CLASSIFICATION OF
ASYMPTOTICALLY CONICAL CALABI-YAU MANIFOLDS

RONAN J. CONLON AND HANS-JOACHIM HEIN

ABSTRACT. A Riemannian cone (C, g¢) is by definition a warped prod-
uct C = RT x L with metric go = dr? ®r?gr, where (L, g1,) is a compact
Riemannian manifold without boundary. We say that C' is a Calabi-Yau
cone if go is a Ricci-flat Kéhler metric and if C' admits a gc-parallel
holomorphic volume form; this is equivalent to the cross-section (L, gr)
being a Sasaki-Einstein manifold. In this paper, we give a complete
classification of all smooth complete Calabi-Yau manifolds asymptotic
to some given Calabi-Yau cone at a polynomial rate at infinity. As a
special case, this includes a proof of Kronheimer’s classification of ALE
hyper-Kéahler 4-manifolds without twistor theory.

1. INTRODUCTION

1.1. Motivation and overview. Recall that a complete noncompact d-
dimensional Riemannian manifold (M, g) with one end is called asymptot-
ically locally Euclidean (ALE) of order A < 0 if there exist a compact set
K C M, a finite subgroup I" of SO(d) acting freely on the unit sphere S,
and a diffeomorphism @ : (R?\ B;(0))/T' — M \ K such that for all j € N,

(11) [V4o(2%g = g0)lgo = O(),
where gy denotes the standard Euclidean metric on R? or on the flat cone
RY/T.

Kronheimer’s classification of ALE hyper-Kéhler 4-manifolds [69, 70] is a

foundational result of 4-dimensional Riemannian geometry. Its significance
can be explained as follows. On one hand, the classification is completely
explicit in terms of the geometry and topology of the so-called Kleinian
surface singularities C2/T' (here I' is a finite subgroup of SL(2,C) acting
freely on C?\ {0}) and of their resolutions and deformations [39, 71]. On
the other hand, a complete Ricci-flat Riemannian 4-manifold of maximal
volume growth is necessarily ALE [11, 20, 22, 98], so if it is Kahler, it has to
be a finite quotient of a hyper-Kéhler ALE space [94, 103]. As a consequence,
Kronheimer’s results give us a handle on the possible metric degenerations
of Kahler-Einstein surfaces with fixed volume and bounded diameter. See
the surveys [7, | for some of the many developments of this idea.

Our results in this paper may be viewed as a generalization of Kron-
heimer’s work to dimensions d > 4. One main difficulty of any generalization
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of this kind is that the strictly 4-dimensional tools of twistor theory that
Kronheimer used in [69, 70] are no longer available. Let us briefly sketch the
existing higher-dimensional theory to show how our results fit into a general
picture.

Every d-dimensional complete Ricci-flat Riemannian manifold (M, g) of
maximal volume growth has tangent cones at infinity: any sequence t; — 0
has a subsequence ¢;; — 0 such that the sequence (M, t?j distg, p) of pointed
Riemannian manifolds (here p € M is an arbitrary basepoint) converges
in the pointed Gromov-Hausdorff sense to the metric cone C' = C(L) over

some complete geodesic metric space L of diameter < « [19, 21]. The link
L is a smooth Riemannian manifold of dimension d — 1 away from a closed
rectifiable subset of Minkowski dimension < d — 5 [22, 61]. The possible

singularities of L are a source of major difficulties if d > 4. There exist
many interesting (mostly very recent) examples where L is indeed singular

[14,

It is widely expected that every sequence ¢; — 0 and subsequence t;; — 0
as above leads to the same tangent cone C' = C(L). This is the well-known
open problem of uniqueness of tangent cones. Uniqueness is known if at
least one tangent cone has a smooth link L [23, 27]. In the Kéahler case, this
smoothness assumption is unnecessary thanks to the breakthrough work of
Donaldson-Sun [38] if M itself arises as a blow-up limit of a sequence of
compact polarized Kéahler-Einstein manifolds. Crucially, in this situation,
[38] establish a close algebraic relationship between M and C. Liu [75] has
removed the assumption of M being a blow-up limit from [38] if at least
one tangent cone of M has a smooth link. The results of [38, 75] on the
algebraic relationship between M and C' amount to a more general but less
precise version of some of our results, which we will now describe. !

Consider a complete Ricci-flat Kahler manifold of maximal volume growth
at least one of whose tangent cones has a smooth link, so that the tangent
cone is unique by [23, 27, 38, 75]. General Riemannian methods yield a
convergence rate of M to C no better than O((log)*) for some A < 0 unless
C satisfies a certain integrability property [23]. While this logarithmic rate
is expected to be optimal in general, all Kdhler examples are now known to
converge at a polynomial rate, as in (1.1), thanks to the very recent paper
[93]. In this paper, we completely characterize this case, thus completing our
previous work in [32, 33]. For example, the following uniqueness theorem
will be a typical application of our methods (see Theorem C in Section 1.3):

Let M be a complete Ricci-flat Kéahler manifold of real di-
mension d = 2n > 4 whose metric is polynomially asymp-
totic to the unique SO(n+1)-invariant Ricci-flat K&hler cone

LOur methods in this paper are independent of [38, 75]. A previous version of this paper
dealing with the case where L is a regular or quasi-regular Sasaki-Einstein manifold was
posted to the arXiv in 2014. The current version includes the irregular case, relying
crucially on the latest version of Li’s work [72], which is also independent of [38, 75].
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metric on C = {22 +--- + 22 = 0} € C"*! up to diffeo-
morphism. Then modulo scaling and diffeomorphism, either
M = T*S™ together with Stenzel’s metric [92], or n = 3 and
M = Op1(—1)%?2 together with Candelas-de la Ossa’s metric

[17].

In addition, we also prove an existence theorem (Theorem A) that exhausts
all possible examples of asymptotically conical Calabi-Yau manifolds, in-
cluding those asymptotic to irreqular cones.

1.2. Preliminaries.

1.2.1. Riemannian, Kdhler, and Calabi-Yau cones.

Definition 1.1. Let (L, g7) be a compact connected Riemannian manifold.
The Riemannian cone with link L is defined to be the manifold C = R™ x L
with metric go = dr? ®r2gy,. For simplicity we will usually write gy instead
of g¢ if the cone C' is given.

We now consider Riemannian cones whose metric is a Kahler metric. The
links of such cones are called Sasaki manifolds. The book [16] is an excellent
general reference for Sasaki geometry.

Definition 1.2. A Kdhler cone is a Riemannian cone (C, gg) such that gg is
Kahler, together with a choice of gp-parallel complex structure Jy. This will
in fact often be unique up to sign. We then have a Kéhler form wo(X,Y) =
90(JoX,Y), and wy = %857“2 with respect to Jy.

The Reeb vector field & = Jy(rd,) of a Kéahler cone is a holomorphic
Killing field tangent to the link. The closure of the 1-parameter subgroup of
Isom(C, go) generated by £ is a compact torus T of holomorphic isometries
called the Reeb torus of the cone. We say that the cone is regular if T = S*
acting freely, quasi-reqular if T = S' not acting freely, and irreqular if
dim T > 1.

A transverse automorphism of a Kéhler cone is an automorphism of the
complex manifold (C, Jy) that preserves the Reeb vector field £, or equiv-
alently the scaling vector field r0, = —Jp&. We denote the group of all
transverse automorphisms by Aut?(C). This contains the scaling action of
RT.

The completion C'U{o} carries a unique structure of a normal affine alge-
braic variety extending the given complex manifold structure on C'. More-
over, we can take the action of T to be linear on the ambient affine space
in such a way that all weights of the action of ¢ lie in R*. See [101, §3.1]
and [28, §2.1], and see [33, §4.2.3] for an example. The key point is that
every periodic vector field ¢ € Lie(T) with (£, &) > 0 exhibits C' as the total
space of a negative holomorphic C*-orbibundle over the compact complex
orbifold C'/(e*¢"). The desired algebraic structure on C'U{o} is given by the
Remmert reduction [17, p.336, §2.1] (i.e., the contraction of the zero section)
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of the total space of the associated negative holomorphic line orbibundle.
This structure is independent of &'

Definition 1.3. A quadruple (C, go, Jo, Q) is a Calabi- Yau cone if (C, go, Jo)
is a Ricci-flat Kéhler cone of complex dimension n, the canonical bundle K¢
of the complex manifold (C, Jy) is trivial, and £y is a go-parallel holomorphic
section of K¢ with wj = i Qo A Qp. We note here that Jy can be recovered
from Qo using the fact that A}°C = ker[ALC' S a > Qg Aa € ALTIC).

If we fix the complex manifold (C,.Jy) and the scaling vector field r0,,
then the Calabi-Yau cone structure (go, o) is unique up to scaling and up
to the action of Autd (C) [78, 79].

The links of Calabi-Yau cones are called Sasaki-Einstein manifolds. See
[16, §11.4] for a nice set of regular, quasi-regular, and irregular examples.
The recent paper [29] characterizes Sasaki-Einstein manifolds completely in
terms of K-stability, providing many new examples.

1.2.2. Asymptotically conical Calabi- Yau manifolds.

Definition 1.4. Let (C, go, Jo, ) be a Calabi-Yau cone as above. Let
(M, g,J,Q) be a Ricci-flat Kéhler manifold with a parallel holomorphic vol-
ume form such that w” = i Q A . We call M an asymptotically conical
Calabi- Yau manifold with asymptotic cone C if there exist a compact subset
K C M and a diffeomorphism @ : {r > 1} — M \ K such that for some
A1, A2 < 0 and all 5 € N,

(1.2) [V (@*g — go)lgy = O(r ),
(1.3) [V (D% T — Jo)|g, = O(r*>77),
(1.4) [V (2 = Qo) g, = O(r*>77).

We abbreviate the words “asymptotically conical” by AC.

Remark 1.5. (1) ® is not required (and typically cannot be chosen) to be
(Jo, J)-holomorphic.

(2) Condition (1.2) already implies that (1.3) and (1.4) hold, with A2 <
A1, for some gg-parallel tensors Jy, {2y, simply because J, () are g-parallel.
However, it is often possible to take Ao < Aq.

(3) [32, Lemma 2.14] tells us that the optimal exponents in (1.3) and (1.4)
are a priori equal.

In this paper, we work with AC Calabi-Yau manifolds for simplicity even
though it may be more natural to consider the larger class of all AC Ricci-
flat K&hler manifolds. The following proposition, which was inspired by [94,
§4], clarifies the difference between these two classes.

Proposition 1.6. Let (M, g,J) be a Ricci-flat Kdhler manifold asymptotic
to a Ricci-flat Kihler cone (C, go, Jo) in the sense that (1.2) and (1.3) hold.
Then w1 (M) is finite and the universal cover (M, g, J) is an AC Calabi- Yau
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manifold. Moreover, (M, g, J) is itself an AC Calabi-Yau manifold if and
only if (C, go, Jo) is a Calabi-Yau cone, i.e., admits a compatible Calabi-Yau
structure .

Proof. Let L denote the link of C'. Fix a compact set K C M such that
M\ K is diffeomorphic to (0,00) x L. Let p : M — M be the universal cover
of M and consider the preimage K = p~!(K). Since m (M) is finite [6, 73]
as a result of the Bishop-Gromov volume comparison theorem, K will be
compact and M \ K will consist of finitely many connected components. If
the number of components was two or greater, then M would split off a line
by the Cheeger-Gromoll splitting theorem applied to g, contradicting the
maximal volume growth of g. So there is only one connected component,
and this then takes the form (0,00) x L for some connected finite covering
space L — L. This is a normal covering with deck transformation group
71 (M). In particular, M is an AC Ricci-flat Kihler manifold asymptotic to a
Ricci-flat Kéhler cone C with link L via a 71 (M)-equivariant diffeomorphism
®. Since 7 (M) = {0}, we may trivialize K ; by a g-flat section Q, which
then clearly has a limit Qg on C, proving that M is AC Calabi-Yau.

It remains to prove that if (C, go, Jy) has a compatible Calabi-Yau struc-
ture o, then (M, g, J) has a compatible Calabi-Yau structure € asymptotic
to € via ®. For this we pass to the universal cover M — M as above, not-
ing that C' now comes equipped with a Calabi-Yau structure Qo which is
71 (M )-invariant. Because Ky is flat without holonomy and (crumally) be-
cause M is one-ended, we can easily construct a Calabi-Yau structure Q on
M asymptotic to Qg via ®. As ® is 71 (M)- -equivariant and Qo is w1 (M)-
invariant, we obtain that v*Q is asymptotic to Q for all 4 € m(M). But

Q) = h( )Q for some homomorphism A : 71(M) — U(1), so h is actually
trivial. O

The following uniqueness theorem, which follows from our previous work
[32, Thm 3.1] and which we state here for the reader’s convenience, will play
a crucial role in this paper.

Theorem 1.7. Let (M, g;,J,Q), i = 1,2, be two AC Calabi- Yau manifolds
asymptotic to the same Calabi- Yau cone with respect to the same diffeomor-
phism. If g1 and gy lie in the same Kdihler class of (M, J), then g1 = go.

