tata Institute of Funda-
mental Research Lectures on Mathematics and Physics, vol. 51, Tata Institute of Fundamental
Research, Bombay; by the Narosa Publishing House, New Delhi, 1978. MR546290

[41] Yuji Odaka, A generalization of the Ross-Thomas slope theory, Osaka J. Math. 50 (2013),
no. 1, 171-185. MR3080636

[42] Cristiano Spotti, Song Sun, and Chengjian Yao, Ezistence and deformations of Kdhler-
Einstein metrics on smoothable Q-Fano varieties, Duke Math. J. 165 (2016), no. 16, 3043~
3083, DOI 10.1215/00127094-3645330. MR3566198

[43] Gang Tian, Kdhler-Einstein metrics with positive scalar curvature, Invent. Math. 130 (1997),
no. 1, 1-37, DOI 10.1007/s002220050176. MR1471884

[44] Masataka Tomari and Keiichi Watanabe, Filtered rings, filtered blowing-ups and normal two-
dimenstonal singularities with “star-shaped” resolution, Publ. Res. Inst. Math. Sci. 25 (1989),
no. 5, 681-740, DOI 10.2977/prims/1195172704. MR1031224

[45] Xiaowei Wang, Height and GIT weight, Math. Res. Lett. 19 (2012), no. 4, 909-926, DOI
10.4310/MRL.2012.v19.n4.a14. MR3008424

Licensed to Princeton Univ. Prepared on Fri Jun 3 15:55:37 EDT 2022 for download from IP 71.226.228.64.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



1214 CHI LI ET AL.

[46] Chenyang Xu, A minimizing valuation is quasi-monomial, Ann. of Math. (2) 191 (2020),
no. 3, 1003-1030, DOI 10.4007/annals.2020.191.3.6. MR4088355

[47] Chenyang Xu and Ziquan Zhuang, Uniqueness of the minimizer of the normalized volume
function, arXiv:2005.08303 (2020).

[48] Ziquan Zhuang, Optimal destabilizing centers and equivariant K-stability, arXiv:2004.09413
(2020).

DEPARTMENT OF MATHEMATICS, PURDUE UNIVERSITY, WEST LAFAYETTE, INDIANA 47907-2067

Current address: Department of Mathematics, Rutgers University, Piscataway, New Jersey
08854-8019

Email address: chi.li@rutgers.edu

DEPARTMENT OF MATHEMATICS AND COMPUTER SCIENCE, RUTGERS UNIVERSITY, NEWARK,
NEwW JERSEY 07102-1222
Email address: xiaowwan@rutgers.edu

BICMR, BEING 100871, PEOPLE’S REPUBLIC OF CHINA; AND MIT, CAMBRIDGE, MASSACHUS-
SETTS 02139

Current address: Princeton University, Princeton, New Jersey 08544

Email address: chenyang@princeton.edu

Licensed to Princeton Univ. Prepared on Fri Jun 3 15:55:37 EDT 2022 for download from IP 71.226.228.64.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