1.2.3. Deformations of negative £-weight. Let C be a Kéhler cone. We will
not distinguish between C' and the associated normal affine variety C'U{o}.
Let T be the Reeb torus of C, generated by the flow of the Reeb vector
field ¢ = J(r0,) € Lie(T). Our main results (Theorems A-B in Section 1.3)
characterize AC Calabi-Yau manifolds in terms of deformations of negative
&-weight of their cones. Unfortunately our definition of these deformations
is rather technical; however, it turns out to be easy to check in practice. We
suspect that there exists a more natural definition.
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Definition 1.8. An affine variety V is a deformation of negative &-weight
of C if and only if there exists a sequence &; of elements of Lie(T) and a
sequence ¢; of positive real numbers such that

(1) & — € as i — oo

(2) the vector field —J(¢;&;) generates an effective algebraic C*-action on
C;

(3) there exists a C*-equivariant deformation of V to C, i.e., a triple
(W, pi, 0;), where

e W, is an irreducible affine variety,

e p; : W; — Cis aregular function with p; 1(0) = C and p; ' (t) = V for
t # 0 (hence automatically a flat morphism because W is irreducible
[53, p.257, Ch III, Prop 9.7]), and

e g, : C* x W; — W,; is an effective algebraic C*-action on W; such
that

o pi(oi(z,x)) = z"p;(x) for some p; € N and all z € C*, x € W,
and
e 0; restricts to the C*-action on p; '(0) = C generated by —J(ci&;);

(4) lim,_,9 0i(2,z) = o for every x € W;, where o € C is the apex of the
cone; and

(5) the sequence \; := —(k;pu;)/c; is uniformly bounded away from zero,
where k; € NU {oo} is the vanishing order of the deformation (W;, p;), i.e.,
the supremum of all & € N such that (W;, p;) becomes isomorphic to the
trivial deformation of C' after base change to Spec C[t]/(t*).

If V satisfies this condition, then we define the &-weight of V' to be the infi-
mum over all possible sequences & and (W}, p;, 0;) as above of lim sup;_, A;.
This is a negative real number A.

Example 1.9. As an illustration of the above definition, consider the affine
variety

V={2cC¥: 22+ 22+ =1}
We claim that this is a deformation of negative £-weight of the cone
C={2cC®: 23 +22+2 =0}

Note that C is the Kleinian surface singularity of type As, namely the flat
cone C2/Z3. The Reeb vector field is generated by the restriction of the C*-
action with weights (3, 3,2) acting on the ambient C3. This is a quasi-regular
Reeb vector field, so the sequence &; is constant equal to & and ¢; = ¢ = 1.
The required 1-parameter degeneration is then given by the affine variety

W ={(z,t) €C*: 22 4+ 22 + 23 =t}

under the C*-action with weights (3,3,2,6) on the ambient C*. Thus, in
particular, p; = p = 6. Also, of course, k; = k > 1, so that A < —6. The
variety V is well-known to admit an ALE Calabi-Yau metric.
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For an irregular example (a 3-fold V' degenerating with {-weight A < —3 to
a Calabi-Yau cone C, where C is a non-complete intersection of 14 quadrics
in C® and ¢ is an irrational vector in (iR*)®) we refer to Section 4.3.

1.3. Main results.

Theorem A (Existence). Let C be a Calabi-Yau cone with dim C' > 2, with
Ricci-flat Kdhler form wg and Reeb vector field §. View C' as a normal affine
variety in the only possible way.

(1) Let the affine variety V' be a deformation of negative {-weight of C.
Then V is Gorenstein with at worst finitely many singularities and with
trivial canonical bundle. Moreover, complements of suitable compact subsets
of C and of V' are diffeomorphic to each other.

(2) Let m : M — V be a holomorphic crepant resolution such that the
complex manifold M admits a Kahler form. Then M is a quasi-projective
algebraic manifold.

(3) There exists a diffeomorphism ® between complements of compact
subsets of C' and V' such that for any resolution w : M — V as in item
(2), for any class € € H?(M,R) such that (¢?,Z) > 0 for all irreducible
subvarieties Z of Exc(n), d = dim Z > 0, and for every g € Aut? (C), there
exists an AC Calabi-Yau metric wg € € such that ®*w, is asymptotic to
g*wo.

The rate Ay of (1.3), (1.4) may be taken to be A + ¢ for any ¢ > 0,
where X is the {-weight of V. The best possible metric rate A; as in (1.2) is
A1 = max{\, —2} + ¢ if ¢|p # 0, where L denotes the link at infinity of V,
and \; = max{\, —2n} + ¢ if ¢|; = 0, where n = dim C.

Theorem A contains all known Tian-Yau type existence theorems for AC
Calabi-Yau manifolds [12, 32, 33, 46, 62, 99, | as a special case but is
strictly more general. In particular, Theorem A is the first result of this
type where C' is allowed to be an irregular cone; cf. Section 4.3.

Note that if n > 3, then C' may admit deformations that are not of
negative &-weight. Also, if V' is a deformation of negative {-weight of C,
then V may not admit any crepant resolutions at all, or may admit several
distinct crepant resolutions not all of which are Ké&hler.

Theorem B (Classification). Every AC Calabi- Yau manifold (M, g, J, Q) is
equivalent to one of the examples produced by the proof of Theorem A up to
diffeomorphism.

As a consequence of Theorem B, every AC Calabi-Yau manifold with a
quasi-regular asymptotic cone arises from the refinement of the Tian-Yau
construction [99] given in [33]. The basic idea of the proof of Theorem B
in this case is to compactify M complex-analytically using the given cone
model by adding the quotient of the cone by C* as a divisor at infinity. After
blowing down any compact analytic cycles in M, we obtain a projective
variety whose deformation to the normal cone of the compactifying divisor
provides the 1-parameter degeneration described in Theorem A.
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Any complex affine variety with finite singular set admits a versal family
of deformations, which is an affine family over an affine base [9, 10]. Any
small deformation of the given variety is locally isomorphic to a fiber of this
family. In the presence of a C*-action, it is often possible to globalize this
isomorphism. This idea is one of the keys to Kronheimer’s classification of
ALE hyper-Kéahler 4-manifolds [70, (2.5)], so we recover this classification
here as a consequence of Theorem B.

The same idea applies more generally. For example, it allows us to prove
the following.

Theorem C (Uniqueness). Let (M, g, J,Q) be an AC Calabi- Yau manifold
with asymptotic cone C. Then the following uniqueness statements hold for
(M, g,J, Q) up to scaling and diffeomorphism.

(1) If C = {22+ -+ 22 = 0} C C" with its canonical SO(n + 1)-
invariant Calabi- Yau cone structure, then either M = T*S™ with the Calabi-
Yau structure of [92] (if n = 2, this is true only up to hyper-Kdahler rotation),
orn =3 and M = Op (—1)®? with the Calabi-Yau structure of [17].

(2) If D = BL,P? and C is the blow-down of the zero section of Kp with
the irreqular Calabi-Yau cone structure of [15], then M is either Kp or its
flop with one of the Calabi-Yau structures of [10].

(3) If C = C*/{£Id}, then M does not erist.

See Section 4.2 for additional examples as well as alternative proofs of
some of these uniqueness results using the classification theory of del Pezzo
varieties rather than deformation theory.

In [61] a G2 analog of Theorem C(1) concerning the Bryant-Salamon
manifolds was proved using a very interesting method of extending Killing
fields from the asymptotic cone.

Our proofs of Theorems B—C crucially rely on the fact that Ky is trivial,
but for ALE spaces as in Theorem C(3) it turns out that no conditions on
Ky are required at all [50].

1.4. Open questions. (1) We still know only one concrete example of an
AC Calabi-Yau manifold that is a smoothing of an irregular Calabi-Yau cone.
This is the example of our previous paper [33], which was constructed using
complicated ad hoc computations and some lucky numerology. Thanks to
Theorem A, it is now very easy to reproduce this example via toric geometry
and to find its true decay rate, which was not known (see Theorem 4.3). Can
one find new examples in this way?

(2) Can one define a deformation of negative &-weight without approx-
imating the action of & by C*-actions? The necessary deformation theory
results seem to be unknown except for toric cones. Do the infinite sequences
of compactifications of a fixed manifold that arise in the current version of
our construction have a deeper geometric meaning?

(3) It should be possible to describe the &-weight A of V' as an eigenvalue
of the linear operator induced by £ on the infinitesimal deformation space of
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C. What can be said about this eigenvalue? For regular Calabi-Yau cones,
A < —1, and for 3-dimensional toric Calabi-Yau cones, A = —3.

(4) Is the parameter g of Theorem A always caused by diffeomorphism
and scaling? This is easy to see in special cases but seems far from clear in
general.

(5) Even in view of recent progress [14, 24, , 34, 38, 74, 95, 96]
it seems difficult to generalize our work to the bettmg of asymptotic cones
with singular links, one problem being that algebraic cones with non-isolated
singularities have an infinite-dimensional deformation theory.

1.5. Organization of the paper. In Section 2 we will prove Theorem A.
This proof requires a large number of auxiliary results for which we were
unable to find a reference in the literature, and which may be of some in-
dependent interest. We collect these together in four appendices: a suitable
concept of deforming an orbifold to the normal cone of a suborbifold (Ap-
pendix I), a discussion of Type I deformations of Sasaki structures with
estimates (Appendix II), a new Gysin type theorem for orbifold S'-bundles
(Appendix IIT), and a review and extension to the quasi-regular case of Li’s
main results in [72] (Appendix IV). Theorem B will be proved in Section
3. This proof is relatively easy compared to the proof of Theorem A be-
cause we have tried to make Theorem A as strong as possible. In Section
4, we first review some background from deformation theory (Section 4.1)
and then apply this to prove Theorem C (Section 4.2) and to state a clean
existence theorem in the case of toric cones (Section 4.3). In Section 4.1, we
will also explain why the same arguments allow us to recover Kronheimer’s
classification of 4-dimensional hyper-Kéahler ALE spaces [09, 70].

1.6. Acknowledgments. We thank V. Apostolov, T. Collins, A. Corti,
S. Donaldson, M. Faulk, M. Haskins, C. LeBrun, C.-C. M. Liu, I. Morrison,
R. Rasdeaconu, F. Rochon, S. Sun, I. Suvaina, G. Székelyhidi, R. Thomas,
F. Tong, V. Tosatti, M. Verbitsky and J. Viaclovsky for useful discussions
over many years. Special thanks go to C. Li for writing [72] and for showing
us Example [.3, which revealed a mistake in an earlier version of this paper.
RC is partially supported by NSF grant DMS-1906466. HH is partially sup-
ported by NSF grant DMS-1745517 and by the DFG under Germany’s Ex-
cellence Strategy EXC 2044-390685587 “Mathematics Miinster: Dynamics-
Geometry-Structure,” as well as by the CRC 1442 “Geometry: Deformations
and Rigidity” of the DFG.

2. THEOREM A

Let C be an n-dimensional Calabi-Yau cone (n > 2) with Reeb vector field
¢ and Reeb torus T. Let the affine variety V' be a deformation of negative
&-weight of the cone C, viewed as a normal affine variety as usual. Thus, we
have sequences ¢; € Lie(T) and ¢; € R such that

(1) & — € as i — o0,
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(2) the vector field —J(¢;&;) generates an effective C*-action on C,

(3) there exists a l-parameter degeneration p; : W; — C of V to C,
equivariant with respect to some C*-action o; : C* x W; — W; that
restricts to the action of (2) on the central fiber C' and with respect
to the standard C*-action of weight u; € N on the base,

(4) lim,_,00;(z,z) = o, the apex of C, for all x € W;,

(5) and the sequence A; := —(k;u;)/c; is uniformly bounded away from
zero, where k; € NU {oo} is the supremum of all £ € N such that
the base change of the family p; from Spec C[t] to Spec C[t]/(t*) is
isomorphic to a trivial product family.

Given this set-up, Theorem A will be proved as follows.

Step 1. Let D; be the orbifold quotient of C by the effective C*-action of item
(2). Generalizing an idea of Pinkham [81], we construct a C*-equivariant
affine embedding ¢; : W; — C x CYi such that p; = pr¢ o ¢; and such that
the corresponding weighted projective closure V; of V =2 d)i(pz-_l(l)) is an
orbifold near infinity with compactifying divisor V; \ V = D;. Moreover,
after removing D;, the deformation of V; to the normal cone of D; in V; (see
Appendix 1) is C*-equivariantly isomorphic to the base change of p; from
Spec C[t] to Spec C[s] under the map ¢t = sHi.

Step 2. The existence of the projective compactifications V; allows us to
prove Theorem A(1). The triviality of Ky requires many ingredients, in-
cluding the theory of Type I deformations of Sasaki structures (see Appendix
IT) and a new Gysin type theorem for orbifolds (see Appendix III).

Step 3. A minor generalization of one of the key results of [72] (see Appendix
IV) immediately tells us that the embedding of D; into V; is (kju; — 1)-
comfortable. Using a method of [33, 55, 72], this allows us to construct a
diffeomorphism ®; between neighborhoods of infinity in C' and in V' such
that [®7(J) — Jolg,, = O,,(rf‘l) as r; — 00, where J is the complex structure
on V', go,; is a certain Kéhler cone metric on C with Reeb vector field &; (see
Appendix II), and r; is the radius function of gg ;. By construction, rl=ei g
r; < r'*% on {r > 1}, where ¢; — 0. Thus, J is asymptotic to Jy with
respect to go at rate A + ¢ for all ¢ > 0. Note that A := limsup, ,, A <0
by assumption.

Step 4. For a Kihler crepant resolution  : M — V and a class € € H2(M,R)
that pairs positively with all subvarieties of Exc(7), we will prove that ¢
contains the restriction of a Kéahler form w; on M U D;. As an aside, we
will also prove in this step that M is quasi-projective, i.e., Theorem A(2).
Any such form w; automatically satisfies |} (w;)|g,, = 0;(r;?) as r; — oo.
Thus, in analogy with Step 3, for all € > 0 there exist Kahler forms on M
of decay rate —2 + ¢ with respect to go.
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Step 5. We are now able to construct AC Ricci-flat Kéhler metrics on M in
the class £ by solving a complex Monge-Ampeére equation as in [32]. This
proves Theorem A(3).

2.1. Step 1. This step follows from Theorem 2.2 below, which generalizes
the idea of [81, Thm 4.2] by using weighted rather than unweighted (cf. the
set-up in [81, §3.1]) projective completions.

The following definition is a minor extension of a definition of Tian-Yau
[99, Defn 1.1(iii)].

Definition 2.1. Let Y be a reduced, irreducible, compact complex space.
A reduced and irreducible hypersurface D of Y is an admissible divisor if
there is an open neighborhood U of D such that U is a complex orbifold
without codimension-1 singularities and D is a complex suborbifold of U
with U8 C D. We then have an associated Q-Cartier divisor or a Q-line
bundle [D] on Y.

Note that, unlike in [99], Y is allowed to have singularities in the com-
plement of the open set U, and these singularities are not required to be of
orbifold type. We will always work in the orbifold category on U. Thus, for
instance, a section of [D] is a section in the usual sense on Y \ D, and is
given by invariant sections on the local uniformizing charts of the orbifold
structure on U.

If [D] is ample on Y, then Y admits a deformation to the “normal cone”
of D; see Appendix I.

Theorem 2.2. Let C be an irreducible affine variety with a unique singular
point o € C. Let W be an irreducible affine variety and let p: W — C be a
regular function such that p~1(0) = C. Let o : C* x W — W be an effective
algebraic C*-action such that

e p(o(z,x)) = ztp(x) for some p € N and all z € C*,z € W, and

e lim, ,go(z,2) =0 forallz e W.
Then the following hold.

(1) There exist pi,...,un € N coprime and an embedding ¢ : W —
Cy x (CZV_.%N such that

e p=toqp, and
o ¢(o(z,x)) = diag(zH,z"1,...,z'N) - p(x) for all z € C*, z € W.

(2) Denote the affine variety p~1(1) by V. Let V be the closure of ¢(V)
in the weighted projective space P(u, p1,...,un,1) D Cy X CQL---@v and let
D =V \ ¢(V) be the compactifying divisor. Then D is admissible in V with
respect to the orbifold structure inherited from P(u, p1, ..., un, 1).

(3) The base change of p from C; to Cys under the map t = st is C*-
equivariantly isomorphic to the deformation of V to the normal cone of D
with its compactifying divisor removed.

Proof. (1) Decompose the coordinate ring of W as the algebraic direct
sum of the eigenlines of the C*-action induced by o. Note that p is a
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p-eigenfunction. If f is any nonconstant A-eigenfunction, then A > 0 by
letting z — 0 in the identity f(o(z,x)) = 2*f(x), where f(x) # f(0). Given
an affine embedding of W, we can decompose each coordinate function into
eigenfunctions of the C*-action. The set of all eigenfunctions obtained in
this way defines a new affine embedding of W because the new functions
still separate points and Zariski tangent directions. The new embedding is
obviously equivariant, with coprime eigenvalues because o is effective. We
may add p as a coordinate.

To prove (2) and (3), we begin by observing that the ideal of ¢(W) is
generated by a finite set of polynomials that are homogeneous with respect
to the C*-action with weights p, 1, ..., un. Clearly these polynomials can
be written in the form f;(z1,...,2n5)+tgi(t,2z1,...,2n) (i =1,...,I), where

fi,gi are homogeneous polynomials as well. Let [7,(1,...,(y,w] denote the
natural homogeneous coordinates on P(u, p11, ..., pun, 1), so that the inclu-
sion of C x CV as an affine chart is given by

(2.1) T =twh, (, =z (n=1,...,N)

and the closure of ¢(W) is cut out by the equations
(22) fl(Clv 7<N) +7—gi(7—7<17---7CN) =0 (Z = 1771)
For t € C, let V; = p~L(t), let V; denote the closure of ¢(V;), and let

Dy = Vi \ #(V;) denote the compactifying divisor. A priori V; may be
arbitrarily singular at or near the hyperplane w = 0, and if V; does not
intersect this hyperplane transversely then Dy may carry multiplicities. The
content of item (2) is precisely to rule out these possibilities for t = 1 by
using the fact that the picture for ¢ = 0 is completely understood and that
we have a family of varieties connecting V to V.

By construction, V| intersects the hyperplane w = 0 transversely in a
reduced and irreducible subvariety Dy, which is a connected suborbifold
of P(u1,...,un) isomorphic to (C'\ {o})/C* as an orbifold. In particular,
because ¢(Vp) is smooth in a neighborhood of infinity, Dy is admissible in
V. Moreover, Dy is cut out by the equations fi((1,...,(x) = 0. For t # 0,
it directly follows from (2.1) and (2.2) that D; is a subscheme of Dy, but
in general this inclusion could be strict. However, since W is irreducible,
all fibers of p are purely of dimension (dim W) — 1. Thus, D; is a full-
dimensional projective subscheme of the irreducible projective variety Dy,
and hence D; = Dy. In particular, D; is reduced, so V; intersects the
hyperplane w = 0 transversely. We abbreviate D; = Dy = D.

We now prove item (2) by studying the family V; locally near an arbitrary
point x of its common compactifying divisor D. Pick any n € {1,...,N}
such that (,(z) # 0. As usual, the locus (, # 0 in P(u, p1,...,un,1) can
be identified with CN*1/Z,, . where a p,-th root of unity ¢ € Z,,, acts by
the diagonal matrix diag(§H, &M, ... EHn, ... EPN€). Let & be a preimage
of z in CV*! and let T' be the stabilizer of # in Z,,. Then we may write

a small open neighborhood of z as U /T, where U is a ball centered at Z in
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CN+1. Let V4, D denote the corresponding local lifts of V;, D. Thus, D is a
smooth submanifold of U containing z, and V, is a pure-dimensional analytic
subvariety of U containing D as a divisor. In particular, dim V; = (dim D)+1
for all t € C. We already know that Vo is smooth in U, and to prove (2) we
need to show that V1 is smooth at .

Let (7, Civeoos Gy ey O, ) denote the natural affine coordinates on CV+1
provided by the above construction. Then an element z € C* acts via o by
fixing the first N coordinates and multiplying @ by z~'. Thus, by con-
struction, if ¢ is a small positive real number, then the action of t~/# via o
identifies V; with a (smaller and smaller as ¢t — 0%) tubular neighborhood
of D in V;. We therefore reduce to proving that V; is smooth at # for all
sufficiently small values of ¢ # 0.

To prove this, recall that the union of the varieties V; in U is cut out by
the equations

fi(Cy o1, CN) + 7gi(F G 1, ) =0,

and that, for any fixed t € C, the variety V; is cut out by the additional
equation

T = twh.
Since V; is purely ((dim D) + 1)-dimensional, the proof of [50, p.100, Prop
1.104] now tells us that there exists an explicit set of polynomials in 7, 51, e
Cn, ...,Cn,w and ¢ that cut out the singular locus of V; for all ¢ € C. Since
Vy is smooth, it follows that V, is smooth at 7 for ¢ 2 0 small.

(3) We may view the weighted homogeneous coordinate function w on
P(, pi1, - - -, v, 1) DV as a global section of the line orbibundle O(1). The
zero locus of this section on V is the admissible divisor D with multiplicity
1. It follows that the Q-line bundle induced by D on V is L = O(1)|y.
This is a line bundle away from D and a line orbibundle in a small tubular
neighborhood of D, and is ample as a Q-line bundle. Let 7 : L — V denote
the bundle projection. Let o denote the section of L that cuts out D, which
is given by the restriction to V of the section w. Then away from its central
fiber, the deformation of V' to the normal cone of D can be written as

(2.3) {(g;8) e LxC*:5-q=0(n(q))},

where s is the family parameter. We now pass to the dual line bundle and
contract its zero section to a point. By definition, (L*)* is the weighted
affine cone C(V) over V in CN*2. Write a general point of CN*2 as p =
(1,¢1,...,(N,w). In this picture, (2.3) turns into

(2.4) {(p,s) e C(V)x C* :w = s}

because away from the divisor D, the section of L* = O(—1)[;- dual to o
picks out the unique point with w = 1 in each C*-orbit in C(V), so the
equation dual to s- ¢ = o(n(q)) is exactly w = s. This equation is still
correct at s = 0 because the central fiber of the deformation to the normal
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cone is the hyperplane section w = 0 of (L*)* = C(V). Now recall that
C(V) is cut out by

fi(ClauwCN)+7'gi(7'7<17--'7CN) =0, 7=w".
Then it is clear that the family (2.4), extended to s = 0, is the base change
of the original family W or ¢(W) C C; x (Ci\{v---va under the map t = s#, as
required. ([l

Remark 2.3. Asin [81, Thm 4.2], the singularity o € C'is not required to be
normal, even though in our applications it always will be. If this singularity
is not normal, then Proposition 2.2 yields an example of a “deformation to
the normal cone” whose central fiber is not actually isomorphic to the normal
cone of the compactifying divisor (but is still normalized by it); cf. Example
1.4.

2.2. Step 2. We now establish Step 2 of the outline at the beginning of this
section. Step 1 yields a sequence of projective compactifications V; of our
negative weight deformation V' of the Calabi- Yau cone C. For ¢ > 0 each
of these can be used to prove Theorem A(1). This is the content of our next
theorem. The proof actually yields a more technical but stronger statement
(see Remark 2.5), which will be needed later on to complete Step 4 of the
outline.

Theorem 2.4. The affine variety V is Gorenstein with at worst finite sin-
gular set and Ky is trivial. Complements of suitable compact subsets of C
and of V' are diffeomorphic to each other.

Proof. We treat the surface case separately, using an argument due to Kron-
heimer [70, (2.5)] that will also give us Kronheimer’s classification of hyper-
Kahler ALE 4-manifolds once Theorem B has been proved. As the details
of this argument will be explained in a broader context in Section 4.1, we
will be brief here. If dimC = 2, then C = C2?/T" for some finite group
I' C SU(2) acting freely on S3. In particular, C is quasi-regular, i.e., the
Reeb torus of C' is a circle, so the above sequence W; collapses to a single
element W (cf. Example 1.9). It is a classical result going back to Klein
that C' can be embedded into C? as a quasi-homogeneous surface. Thanks
to Slodowy’s construction [91] of a C*-equivariant semi-universal deforma-
tion of any quasi-homogeneous complete intersection, we can now conclude
that V itself embeds into C? as a perturbation of C' by polynomials of lower
weighted degree. Here we crucially rely on the presence of a C*-action in
order to globalize the classifying map from W to the semi-universal family
of C. This classification makes the claimed properties of V' checkable.

We now give a more abstract argument that covers all cases where dim C >
3.

Proposition 2.2(2) tells us that V; is an orbifold in a neighborhood of
the compactifying divisor D; such that all of the singularities of V; in this
neighborhood are contained in D;. In particular, this neighborhood is orb-
ifold diffeomorphic (fixing the zero section) to a neighborhood of the zero
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section in the orbifold normal bundle to D; in V;, i.e., in the compactified
cone C'U D;. Also, the singular set of the affine variety V is then clearly
compact and hence finite. The fact that the singular points are Gorenstein
follows from [60, Thm 9.1.6], using the given deformation of V to C.

Since V' is Gorenstein, the canonical divisor class of V' defines a line bundle
Ky . Similarly, since V; = V UD; is an orbifold in a tubular neighborhood of
D;, the canonical bundle KVZ- makes sense as a line orbibundle near D; and
as a Q-line bundle globally. We will prove that for all ¢ > 0 there exists an
integer o; (in fact ; > 1) such that Ky, + o;[D;] is an honest line bundle

on V;, and is actually trivial as a line bundle. This clearly suffices to prove
the theorem.

We first note that D; must be a Fano orbifold for all < >> 0. This is because
the theory of Type I deformations of Sasaki structures (see Theorem I1.4)
provides us with a sequence of cone metrics go; on C that are Kahler with
respect to the given complex structure, with Reeb vector field &;, such that
go,i converges to the Ricci-flat Kahler cone metric go locally smoothly as
i — oo. It follows that the link of go; has strictly positive Ricci curvature
for ¢ > 0, and hence that D, is Fano.

Fix any large enough index i such that D; is Fano, and suppress the
subscript .

Our next step is to prove that the desired result is true to leading order
around D, i.e., that an analogous statement holds on the normal cone to D
in V. More precisely, let p : N — D denote the total space of the normal line
orbibundle to D in V. We wish to prove that there exists an integer o > 1
such that Ky + «[D] is an honest line bundle on N, and is actually trivial
as a line bundle. To this end, we first observe that K is trivial away from
the zero section of N because the affine cone (N~1)* is exactly the given
Calabi-Yau cone C. On the other hand, one easily shows by using transition
functions that Ky = p*(Kp — N), where p* is understood in the sense of
[12, Rmk 4.30]. Thus, applying Theorem III.1 and switching to additive
notation, we see that there exists an o € 7Z such that Kp — N = —alN
as C™ line orbibundles on D. Notice that o > 1 because D is Fano and
N is positive. Again because D is Fano, the orbifold Picard group of D is
discrete, so it follows that Kp — N = —aN as holomorphic line orbibundles.
Since p* N = [D], we learn that the holomorphic line orbibundle Ky + a[D]
is trivial, hence in particular that it is an honest line bundle.

We now consider the Q-line bundle Q@ = Ky+a[D] on V. By construction,
this is an honest line bundle away from D and a line orbibundle in a tubular
neighborhood of D. By the previous step, Q|p is trivial. In particular,
Q|p is an honest line bundle on D. Moreover, since Q and Ky + a[D]
are isomorphic as C'*° line orbibundles in a tubular neighborhood of D, it
follows that @ is a true line bundle in this neighborhood, hence globally
on V. Pick a trivializing section s € H°(D,Q|p). We will now prove the
following sequence of statements, where (3) completes the proof.
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(1) The section s extends to every infinitesimal neighborhood mD (m € N,
m>2)of DinV.
Proof. Taking cohomology in the sequence

0— OD(Q) ® \751|D - OmD(Q) - O(m—l)D(Q) — 0,

whose exactness can be checked on stalks by averaging over the uniformizing
groups, we get

H*(Omp(Q)) = H(Opn-1yp(Q)) = H'(Op(Q) @ T5'|p)-

A section of Q|(,—1)p therefore lifts to a section of Q|,,p if HY(Op(Q) ®
I p) = 0. Since Q|p is trivial, this is equivalent to H'(J5'|p) = 0. As
in the manifold case, the sheaf J/'|p is naturally isomorphic to the sheaf
of sections of the line orbibundle —mN. The desired vanishing of H! then
follows from the Kodaira vanishing theorem for orbibundles because N is
positive and dim D > 2. By induction, s € H°(D,Q|p) lifts to a section of
Q|mp for all m > 2.

(2) The section s extends to a small pseudoconcave tubular neighborhood
UofDinV.

Proof. For this we take cohomology in the exact sequence

0— Op(Q)®Jp = Ou(Q) = Omp(Q) — 0,

which results in the exact sequence

H(0y(Q)) = H*(Omp(Q)) = H' (Ou(Q) © 1)

If D is a smooth divisor with dim D > 2 and with positive normal bundle,
then the H' term vanishes for m > 1 by [51, p.379, Thm III]. This is proved
using the identification of J}} with the sheaf of sections of —m[D], the
theory of d-harmonic forms on manifolds with boundary, and the Bochner
technique. All of these go through for admissible orbifold divisors. Together
with the fact proved in item (1) above that s extends to mD for all m > 2,
this then tells us that s extends to U.

(3) The line bundle Q is globally trivial on V.

Proof. Thanks to item (2), @ is trivial in some tubular neighborhood
U of D in V, after shrinking U to ensure that s does not vanish on U.
Choose k € N sufficiently large and divisible such that k[D] is a very ample
Cartier (rather than Q-Cartier) divisor on V. We may then perturb the
supporting Weil divisor kD in its linear system, replacing it with a generic
smooth hyperplane section H C U. Then Q|g will be trivial because Q|ir
is. Because dim H > 2, the Grothendieck-Lefschetz theorem for normal
projective varieties [32, Thm 1] now tells us that @ is globally trivial. O

Remark 2.5. We note for later reference that the above proof shows that
V is Gorenstein, V; is Q-Gorenstein for all 4, D; is Fano for all i > 0, and if
D; is Fano then there exists an integer «; > 1 such that the Q-line bundle
Ky + o [D;] is an honest line bundle on V;, and is actually trivial.
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2.3. Step 3. By Theorem IV .4, the orbidivisor D; is (k;u; — 1)-comfortably
embedded in V;. (This result is valid only for n > 3, but for n = 2 there
is no need to work with approximating sequences, so Theorem V.4 is not
needed either.) Thus, by [72, §3.1] (see also [33, App B.1] and [55, Prop
4.5]), there exists a diffeomorphism ®; of neighborhoods of infinity in C
and V' such that ®;.J converges to Jy at rate —k;p; with respect to any Jo-
Kahler cone metric on C' whose scaling vector field generates the effective
C*-action by which we have quotiented C' to obtain D;. We would now like
to rewrite this information in terms of &;. Recall that ¢; was defined as the
unique positive real number such that —J(¢;§;) generates the C*-action we
just mentioned, and —k;u;/c; = \; also holds by definition. Now, the metric
growth rate of a section of T*C' ® T'C' with respect to any cone metric is
equal to the section’s homogeneity with respect to the scaling vector field
of the cone metric. Thus, if go; is a Jo-Kéahler cone metric on C with Reeb
vector field &;, and if r; denotes the radius function of this cone metric,
then |V’;O7i(<I>fJ = Jo)lgo: = Okyi(r;\i_k) as r; — oo for all k& € Ny. Such
metrics go; exist by Theorem I1.4. In addition, by (I1.7), we can assume
that for all K € N and ¢ > 0, go; converges to go in the weighted CcK
norm associated with go as i — oo. Thus, for all i > i(K, ¢), we have that
|V§O(<I>;kJ — Jo)|go = Ok ci(r*7%) as r — oo for all k € {0,..., K}. This
will be good enough for us even though ®; and the constants in the Ok ;
notation may (at least in theory) diverge as i — co.

2.4. Step 4. Given a Kahler crepant resolution 7 : M — V, our goal in
this step is to find Kahler forms with good asymptotics in as many classes
t € H%(M,R) as possible. We will explain how to do this after proving the
following technical theorem.

Theorem 2.6. Let V be an affine variety with at worst isolated singularities.
Let V be a projective compactification of V such that D =V \'V is an ample
admissible divisor in V. Let M be a complex manifold together with a proper
surjective holomorphic map © : M — V which is a biholomorphism away
from compact sets. Construct a compact complex orbifold X = M U D by
using 7™ to identify neighborhoods of infinity in V and in M. Then the
following hold.

(1) The orbifold de Rham cohomology of X satisfies Hodge decomposition
and Hodge symmetry.

(2) If V is Gorenstein and if 7 is crepant, then the singularities of V' are
canonical.

(3) If in addition there exists an o € N such that the Q-line bundle K+, +
a[D] is an honest line bundle on V , and is actually trivial as a line bundle,
then h%(X) = 0 for all i > 0.

(4) If in addition o > 1, then every smooth closed real 2-form on M
is de Rham cohomologous to the restriction to M of a smooth closed real
(1,1)-form on X.
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(5) Assume in addition that M admits a smooth closed real (1,1)-form
whose restriction to some open neighborhood U of Exc(r) is i00-cohomologous
to a Kdhler form on U. Then X is projective, and any such f3 is i00-
cohomologous to the restriction to M of a smooth Kdhler form on X.

Proof. (1) Abuse notation by denoting the obvious extension of 7 from M
to X by 7w as well.

We first show that the blow-up o : X — X of X along a suitable ideal
sheaf supported in X \ D produces a projective orbifold X. This follows from
[58, p.321, Thm 1]. More precisely, by applying the proof of this theorem
to a small neighborhood of every singularity of V, we obtain a coherent
analytic ideal sheaf J on V with support on V"8 such that the blow-up
f: X 5 VofV along J, which is projective by GAGA, factors as f = woo,
where o : X — X is then the desired map.

If X is smooth, the modification o : X — X can be used to prove that
the de Rham cohomology of X satisfies Hodge decomposition and Hodge
symmetry [76, Thm 2.2.18]. The same proof goes through in the general
orbifold case if one uses orbifold differential forms, thanks to the fact that
o is an orbifold diffeomorphism near the orbifold singularities of X and X.
Moreover, this proof also shows that the pullback map ¢* in orbifold de
Rham or Dolbeault cohomology is injective.

(2) By assumption, 7 is a crepant resolution of the singularities of V. If
m is algebraic, it follows by definition that V has canonical singularities. In
general, we just need to consider the algebraic map f = w o ¢ instead of 7,
whose discrepancies over V"8 are nonnegative because M is smooth.

(3) Thanks to the injectivity of o*, it suffices to prove that H* (X, 05)=0
for ¢ > 0. Note that the direct image functor R?f, on coherent sheaves can be
computed locally in the analytic topology. This implies that R?f,O ¢ = 0 for
q > 0 because V has canonical singularities away from D by item (2) above,
which are rational by [68, Thm 5.22], and because f is a biholomorphism
onto its image in a neighborhood of D. Thus, Hi(X'7 0g) = H{(V, Oy) by
the Leray spectral sequence. To prove that H(V, Oy) = 0 for i > 0, we
begin with the following claim; cf. [33, p.526].

Claim 1. If a holomorphic line orbibundle @ on X admits a Hermitian
metric whose curvature form is nonnegative on X, and is strictly positive
somewhere, then H'(X, K¢ 4+ Q) =0 for all i > 0.

Proof of Claim 1. Since X is projective, hence Kahler, this follows from
the usual Bochner formula proof of the Kodaira vanishing theorem together
with the real-analyticity of harmonic forms. This argument is due to [83,
Thm 6] in the smooth case and it clearly works for orbifolds as well. ]

To proceed, write D for the preimage of D in X. Note that K -+ a[f)] is
an f-exceptional divisor on X because K + a[D] = 0 on V. This implies
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that f.(K¢ + a[D]) = 0 and hence
Hi(V,0p) = H(V, f.(K g + o[ D).

We can further rewrite this as a cohomology group on X by using the Leray
spectral sequence one more time. To this end, we require the following claim.

A~

Claim 2. We have that R?f,(K ¢ + a[D]) = 0 for all ¢ > 0.

Proof of Claim 2. By [68, Prop 2.69], it suffices to prove that Hq(X, K¢ +

a[]:)] + f*H) = 0 for all ¢ > 0 and all sufficiently ample line bundles H on
V. This vanishing follows from Claim 1. Indeed, D is an ample Q-Cartier
divisor on V. Thus, for m € N sufficiently large and divisible, the map
x Loy mBlpy

is everywhere defined, and is an isomorphism onto its image on X \ Exc(f).
Then the pullback of the Fubini-Study Hermitian metric on Opn (1) under
this map is a metric of nonnegative curvature on m[D] with strictly positive
curvature on X \ Exc(f). Taking the m-th root, we obtain a metric with
the same properties on [D], and this metric can be used in Claim 1. O

Thanks to Claim 2, the Leray spectral sequence now tells us that

H{(V, f«(Kg +a[D]) = H(X,K ¢ + a[D]).

This vanishes again due to Claim 1 and the fact that [D] admits a suitable
Hermitian metric.

(4) We need to show that the restriction map H!(X,R) — H?(X\ D,R)
is surjective. This will be similar to the proof of [33, Prop 2.5]. By items
(1) and (3), H*'(X,R) = H%(X,R). Moreover, since a > 1, D is Fano by
adjunction. Thus, by the orbifold Calabi-Yau theorem, D admits Kéahler
metrics of positive Ricci curvature, so H!(D,R) = 0 by the usual Bochner
argument and orbifold Hodge theory. Now recall the Gysin exact sequence

.- = H*2%(D,R) - H*(X,R) 5 H*(X \ D,R) —» H*Y(D,R) — - --

in orbifold de Rham cohomology [33, Prop B.4|, where i : X \ D — X
is the inclusion. Combining these facts, surjectivity of the restriction map
HY'(X,R) = H?(X \ D,R) is now obvious.

(5) Let 8 be a smooth closed real (1,1)-form on M such that for some
open neighborhood U of Exc(m) we have that 8|y = w — i0dp, where w
is a Kahler form on U and ¢ : U — R is a smooth function. Thanks to
item (4) above, there exist a closed (1,1)-form £ on X and a 1-form 7 on M
such that g = &|pr + dn. Note that M is strictly pseudoconvex at infinity
because the compactifying divisor D = X \ M has positive normal bundle.
Moreover, K is trivial because Ky is trivial and 7 : M — V is crepant.
Thus, HY(M,Oyr) = 0 by [49, p.278, Korollar]. Since dn is of type (1,1),
the usual proof of the id0-lemma then tells us that dn = i90u for some
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function u on M. Now let v denote the pullback of the Fubini-Study Kéahler
form on PV under the map

X 5 7 mBl pN
for any sufficiently large and divisible m € N. Then, as in the proof of Claim
2 above, v is a smooth nonnegative closed (1, 1)-form on X, strictly positive
on X \ Exc(r) and i0d-exact on M = X \ D. Let y be a cut-off function
with compact support on M such that the support of dx is contained in
U \ Exc(rm). Then, clearly, for C' > 1 sufficiently large,

£4+i00(x(u+ @) + Cy

defines a Kihler form on X whose restriction to M is i90-cohomologous to
&, hence to 8. This in particular tells us that X is a Kahler orbifold. Thus,
using the vanishing h%?(X) = 0 from item (3), X is projective algebraic by
the Kodaira-Baily embedding theorem [10]. O

Remark 2.7. If X is actually a manifold, then several steps of the above
proof can be simplified. For example, it is then not necessary to ensure that
o is an isomorphism near D, which allows us to quote a standard property
of Moishezon manifolds [76, Thm 2.2.16] instead of [58]. Moreover, the
vanishing h%(X) = 0 follows from [19, Satz 2.1] because all sheaves in sight
are locally free.

We are now ready to complete Step 4. If ¢ € N is large enough, then
by Remark 2.5 the projective compactification V; = V U D; constructed in
Step 2 satisfies all of the hypotheses of Theorem 2.6. Thus, if 7: M — V is
a Kéhler crepant resolution, then M is quasi-projective by Theorem 2.6(5),
and every class &€ € H2(M,R) contains a closed (1,1)-form 8 by Theorem
2.6(4). Thanks to these two properties, [30, Thm 1.1] now tells us that
if € pairs positively with all irreducible subvarieties of Exc(m) in the sense
of Theorem A(3), then there exist an open neighborhood U of Exc(w) in
M and a smooth function ¢ : U — R such that S|y + i0dp > 0. Again
by Theorem 2.6(5), there exists a smooth Kéhler form w; on the projective
compactification X; = M U D; such that w;|p € .

We now return to the diffeomorphisms ®; constructed in Step 3. These
are actually exponential-type maps [33, Defn 4.5] from some tubular neigh-
borhood of the zero section in Np,/y, to a tubular neighborhood of D; in
X; itself. Since w; is smooth on Xj, a scaling argument (compare the end
of the proof of [33, Prop 2.5]) then shows that ]V’gﬂo’ifbfojﬂgw = Oi(r;27F)
as r; — oo for all k € Ny. Note the following subtlety: here, unlike in Step
3, we are discussing sections of T*C' ® T*C rather than T*C ® T'C, so the
same quadratic decay rate holds with respect to any Jy-Kéahler cone metric
on C whose Reeb vector field is a positive scalar multiple of ¢;. However,
we can now conclude by the same approximation argument as in Step 3
that given any arbitrary K € N and ¢ > 0, it holds for all i > i(K,¢) that
|V§O<I>2‘wi|go = Ok ei(r~2 %) asr — oo for all k € {0,...,K}.
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2.5. Step 5. Let # : M — V be a Kéhler crepant resolution. Let ¢ €
H?(M,R) be a class that pairs positively with all irreducible subvarieties of
Exc(w). Given any arbitrary K € N and € > 0, we now fix a large enough
index ¢ > i(K, ¢) in Steps 3-4. This provides us with a Kéhler form wg . € ¢
and a diffeomorphism ®x . of neighborhoods of infinity in C' and in M such
that

|Vlg€0( *K75J — ']0)‘90 = OK”E(,,,/\JH'?*I@)7 ’V’;o ((I);(,EWK,E)‘go — OK7E(7,72+67k)

as r — oo for all k € {0,..., K}. We are now finally in a position to invoke
the existence theorem for AC Calabi-Yau metrics of [32, Thm 2.4]. This was
proved by solving a complex Monge-Ampere equation on M with respect to
an AC reference metric constructed using wg . in the class €.

A simplification compared to [32] is that, in the notation of [32], we
can assume w = £ on M here instead of having to consider the case that
w—§&=dnpon M\ K. This eliminates the complicated i9d-lemma of [32,
Cor A.3(ii)]. Thus, while the simpler i99-lemma of [32, Cor A.3(i)] is still
needed, this part of the existence theory now goes through in all dimensions,
with no need for any special arguments in dimension 2; see [32, Rmk 2.5].
We thank F. Rochon for these observations.

A small difficulty is that the decay conditions in [32] and in Definition
1.4 were phrased in terms of infinitely many derivatives. Here we only
have a finite but arbitrarily large number K of derivatives for a fixed AC
diffeomorphism @ .. This suffices to prove the existence of AC Calabi-Yau
metrics of arbitrarily high but finite order with no changes to the proof.
Assuming this, we then obtain the AC property to all orders by constructing
a Bianchi gauge in weighted Holder spaces on C.

3. THEOREM B

Let (M,g,J,Q) be a Calabi-Yau manifold of complex dimension n > 2
which is AC with respect to some diffeomorphism & identifying the asymp-
totic cone C' with M at infinity. Assume that the decay rate of J is A < 0.
Write go, Jo, Qo for the Calabi-Yau structure and § = Jy(r0,) for the Reeb
vector field of C. Let T denote the associated Reeb torus, i.e., the real
torus acting holomorphically and isometrically on (C, gg, Jy) generated by
the flow of €. Then, by construction, we clearly have that £ € Lie(T). Let
& be a sequence of vector fields in Lie(T) such that some scalar multiple of
&; generates a C*-action on C' and such that & — £ as ¢ — oo. For technical
reasons, we assume that &; is chosen using Dirichlet’s theorem on diophan-
tine approximation for vectors. Thus, for some fixed choice of a norm on
Lie(T) we have that

1
(3.1) & — & = O(ci_l_a) as i — 0o,
where d = dim T and where ¢; is the unique positive real number such that
ci& generates an effective C*-action on C. (This step is not essential but
will save us a fair amount of technical work later; see the proof of Claim 1
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below.) By the Reeb field perturbation results of Appendix II, for all ¢ there
exists a quasi-regular Jyp-Kahler cone metric go; on C' whose Reeb vector
field is exactly &. Furthermore, if r; denotes the radius function of g,
then, by Theorem I1.4, for all K € N and £ > 0 there exists an i(K,e) € N
such that for all ¢ > (K, e) we have that

(3.2) ]VSM(@*J — Jo)lgo: = OKE(W\JFE_]“) as r; — 00

)

for all k = 0,..., K. Precisely, it suffices to choose i(K,¢) so that | — ¢|
is less than ¢ times a small constant depending only on K for i > i(K,¢).
Here, whereas the metric go; depends on 4, the map ® and the constants
implicit in the Ok . notation do not, unlike in the proof of Theorem A.

Let D; be the orbifold quotient of C by the effective C*-action generated
by ¢;i&. As in the proof of Theorem 2.4, D; is Fano for ¢ > 0 because
it admits a Kéahler metric of positive Ricci curvature. Following the same
proof, since D; is Fano and K¢ is trivial, we can show using Theorem III.1
that C' with the C*-action generated by ¢;&; is equivariantly isomorphic to
a{ ;K p, with its zero section blown down for some integer o; > 1. Thus,
r? = h§' for some Hermitian metric h; on this bundle.

Thanks to (3.2), using [72, Thm 1.6] we can holomorphically compactify
M to obtain a compact complex orbifold X; = M U D;, where D; is an ad-
missible divisor in X; whose normal orbibundle is isomorphic to —ﬁK D;-
Technically, we need to fix e < |A|, K > 2n+ 1, i > i(K,¢), and use the
slightly more specific result of [72, Prop 6.1], which says that 2n 4 1 deriva-
tives in (3.2) are enough to compactify. (The extension of these results from
manifolds to orbifolds is immediate.)

Proposition 3.1. For all i > 0, the orbifold X; = M U D; satisfies the
following properties.

(1) The holomorphic line orbibundle Kx, + «;[D;] on X; is trivial.

(2) There ezists a holomorphic map m : M — V onto a normal affine
variety V', both independent of i, and a holomorphic extension w; : X; — Y;
of m onto a normal projective variety Y; such that
m; 48 an isomorphism onto its image in a neighborhood of D,
the Q-Cartier divisor [m;(D;)] is ample on'Y; =V U m(D;),
all of the singularities of V' are isolated and canonical,

m is a crepant resolution of V', and
the Q-Cartier divisor Ky, + a;[mi(D;)] on Y; is trivial.
(3) X, is projective.

Proof. (1) The point is to prove that the given holomorphic volume form €2
on M = X; \ D; extends to a meromorphic volume form on X; with a pole
of order «; along D;.

Consider the model form €y on the cone C, which we identify with the
complement of the zero section in Np, x,. Note that {2 is bounded with
respect to gop, hence grows at worst polynomially with respect to go; by
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(I1.7). Using the analog of (3.2) for €2, we then see that the same is true for
Q2. Recall that in [72] the compactification X; = M U D; was constructed
by using (3.2) to find local J-holomorphic coordinates asymptotic to local
Jo-holomorphic coordinates centered at any point of D; in the compactified
cone C'U D;. Thus, Q blows up at worst polynomially near D; in these
local coordinates. By Riemann’s removable singularities theorem, 2 extends
meromorphically.

Since € is meromorphic, using local coordinates as above, we can extract
a leading term from €2, which is a meromorphic volume form, €2;, on a
tubular neighborhood of the zero section in Np,/x,. Recall that Np, /y, is
isomorphic to —ﬁK p;, Whose total space carries a tautological volume
form €2p; with a pole of order «; along the zero section. Then €; = fQq;
for some meromorphic function f without zeros and with poles at worst
along D;. Now dimC =n > 1, so H'(L,R) = 0, and hence away from the
zero section we have f = e9 for some holomorphic function g. Then g =
O((log7;)?) because Re g = log |f| = O(log ;) and d(Im g) = —d(Re g)oJy =
O((logr;)/ri) by standard scaled elliptic estimates. The 3-annulus lemmas
of [38, Section 3.2] then imply that g is constant because otherwise g would
grow at least polynomially (there are no decaying modes because n > 1, see
[57, Lemma 2.13(2)]). Thus, Q; is a constant multiple of 2 ;, which finishes
the proof.

As an aside, note that Qo = const - {)g; by the same reasoning, and
|P*Q — Qolg,, = O(rl-)‘+€) by assumption, but this does not seem to imply
the desired behavior of €2 directly.

(2) Here we can essentially follow the proof of [11, Lemma 2.1], as we
already did in our previous paper [33, Lemma 2.3]. Since Np, x, is posi-
tive, we can easily show that M = X; \ D; is 1l-convex (i.e., M admits a
smooth proper function which is strictly plurisubharmonic outside a com-
pact subset), so that we may take its Remmert reduction 7 : M — V.
See e.g. [32, App A] for details and references on Remmert reductions, in
particular for the fact that V is Stein (although not necessarily an affine
variety) and that the singularities of V' are normal and isolated. Moreover,
7 is an isomorphism onto its image in a neighborhood of infinity. Thus, we
may compactify V' as a normal compact complex space Y; by adding the
orbifold D; as an admissible divisor. Then we have an obvious holomorphic
extension m; : X; — Y; of m. In the following, we will write D; instead of
m;(D;) for simplicity and show that Y; is projective.

The projectivity of Y; follows from a very strong Nakai-Moishezon /Kodaira
embedding type theorem for compact complex spaces due to Grauert, which
only requires positivity of the normal bundle of some divisor and the absence
of compact analytic cycles in the complement of this divisor. To be precise,
let m € N be sufficiently large and divisible such that mD; is a Cartier divi-
sor on Y;. Then, by [17, p.347, Satz 4], the associated line bundle [mD,] is
positive in the sense of [17, p.342, Defn 2]. Thus, by the proof of [17, p.343,
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Satz 2], Y; admits an embedding into some PV given by the global sections
of m/[mD] for some m’ € N. Thus, Y; is projective, D; is ample, and V is
affine.

The remaining properties stated in item (2) are now clear from item (1)
and from the definitions of a canonical singularity and a crepant resolution,
except for the following two subtleties. First, we need to check that V is
Gorenstein, i.e., that the Weil divisor Ky is Cartier. Second, the property of
being canonical should be tested using an algebraic rather than a complex-
analytic resolution of singularities. These two points can be addressed by
quoting a local version of Hironaka’s flattening theorem [58, p.321, Thm 1]
as in the proof of Theorem 2.6(1). This gives us a projective variety X;
and a morphism f : X; = Y, the blowup of Y; in an ideal sheaf with sup-
port in V"8 C V C Y;, such that f = 7; o o for some holomorphic map
o : X; — X;. Then ¢*Q is a rational n-form on X by GAGA, regular on
f~Y(V) and nowhere vanishing on f~1(V*®). Thus, (f~!)*Q is an algebraic
trivializing section of Kyree, and the discrepancies of f over V"8 are non-
negative because f factors through a crepant resolution of V. This implies
the two properties that we needed to show.

(3) This is a direct application of item (2) together with Theorem 2.6(5).

O

Proof of Theorem B. Given the original AC Calabi-Yau manifold (M, g, J, ),
we have proved that M is a crepant resolution of an affine variety V' (with
at worst isolated singularities, all of which are canonical, and with trivial
canonical bundle). The class £ € H?(M,R) represented by the Ricci-flat
Kahler form obviously pairs positively with all components of the exceptional
set. We will now show that V is a deformation of negative &-weight of C' by
verifying Definition 1.8.

To construct (W;, p;, o), we consider the projective varieties Y; = V U D;
of Proposition 3.1(2), where abusing notation we write D; instead of 7;(D;).
Recall that C' together with the C*-action generated by c¢;&; is equivariantly
isomorphic to the conormal bundle to D; in Y;. Upon removing the C*-
invariant divisor of Theorem 1.1(1), the test configuration of Theorem I.1
(i.e., the deformation of Y; to the normal cone of D;) yields a C*-equivariant
degeneration p; : W; — C with general fiber p;l(l) =V, and with special
fiber pi_l(O) an affine variety equivariantly normalized by our cone C. By
Theorem 1.1(2), p; (0) will be isomorphic to C, as required, if the restriction
maps

HO(Y;, Oy;(mD;)) — H°(Di, Op,(mD;))
are surjective for every m € N. Taking cohomology in the restriction se-
quence

0 — Oy,((m —1)D;) — Oy,(mD;) — Op,(mD;) — 0,

whose exactness can be checked on stalks by averaging over the local uni-
formizing groups (a more abstract argument is given in [56, Lemma 2.9]), we
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find that these restriction maps will be surjective if H!(Y;, Oy, ((m—1)D;)) =
0 for all m € N. To prove this vanishing, we will imitate the proof of Theo-
rem 2.6(3), replacing the projective orbifold X there by our X; because here
we already know that X; is projective from Proposition 3.1(3) (an applica-
tion of Theorem 2.6(5)). In short, using the generalized Kodaira vanishing
theorem from Claim 1 of that proof and the fact that —Kx, = «o;[D;] with
a; > 0, we obtain that R%(m;)«(Ox,((m — 1)D;)) = 0 for all ¢ > 0 as in
Claim 2 of that proof. Then the Leray spectral sequence tells us that for all
q >0,

HI(Y;, Oy,((m —1)Di)) = HY(X;, Ox,((m — 1) Dy)),

and the latter vanishes again by Claim 1 and because —Kx, = a;[D;] with
a; > 0.

We have now constructed a sequence (W, p;, 0;) of C*-equivariant degen-
erations of V' to C such that the induced C*-action on the central fiber is
the one generated by the flow of ;. Definition 1.8 also requires us to check
that the sequence —k;u;/c; is eventually uniformly bounded away from 0,
where k; is the vanishing order of the i-th deformation, u; is the weight of
the induced C*-action on the base (for us, u; = 1 by construction), and ¢;
is the unique positive real scaling factor such that ¢;§; generates an effective
C*-action. As mentioned before Proposition 3.1, ¢; can be characterized by
the property that 7"1-2 = h*, where h; is a Hermitian metric on the conormal
bundle to D; in the projective compactification Y;. Also recall that thanks
to Theorem 1V.4, k; can be characterized as the biggest integer such that
D; is (k; — 1)-comfortably embedded in Y;. Thus, by the arguments of [72,
pp.1461-1462], the complex structure rate of (3.2) provides a lower bound

ki z [ei(|Al =),

valid for all e < |A|, K > 2n+1, and i > i(K,e). Since pu; = 1, this is exactly
the required property that —k;u;/c; is eventually uniformly bounded away
from 0. (Again, Theorem IV.4 is valid only for n > 3, but for n = 2 there is
no need to pick an approximating sequence to begin with.)

We have now exhibited V' as a deformation of negative &-weight of C
using a particular rational approximating sequence &; — £ and an associated
sequence of degenerations (W, p;, 0;) constructed using Proposition 3.1 and
Theorem 1.1. We will prove Theorem B by showing that if we apply the
proof of Theorem A to this particular sequence of degenerations (W, p;, o),
then the resulting AC Calabi-Yau metric in the class £ on M is equal to our
original AC Calabi-Yau metric g for ¢ > 0.

Fix £ > 0 and K > 1 as parameters for the construction of Theorem A.
Then, for all i € N that are sufficiently large depending on ¢, K and ¢, K,
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we have a diagram

| =

where the solid arrows commute and the spaces and maps are defined as
follows:

e ); — C denotes the deformation to the normal cone of the pair D; C
Y; of Proposition 3.1; D; C )Y; is the compactifying divisor, which
together with the induced fibration D; — C is naturally isomorphic
to (D; x C,prc); and C, V are fibers of ); \ D; — C by construction.

e p; : V; — C is the analogous deformation for the pair D; C V; from
the proof of Theorem A.

e H; is any equivariant isomorphism of test configurations as in The-
orem 2.2(3).

e Oy is the diffeomorphism from [72, §3.1] used in Step 3 of the proof
of Theorem A.

o &y is the diffeomorphism used to construct the compactification
Y; = VUD; in the first place. More precisely, @y, = ®oN;, where P is
as in (3.2) and A is the deformation of Idc given by the Newlander-
Nirenberg type construction of [72, Prop 6.1], so that ®7..J extends
smoothly to the natural compactification of C' by D;.

Moreover, the proof of Theorem A produces an AC Calabi-Yau metric w; € £
such that

(3.3)

K ~

> rFIVE ([HT] 0 @y, o Hoil"gi — g0)lgy = O 2, (r™™22) as 1 — oo,
k=0

where gg is the given Calabi-Yau cone metric on C with radius function r.
To see this, first observe that the construction of Theorem A takes place on
the right-hand side of the diagram, so we need to consider the base change
of m: (M,t) — V via Hl_z1 and fix a Calabi-Yau cone metric on p; *(0) \ D;
as input. For this we use the pushforward of wg under Hy;, which is an
equivariant isomorphism of cones. Then we apply the proof of Theorem A
and perform a base change under Hy ;.
We can now complete the proof of Theorem B in three steps.

Claim 1. For all ¢ > 0 we define a diffeomorphism of neighborhoods of
infinity in C' by
\I/i = O_,il o (I)%ll o Hl,i o @yi.
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Theorem B will follow if we can prove that for all ¢ > 0 it holds for & € {0,1}
that
(3.4) I (g0 — 904) lgos = Oi(r; /) as i — oo

90,i 7

Here we recall again that r; is the radius function of the Kéahler cone metric
go,i with Reeb vector field &; chosen at the beginning of this section, and the
numbers ¢; > 0, ¢; — 00, are characterized by the property that riz = hy’

for some Hermitian metric h; on the conormal bundle N B,l/y,-

Proof of Claim 1. Suppose (3.4) holds for all i > 0 and for k € {0,1}. We
would first like to replace r; by r and go; by go in this statement, increasing
1 if necessary. Theorem I1.4 allows us to do so at the cost of increasing the
exponent on the right-hand side by O(|¢; — &|), where we are fixing some
norm on Lie(T). Thanks to the Dirichlet approximation estimate, (3.1), we
obtain that

(3.5) k| VE (WFgo — go)lgy = Oi(r") as 1 — o0

for all i > 0 and k € {0, 1}, where the exponents v; go to zero as i — oo but
are strictly negative. (With a good amount of extra work it is possible to
achieve this without using Dirichlet’s theorem. The key step is to improve
the exponent —1/¢; in (3.4) to —k;/c;, which is uniformly negative, by using
the (k; — 1)-comfortable property of the embeddings D; C Y; and D; C V;.)

Given (3.3) and (3.5), it follows from the triangle inequality and a pullback
trick that

Tk|v]9€0(q)§/igi —90)|go = Oi(r"") as r — o0

foralli > 0and k € {0,1}. On the other hand, the same statement holds for
g instead of g;. This follows from ®*g being asymptotic to gg in the space
CS°(go), together with the fact that N in the definition of ®y; is a C™
diffeomorphism of the end of C' converging to Id¢ in Cﬁa (go,i). (As stated,
[72, Prop 6.1] only implies that A is a C?"*! diffeomorphism converging
to Id¢ in C'/%Tgl(go,i), but local C* and global C%, _(go,;) regularity of N;
follow from the proof of this proposition.)

We can now apply Theorem 1.7 to conclude that g; = ¢ for all ¢ > 0.
Note that the proof of this theorem only requires the two metrics to be
asymptotic in C* s for some 6 > 0. O

Thus, it remains to prove the estimate (3.4). This is precisely the ex-
pected behavior if ¥; extends to an exponential-type map [33, Defn 4.5]
on a neighborhood of D; in C; := C' U D;. By definition this means that
U;(p) = p for all p € D;, d¥;|, is complex linear for all p € D;, and, after
identifying C; = NDi/@ = TYC,|p,/T°D;, it holds for all p € D; and

veENp z,»C Tpl’ONDi /o, that

(3.6) d¥;|,(v) + THD; = v.
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The next two claims make this picture rigorous, thereby completing the
proof of Theorem B.

Claim 2. Fix i > 0 and identify C; = C U D; with the total space of the
normal bundle to D; in C;. Then W¥; extends to an exponential-type map of
class C® on a neighborhood of D;.

Proof of Claim 2. First, there exists a natural C*-equivariant and fiber-
preserving biholomorphism H; : ); — V; extending H;. The point here is
that the compactifying divisors D; in the fibers of ); are canonically iden-
tified with each other by the deformation to the normal cone construction;
this also holds for the compactifying divisors D; in the fibers of V;; and the
map H; on these divisors is simply the C*-equivariant map of cones Hy;
after quotienting by C* on each cone.

Second, <I>Vi extends to a smooth exponential-type map by construction.

Third, Py, = PoN; also extends to an exponential-type map by construc-
tion. (The ® factor may seem confusing but recall that the compactification
Y; = V U D; was defined by pulling the complex structure on V back by ®
and comparing it to the model complex structure on C; = C' U D;, which
then defines the normal bundle to D; in Y;.) The statement and proof of
[72, Prop 6.1] only ensure that this extension, while C*° away from D;, is
cmin{Kfei(IA=€) -1} at the points of D;. However, by choosing K, i large
enough we can certainly arrange that its regularity is at least C®.

Given these facts, it is now clear that ¥; extends to a C® map on a tubular
neighborhood of D; in C; for all i > 0. Moreover, this extension obviously
fixes every point of D;, and its differential at all points of D; is complex linear
because H; is holomorphic and ®y7,, Py, extend to exponential-type maps.
It remains to verify (3.6). To this end, it suffices to show under the iden-
tification of infinity divisors described above that dHg;|,(v) = dH1 |, (v),
where Fo,i = Fz‘éz and Fl,i = FI‘V,

This property follows from the equivariance of H;. More precisely, let
¢y denote the time t flow of the vector field on ); and V; induced by the
Euler vector field on C* via the respective C*-actions. Then the fact that
¢ preserves D; implies that we have an induced map

detlq : Np, siverg = ND, /fiber,p:(q)

for all points g on the compactifying divisor D; = D; x C in either Y; or V;.
These normal bundles are also naturally identified with each other via the
deformation to the normal cone construction, and in this sense dy¢|, = e~'1d.
Hence the C*-equivariance of H; implies that

dﬁ17i|p = d@—t’ﬁi(¢t(p)) o dﬁi’got(p) ° d@t’p = dﬁint(p)’
Letting t — —o0 now gives us what we need. ([

Claim 3. For any given i > 0, let W be an open neighborhood of D; in C;
and let T : W — C; be an exponential-type map of class C%. Then it holds
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for k € {0,1} that

—1/¢;
rf|V§0’i(T*go,i — go’i)|g0’i = Ov(r; /e ) as r; — oo.

Proof of Claim 3. Very similar computations can be found in [33, §2.2], so
we will be brief here. We identify C; with the total space of the normal
bundle to D; in C;. Then, in a neighborhood of an arbitrary point on D;,
we let (w1, ..., wy,) be holomorphic coordinates on a uniformizing chart with
wy, the coordinate along the fibers, so that D; is locally given by {w, = 0}.
Then 7; = ef|w,| %, where f = f(w1,...,w,_1) is a smooth real-valued
function. We find from [33, Lemma B.3] that

(4]
n,2

[4] —2

(3.7) T*wy, = wy + Aﬁ]lw% + Aj 2 WnWn + A;, 3W;,

where a symbol Al denotes a function of class C¢. Similarly, for all j < n,

(3.8) T*(wj — AE-5] (w1, ..., wp—1)wy) = wj + Af]lwz + Af]zwn@n + Aﬁ]))@i,

and any C° function h of the variables (w1, ..., w,_1) satisfies

(3.9) T h = h+ A w, + AT,

In addition, a scaling argument shows that

(3.10) wj = O(1) with infinitely many go ;-derivatives for all j < n,
(3.11) wil = O(rf(l/ci)) with infinitely many go ;-derivatives,

and hence that every function Al is O(1) with £ many gq ;-derivatives.
From (3.7), (3.11) and (3.9) we easily find that

(3.12) THr; =1 + O(ril_(l/ci)) with four gg ;-derivatives.

Using also (3.8), the computations of [33, §2.2.4] together with [32, Lemma
2.14] imply that

(3.13) T*Jo— Jo = O(?ﬂ_l/ci) with two gg ;-derivatives.

)

Using the formula wg; = —%d(dr? oJp) and (3.12), (3.13), we can now show

that
—1/¢;
7

Combining this with (3.13) we obtain Claim 3, and Theorem B is proved.O

T*wp,i —wo,i = O(r ) with one g ;-derivative.

To summarize, every AC Calabi-Yau manifold (M, g, J, Q) is diffeomor-
phism equivalent to one of the examples constructed in the proof of Theorem
A. Given a Calabi-Yau cone (C, go, Jo, o), the input for Theorem A con-
sists of a deformation V' of negative &-weight of C, a crepant resolution M
of V, and a Kahler class £ on M. But even if we fix all of these data, some
freedom to carry out our construction remains, and in the proof of Theorem
B we had to make choices to recover the given manifold (M, g, J,2). More
precisely, the following degrees of freedom still exist:
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(1) Pull back go by an automorphism of (C,¢) without changing the
identification of V and C' at infinity. The statement of Theorem A
already reflects this.

(2) Pull back the AC Calabi-Yau metric constructed on M by an auto-
morphism of (M, £).

(3) Pick different sequences & — £. Even for a fixed sequence, our
uniqueness theorem may only apply if 7 is bigger than the first index
for which we have existence.

(4) There might exist different equivariant degenerations p; : W; — C
from V = p; (1) to C.

One can ask whether these choices lead to non-isometric AC Calabi-Yau
metrics in the class €. For (1) we already asked this in the Introduction.
For (2) this is not the case by definition. It also seems quite unlikely that
(3)—(4) can generate non-isometric metrics; for example, (3) is an issue only
for irregular cones, and in Section 4 we will prove that (4) is impossible in
certain examples.

4. THEOREM C, AND THE CASE OF TORIC CONES

4.1. Background from deformation theory. In order to obtain concrete
classification results for AC Calabi-Yau manifolds with a fixed tangent cone
C at infinity, we need to be able to determine explicitly the deformations of
negative &-weight of the cone C in question.

Consider an affine algebraic variety with a unique singular point. Sch-
lessinger [37] constructed a formal deformation of the singularity which is
semi-universal in the category of formal deformations. By work of Grauert
[18], this deformation can be lifted to a complex-analytic deformation which
is semi-universal in the category of complex-analytic deformations. Simi-
larly, by work of Artin [9] and Elkik [10], Schlessinger’s deformation can
be lifted to an affine algebraic deformation, although the correct semi-
universality property then involves classifying maps which are not necessar-
ily globally defined and algebraic but which only exist in an étale neighbor-
hood of the singularity. See [3, p.175, Example 4.5] for a concise statement
of the final result in this direction.

Consider now a Kéhler cone C' with Reeb vector field £&. Then, by the
above, as an affine variety with an isolated singularity, C' admits an Artin-
FElkik semi-universal deformation W — S, which is a flat affine morphism
over an affine base. To classify the deformations of negative {-weight of
C we require some additional properties of the family W — S. Let §~ be
a periodic Reeb vector field on C' obtained by a Type I deformation of §.
Abusing notation, we identify £ with the unique effective algebraic C*-action
on C' generated by a positive real multiple of —Jé . Then we assume that:

(1) The C*-action £ on C' C W extends to an algebraic C*-action on W
and the map W — S is equivariant with respect to this action and
some algebraic C*-action on S.
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(2) All equivariant flat algebraic deformations of (C,€) admit an equi-
variant complex-analytic classifying map to the family W — S in
some small neighborhood of the apex of C.

If C is either toric with £ in the Lie algebra of the torus, or quasi-regular and
a complete intersection of quasi-homogeneous hypersurfaces, then (1) holds
thanks to work of Altmann [5] and Slodowy [91, p.9, Theorem]. In these
works, the Artin-Elkik deformation is also constructed directly for these two
types of cones. Slodowy [91, pp.12-13, Remarks 1)-2)] sketches a proof of
the fact that (1) implies (2) for arbitrary cones by showing how a classifying
map given by formal power series can be made equivariant in such a way
that convergent power series remain convergent.

It is unclear to us whether (1) is known for any other class of cones.
In the formal category, (1) was established for all cones and all actions of
linearly reductive groups [81, 84], which is of course the expected generality
(see [36] for a counterexample without reductivity). In the complex-analytic
category, (1) was established for all cones and all C*-actions [54, p.25, Thm
5(c)].

Properties (1)—(2) allow for the classification of deformations of negative
&-weight of C. In the case of 2-dimensional Calabi-Yau cones, i.e., Kleinian
surface singularities, this argument was used by Kronheimer in his classifica-
tion of gravitational instantons [70], relying on a suitable version of Theorem
B that he had proved using twistor theory in his setting [70, p.691]. We now
formalize this argument as a lemma, which is implicit in Kronheimer’s work

[70, (2.5)].

Lemma 4.1. Let (C,§) be a Kdihler cone whose Artin-Elkik deformation
W — S satisfies property (1) above. Let the affine variety V' be a deforma-
tion of negative £-weight of C'. Then V is isomorphic as an affine variety
to a connected component of some fiber of the family W — S.

Proof. Fix any element £ of the sequence & — ¢ from Definition 1.8 and
consider the corresponding equivariant degeneration W — C of V to (C, &).
Let 0 denote the origin in C as well as the point of S over which C lies. Let
o denote the apex of C. By [91, pp.12-13], (1) implies (2), so there exist a
C*-equivariant map H : (C,0) — (.5, 0) of germs of complex-analytic spaces
and an isomorphism I : (W,0) — H*(W,o0) of germs of C*-equivariant
deformations of (C, o).

We now globalize H and I by exploiting their equivariance. The key point
is the negative weight condition on the family W — C. In particular, the
induced C*-action on the base is nontrivial, so for any x € C there exists
a t € C* such that ¢ - z lies in the domain of H and we can extend H via
H(z):=t"'-H(t ). Since H is equivariant, this extension is well-defined
and equivariant. Thus, if we embed S into some CV in such a way that
the C*-action on .S becomes diagonal, then every component of H will be a
homogeneous polynomial. We can now consider the pullback H*W — C in
the algebraic category. By assumption, the map I provides a local analytic
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isomorphism between the equivariant algebraic deformations W — C and
H*W — C of (C,€) in some neighborhood of 0. We may then globalize I in
the same way as H, using the fact that the C*-action on W sends every point
of W into arbitrarily small neighborhoods of o. This yields a well-defined
equivariant and fiber-preserving bijection I from W onto I (W) c H*W. In
fact, I (W) is open in the analytic topology and I is a local biholomorphism
onto I(W) because in the definition of I, i.e., I(x) := t~' - I(t - z) for all
x € W and t € C* such that ¢ - x lies in the domain of I, we can choose
t € C* to be locally independent of x € W, as can be seen from Theorem
2.2(1) applied to W.

Embed H*W into some CV in such a way that the C*-action on H*W
becomes diagonal. Every component function of CV either restricts to zero
on the germ (ﬁ *W, 0) or has positive C*-weight because composition with
I produces a holomorphic function on the germ (W, o) that vanishes at o
and is homogeneous under the given C*-action, which contracts W into o.
(As an aside, this shows that the components of I, hence of I , are actually
polynomials.) Now, a regular function on H*W vanishes identically on this
germ if and only if it vanishes identically on all irreducible components of
H*W that meet the germ, or equivalently (by continuity of the C*-action)
that meet its C*-orbit, i.e., the complex-analytically open set [ (W). Thus,
the union of all the irreducible components of H*W that meet I (W) lies
in an invariant linear subspace of CV on which the C*-action has positive
weights. Scaling now shows that this union is equal to I(W). Thus, I(W)
is a connected component of H*W, hence is a disjoint union of connected
components of Artin-Elkik fibers.

We already know that I is injective, locally (hence globally) biholomor-
phic onto some connected component of H *W, and algebraic. Moreover, as
the key to the proof of all of this, Iis equivariant with respect to C*-actions
on both sides that contract the respective variety into the point o. The
same properties can now be proved for i1 by reversing the role of domain
and target. This shows that I is an isomorphism of affine varieties. Be-
cause I, 17! are by construction fiber-preserving, the lemma now follows by
restricting I to the generic fiber, V, of the family W — C. O

4.2. Proof of Theorem C. We now prove the following expanded version
of Theorem C. Thanks to Theorem B it suffices to identify the underlying
complex manifolds, which is what we do here.

Theorem 4.2. Let D be a Kdhler-FEinstein (resp. a toric non-Kdhler-Einstein)
Fano manifold. For k € N dividing c1(D) (resp. for k = 1), let M™ be an
AC Calabi-Yau manifold with asymptotic cone C = (%KD)X given by the
Calabi ansatz (resp. by [44]). If D is a del Pezzo surface of degree > 7, P3,
or a quadric Q"1 C P™ with k = n — 1, then Table 1 lists the possibilities
for M # C™.
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’ | D | k| realizations of C = (1 Kp)* | M | structure of M |
i) [P? 1 C3/Zs3 [rigid] Kp D
(i) [P' x P! 1 (0 22 =01in C*}/Z, Kp D
T*RP? smoothing
(iii) | P' x P! 2 S 22=0inC* Op1(—1)%2 P!
T*S3 smoothing
(iv) Q" Yn>4|n-1 S22 =0 in CF! T*s" smoothing
(v) | BL,P? 1 20 quadrics in C” [13] Kp D
[rigid] the flop of Kp P?\/, P!
(vi) | BL,,P? 1 14 quadrics in C® [30] Kp D
one of three BL,P?V/ P!
distinct flops | P?\/ P'\/ P!
of Kp P x PP
BL,P? \ BL,Q? smoothing
(vii) | P? 2 C*/Zs [rigid] none none
(viil) | P? 1 C¥/Z4 [rigid] Ko D

TABLE 1. Classification results for special cones. M is al-
ways either a smoothing or a resolution of C' (necessarily the
latter if C is rigid). For resolutions the last column shows
the exceptional set. \/ denotes a one-point union of subvari-
eties.

)

The general construction of the flops mentioned here can be found in [
Example 4.8].

Proof. Each cone in Table 1 is toric or a complete intersection singularity,
so its Artin-Elkik family satisfies property (1) from Section 4.1 thanks to
[0, 91]. Hence, by Lemma 4.1, every C*-equivariant deformation of negative
&-weight of one of these cones is isomorphic to a connected component of a
fiber of the Artin-Elkik family of the cone. Now, the cone in (i), (v), (vii)
and (viii) is rigid, whereas the others have exactly one deformation, which
is smooth. For (i), (vii), (viii) this follows from [38], for (v), (vi) from [,
(9.1)], and for (iii), (iv) from [65]. In principle, case (ii) is also covered by
[5], but since we have no explicit reference for this computation we instead
argue as follows.

In fact, some of these cases can also be treated by applying the classi-
fication of log-Fano varieties [90, Defn 2.1.1] to the compactified Remmert
reduction (Y, [D]) of M, rather than via deformation methods. In (i) and
(i), (Y,[D]) is a del Pezzo 3-fold of degree 9 resp. 8 [90, Defn 3.2.1]. Ac-
cording to [90, Rmk 3.2.6 and Thm 3.3.1], the only possible examples are
(P3,0(2)) and projective cones. In (iii) and (iv), Y must be a quadric by
[90, Thm 3.1.14], and hence a projective cone.
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It remains to classify all possible crepant resolutions M of C, or at least
those carrying a Kahler form. To this end, we will make use of the fact
that M is quasi-projective by Theorem A(2). For (i), (ii), (iii), (v), and
(vi), observe that C' admits an obvious crepant resolution My. By a result
of Mori [67, Thm 3.5.1], it therefore suffices to classify all possible flops of
My [67, Defn 2.2.1]. In (i), (ii), and (viii), My = Kp cannot be flopped
because D does not contain any contractible curves; see [67, Defn 2.1.1.2].
Regarding (iv) and (vii), it is easy to see that in these cases C' is terminal,
so that the blow-down morphism M — C would have to be small. But
[32, p.2879, footnote] shows that this is not possible because in these cases
D has Picard rank 1. Finally, in (iii), My = Op1(—1)%2, and in (v) and
(vi), My = Kp. The possible flops of these resolutions are commensurate
with the contractible curves in their exceptional set [67, Prop 2.1.2], with
the uniqueness of each flop guaranteed by [67, Prop 2.1.6]. In case (iii), the
unique flop of My is isomorphic to My itself, whereas in (v) and (vi), we
obtain one resp. three distinct flops with exceptional sets as outlined in the
table. (]

4.3. The case of toric cones. An application of Theorem A allows for a
clean way of constructing examples of AC Calabi-Yau manifolds asymptotic
to toric Calabi-Yau cones. Because toric Calabi-Yau cones of dimension at
least 4 are rigid [, (6.3)], we only consider the case of dimension 3. Via the
Delzant construction, a toric Kéhler cone of dimension 3 can be identified
combinatorially with a “good” rational polyhedral cone in R? [26, Defn 3.1].
Such cones of “height 17, i.e., those defined by primitive vectors whose first
component may be taken to be 1 [26, Defn 3.2], describe Gorenstein cones,
which are in fact Calabi-Yau cones by the results of [11]. A construction
of a torus-equivariant semi-universal deformation (with connected fibers) of
the Gorenstein cone singularity is then given by Altmann [5], where the
torus action on the total space restricts to the action of the Reeb torus on
the cone. By Lemma 4.1, every deformation of negative &-weight of the
cone must be isomorphic to some fiber of Altmann’s family. The following
theorem provides a converse to this statement.

Theorem 4.3. Let C be a 3-dimensional toric Calabi-Yau cone with cone
metric wg and Reeb vector field £. Then every fiber V' of the Altmann family
of C is a deformation of negative &-weight of C, of &-weight < —3. Let
7w M — V be a Kihler crepant resolution. Assume that ¢ € H?(M,R)
pairs positively with every component of Exc(w). Then £ contains a family
of AC Calabi-Yau metrics wy (g € (C*)?) asymptotic to g*wy under a fived
diffeomorphism independent of €, g.

As remarked after the statement of Theorem A, the complex structure
rate Ao of these new AC Calabi-Yau metrics may be taken to be —3 + ¢
for any € > 0, and the metric rate A\; may be taken to be A\ = -2 4+ ¢
if €|, # 0, where L denotes the link at infinity of V, and \; = =3 + ¢ if
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¢l = 0. Clearly, if V is itself smooth, which is of course the generic case,
then M = V and £ € H?(M,R) is arbitrary. Thus, one recovers the main
theorem of our previous article [33] on the smoothing of the irregular cone
over Blp,q]P’Q, with essentially zero effort and with vastly improved decay
rates: in the trivial Kahler class, ¢ = 0, the rate is now seen to be —3 + ¢ as
compared to —0.0128 in [33].

Proof. Identify the Lie algebra t of the maximal compact torus acting on C
with Z? @ R by choosing a basis of the weight lattice of t. As mentioned
before Theorem 4.3, this basis can be chosen in such a way that the Delzant
polytope of C is generated by vectors in Z3 whose first coordinate is 1. Let
Qo denote the canonical holomorphic volume form on C, let r denote the
radius function of wy, and let Jy denote the complex structure on C. As
in [77, Section 2], the Reeb vector field £ of wy lies in the set S C t of all
Reeb vector fields 5 for which L7p.Q0 = 30, where Jo(705) = é . By [77],
S maps to an open polygon in the plane {(3,z,y) € R®: 2,y € R}. Thus,
¢ = (3,a,b) for some a,b € R.

Choose a sequence of quasi-regular Reeb vector fields & = (3, a;,b;) in S
with a;,b; € Q such that & — £. For each ¢ we obtain a C*-equivariant
degeneration from V to C by considering the flow of —J(¢;&;) on the total
space of the Altmann family, where ¢; € N is minimal such that ¢;&; € Z3.
The base of the Altmann family is a subscheme of T/ and the torus action
induced by equivariance on the base agrees with the torus action on T(lj
induced by the torus action on C. The only weight of & on Tcl, is —3 (see
[1, p.168, Theorem (i)] or [3, (2.9)]), so the weight of the induced C*-action
on the base of this 1-parameter degeneration is u; = 3¢; > 0 and Definition
1.8(4) is satisfied. The fact that the Altmann family is semi-universal implies
that each of these sub-deformations vanishes to order k; = 1. Thus, \; =
—kip;/c; = —3 for all i as in Definition 1.8(5), so that V is seen to be a
deformation of negative &-weight of C' in our sense, with &-weight at most
-3.

The remainder of Theorem 4.3 then follows from Theorem A. U

In the example of [33] one can see explicitly how this proof works. In this
example, C' is cut out by 14 homogeneous quadrics in C® [33, (B.11)] and V/
is obtained by adding on linear terms to some of these quadrics [33, (B.8)].
The action of £ on C8 is diagonal [33, (4.3)], and the ¢-weighted degree of
the linear smoothing terms is exactly 3 less than the £-weighted degree of
the main terms.

Returning to Theorem 4.3, if V is singular, the question remains as to
which crepant resolutions of V, if any, carry a Kéahler form. V itself is
almost never toric but its isolated singularities do have this property; in
fact, they themselves are toric cones [59, Cor 2.12]. Isolated toric Gorenstein
non- terminal 3-dimensional conical singularities always admit a crepant
resolution via iterated blowups [35, Prop 3.3.15 and 11.4.17|, and V' is quasi-
projective by Theorem A(2). Thus, V always admits a quasi-projective



36 Ronan J. Conlon and Hans-Joachim Hein

partial crepant resolution V' with only terminal isolated toric Gorenstein
conical singularities. Such singularities are ordinary double points [35, Thm
11.4.21(b)], and consequently V' admits small (hence crepant) resolutions.
Since V' is 1-convex, a small resolution of V' is Kahler if and only if no
positive integral linear combination of the exceptional curves is homologous
to zero [2]. Thus, V will admit at least one Ké&hler crepant resolution M if
and only if this is the case.

APPENDIX I. DEFORMATION TO THE NORMAL CONE

Here we slightly generalize the standard fact that a tubular neighborhood
of a smooth complex hypersurface of a complex space can be degenerated
to the total space of the hypersurface’s normal bundle. There exist several
versions of this “deformation to the normal cone” in the literature. We will
show that the version of interest to us, which, assuming that the ambient
space is compact and the divisor is ample, degenerates the complement of
the tube to a singular point compactifying the normal bundle, still works for
admissible divisors. Moreover, we clarify the subtle but crucial point that
the complex structure of the resulting Thom space is not entirely determined
by the normal bundle itself. This is less standard even in the smooth case
but is well-known to experts.

Theorem 1.1. Let Y be a projective variety. Let D C'Y be an admissible
divisor whose associated Q-line bundle L is ample. Let Yy denote the normal
projective variety obtained by contracting the co-section of the P-orbibundle
P(N & C), where N is the normal orbibundle to D in Y.

(1) There exists a test configuration [37, 85| p : (¥, L) — C with general
fiber (Y, L) such that

e there exists an equivariant holomorphic homeomorphism F from Yy
onto the central fiber Yo such that if v is the apex of Yo, then Fly\ (v}
18 a btholomorphism onto its image, and
e L is the Q-line bundle associated with a C*-invariant admissible di-
visor on Y that intersects the general fiber in D C'Y and the central
fiber in D = F(P(0® C)).
(2) The map F : Yo — Yy is the normalization morphism of Yy. It is an
isomorphism if and only if the restriction map H°(Y,L™) — H°(D, N™) is
surjective for every m € N.

Remark 1.2. As is implicit in the definition of a test configuration, the
C*-action on Y covers the standard C*-action of weight 1 on the base C.

Proof of Theorem I.1. We begin by recalling the well-known general con-
struction that leads to (1). Let p : ) — P! be the deformation to the
normal cone [13, §5.1] associated with (Y, D). Thus, ) is the blowup of
P! x Y in {0} x D, and p is the induced projection onto P*. Then:

e p is a flat projective morphism.
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All fibers of p except for the central one, )V = p~1(0) = YUP(N@C),
are isomorphic to Y.

The two components of ) intersect along D = P(N&0) ¢ P(N&C).
p is equivariant with respect to the natural C*-action on P! and its
lift to ).

The strict transform of P! x D defines a C*-invariant admissible
divisor D.

D intersects the general fiber in D C Y and the central fiber in
D=PO0aC)cP(NaC).

In order to construct the desired test configuration p : Y — C, in addition
to removing the fiber Vs, = p~(c0) from Y, we also need to contract the
component Y C W to a point. This is a local process taking place in a
small analytic neighborhood of this component, and we use here that L is
ample. To see that Y can indeed be contracted, it is helpful to realize that
Y can also be written as the blowup of P(L @ C) in D C Y = P(0 & C),
with exceptional divisor D = P(N@ N). Then Y C Yo equals the preimage
of the oco-section P(L @ 0), which can be contracted precisely because L is
positive [17, p.340, Satz 5]. Item (1) of the theorem is clear now.

To prove item (2), it suffices to compare the coordinate rings of the
two affine algebraic varieties My \ D and Y \ D. By construction, )y \ D
is the image of N* = L*|p under the contraction map L* — (L*)* =
Spec D, e, HO(Y,L™), whereas Yy \ D = Spec Dinen, H°(D,N™) [52,
p.177, §8.8]. This yields a morphism Yy \ D — Yy \ D, which is an iso-
morphism if and only if the restriction map H°(Y,L™) — H°(D,N™) is
surjective for every m € N. The underlying map of topological spaces is
clearly equal to the homeomorphism F' of item (1), which is a biholomor-
phism away from v. Since Yj \ D is normal, [$6, Thm 6.6] now tells us that
F must be the normalization of ) \ D. O

Example 1.3. We are grateful to C. Li for the following example, which
shows that )y need not be isomorphic to Y. Let Y be a smooth Riemann
surface. Let D be a point on Y. Then Yy = P'. However, if Jy = P!, then
Y = P! because the arithmetic genus is constant in flat families.

Example I.4. We can apply Proposition 2.2 to construct a more explicit
example; cf. Remark 2.3. The notation in this example will be analogous to
the notation in the proof of Proposition 2.2. We apply the proposition with
W = (2} = 23 +t22) C C, x CZ ,, with weights (1, 1, pi2) = (3,2,3). Then
the central fiber C is the cuspidal cubic 2z} = 23 in C?, which is irreducible
but not normal, whereas the fibers for ¢ # 0 are smooth. Compactifying
V =Wn{t=1}in P(3,2,3,1), we obtain a smooth elliptic curve V. To

see this, we set up an orbifold chart
C® — C°/Zy — P(3,2,3,1), (7,2, @) = [7,1, (o, 4,

where —1 € Z; acts via —Idgs. Then V lifts to the Zg-invariant curve
(2 + 7(y = 1, ¥ = w3, which is smooth at the preimage ¥ = (0,1,0) of the
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compactifying point D = [0,1,1,0]. The stabilizer I" of Z in Zs is trivial, so
the orbifold structure at D is trivial and V is smooth as desired. We now
read from Proposition 2.2(3) that after a base change t = s3, the family
W turns into the deformation of ¥ = V to the normal cone of D with
D removed. Thus, Yy = P!, but ) is a rational curve with a cusp, and
F : Yy — ) is a holomorphic homeomorphism but not a biholomorphism.

See [56] for some concrete examples of Theorem I.1 with nontrivial orbifold
points on D.

Remark I.5. Consider again the smooth elliptic curve degenerating to a
cusp of Example 1.4. It is instructive to see why the base change ¢ = s3
is necessary to recover the deformation to the normal cone. Of course, the
C*-weight on the base must be equal to 1, but there is a more interesting
test: the fiber over oo must be isomorphic to the original variety Y. Before
performing the base change t = s3 in Example 1.4, the fiber over t = oo is
the curve ¢} = (2 + 7(2 in P(3,2,3). Except for the compactifying point
= [0, 1, 1], this curve is contained in the image of the orbifold chart

(CQ - (C2/Z3 — P(37273)7 (51752) = [1a51752]7

where ¢ € Zs acts on C? via diag(¢2,1). In this chart our curve lifts to
(C3 = (3+C) = Y\ D, but this means that the fiber over ¢t = is not Y but
rather a Zs-quotient of Y. The effect of the base change t = s3 is precisely
to undo this quotient map. Note that C2/Zs = C2 via ({1, (o) — (Cl,Cg)
identifying Y/Zs with a conic. Moreover, the cover Y — Y/Z3 has exactly
three branch points, all of order 3; on 5% = 522 + (s these are the points (0,0)
and (0, —1) and the point at infinity.

APPENDIX II. TYPE I DEFORMATIONS OF KAHLER CONES

Consider a Kéhler cone C' with radius function r, link L, cone metric go =
dr? @ gy, parallel complex structure J, and Reeb vector field & = J(rd,.).
This structure can be equivalently encoded in terms of a Sasaki structure
(®,¢,1,91) on L, where n is a 1-form on L given by n(X) = ¢5(¢, X) and
® is an endomorphism of T'L given by ®(X) = J(X —n(X)¢). Here we will
not write down the compatibility conditions between these data that allow
one to construct a Kihler cone structure on R™ x L from a quadruple of the
form (®,&,m, gr.). However, using these compatibility conditions, Takahashi
proved the following remarkable theorem [97, Thm A].

Theorem II.1 (Takahashi). Let (L, ®,¢,7,91) be a Sasaki manifold. Let &
be a vector field on L that preserves the tensors ®,&,m, g1 and that satisfies
n(€) = gr(€,€) > 0 pointwise on L. Then a new Sasaki structure on L with
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Reeb vector field € can be defined by setting

(IL.1) 7(X) = (&) "'n(X),

(I1.2) B(X) = B(X - (X)),
(IL3)  go(X,Y) =) 'gr(X —A(X)EY — #(Y)E) + A(X)i(Y).

This theorem is useful in complex geometry for two reasons. First, if L
is irregular as a Sasaki manifold, i.e., £ generates a torus T of isometries of
dimension > 1, then every element £ € Lie(T) sufficiently close to £ satisfies
the hypotheses of the theorem. Second, the Kahler cone defined by the
Sasaki structure with Reeb vector field € is actually biholomorphic to the
Kahler cone defined by the Sasaki structure with Reeb vector field €. This
is a well-known folklore observation. In our next proposition, we prove this
fact as well as a useful estimate for the biholomorphism.

Proposition I1.2. Let L be compact without boundary. Let (gc,J) and
(§o, J) be the Kihler cone structures on C = R x L associated with the
Sasaki structures (®,€,m,9r) and (ti),g,f],g,;) on L. Extend £ from L to C
by scale invariance. Let W' denote the time-t flow of the vector field —JE on

C. Define a proper diffeomorphism ¥ : C — C by setting
(I1.4) U(r,x) = UosT (1, z).

Then U preserves the vector field & and satisfies W*J = J. Moreover, for
all r > 0,

(IL5) min{r™, 72} <70 ¥ < max{r™,r},

where A1 = miny, gL(f,é) and Ay = maxy, gL(f,é).
Proof. For the first property, fix (r,z) € C. Let (rs,x5) € C denote the

integral curve of £ through (r,xz). Then ry = r because & is scale-invariant
and tangent to the slices of the cone, and hence

V€)= | O (1) = WO () =€
Slo
The last equality holds because W' is the flow of —J¢, and [—JE, €] = 0
because §~ is J-holomorphic. Indeed, both J and §~ are scale-invariant, and
€ preserves ®, £, on the link L = {r=1}.
Next, for A € RT, let Sy : C — C denote the scaling map (r,z) — (Ar, z).
Then clearly

(IL.6) Vol =ulsroy,

Using the fact noted above that fN , hence —J 5 , is J-holomorphic, this implies
that

SEU*J = UH(Wloery g = o+,
Thus, ¥*J is scale-invariant as well. It therefore suffices to prove the equality
U*J = J at r = 1. For this we need to prove that J¥,X = ¥,JX for all
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vectors X € TC at r = 1. If X € TL C TC, then ¥, X = X. Thus, if
JX € TL as well, which is equivalent to X € ker7 = kern, then it suffices
to note that JX = JX by definition. It remains to check the cases X = ¢
and X = 9,. To do so, first note that taking %b\:l of the identity (I1.6) at
r =1 yields that 3
U, 0, =—JE at r = 1.

Using this, we easily obtain the desired equalities

JU.E=JE = 0,0, = U, JE and JU,0, = =0, =0,J0, at r=1.

Finally, to prove the inequalities stated in (I1.5), write U'(1,2) = (r¢, 2¢),

so that 7o W = r; for ¢t = logr. Then, because the flow Ul is generated by
the vector field —J¢,

d’l”t ~ ~
E = gC(_J£|(7‘t,mt)7 87‘) = gL(£|xt7§’$t)Tt7
and hence eM? < 1y < et for t > 0 and et < rp < Mt for t < 0. O

Remark II.3. Using the fact that £ ,é are commuting Killing fields for gy,
one checks that

X(g(6,€)) = —201(VE € X) = —290(JVE Oy, X) = —2g1,(0€, X)

for all X € TL. This shows that the above biholomorphism ¥ : (C,.J) —
(C,J) is an isometry with respect to go and g¢ if and only if € = . In fact,
already for € = A¢ (A # 1), the links (L, ) and (L, gz,) are not isometric
at all, with (L, gz) being a nontrivial Berger deformation of (L, gr).

Proposition I1.2 shows that if we deform a Kéhler cone as in Theorem I1.1
(a “Type I” deformation of Sasaki structures), then by applying a diffeo-
morphism we can arrange that the complex structure stays fixed, but this
diffeomorphism will distort the radius function in a polynomial manner. So
if the pointwise value of a scalar function on the underlying complex man-
ifold decays polynomially as the original radius goes to infinity, it will also
decay polynomially in terms of the deformed radius. However, an analogous
statement for the lengths of tensor fields with respect to the deformed cone
metric (e.g., for the derivatives of a scalar function) does not follow from
Proposition II.2, and work in our previous paper [33] shows that such a
statement can actually be false unless fN is much closer to £ than Theorem
I1.1 requires. In fact, in the example studied in [33], the main difficulty was
to find a neighborhood U of ¢ in Lie(T) large enough such that a certain
interesting vector € lies in U, but small enough such that for £ € U, certain
tensors known to decay with respect to the deformed cone metric also decay
with respect to the original one. In this paper, thanks to Li’s work [72],
we only need to consider this issue for arbitrarily small deformations of &,
which is easier.

To state the result we need, let (g¢,J) be a fixed Kéhler cone structure
on C'=RT x L as above, with Reeb vector field £ and Reeb torus T. Then
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every & € Lie(T) with g7,(£,€) > 0 gives rise to a deformed Kihler cone
structure (je, J) as in Theorem I1.1, and we have a diffeomorphism ¥ given
by Proposition I1.2 such that ¥*J = J. Define g/, := (¥~!)*jc. Then g, is
a cone metric, Kihler with respect to J, with radius function 7 := 7o ¥~}
and with Reeb vector field ¥,£ = €. Note that by (I1.5), the diffeomorphisms

W, U~ preserve each of the regions {r > 1} and {r < 1}.

Theorem II.4. For all K € N and ¢ € (0,1) there exists a neighborhood
Uk of & in Lie(T) such that for all § € Uk, the following estimates hold
on the region {r > 1}:
(IL.7)
K
e <F < (1 —e)r g0 < g < (14 6)rfgc, Zrk|V§C§/C go <erc.
k=1
In fact, it will be clear from the proof that if we fix any norm on Lie(T),
then Uk . may be chosen to contain a cge-ball around &, where cx > 0
depends only on (L, gz.), &, and K.

Proof. The statement about the radius functions is clear from Proposition
11.2.

To prove the pointwise inequalities of metric tensors, we first pull these in-
equalities back by ¥, obtaining an equivalent statement in terms of U*gy, =
Jc, V*go, and r o W. Up to renaming &, we can then replace r o W by r
without loss. We can also replace go by gco because go and go are cone
metrics with the same scaling vector field, hence are uniformly equivalent
over the whole cone C, and by Theorem II.1 the equivalence constants are
bounded by 1 +¢ for all £ in a sufficiently small neighborhood of £. Thus, it
suffices to prove that for all £ sufficiently close to &, all p = (r,z) € C with
r > 1, and all v € T,C, we have that

(IL8) (1 —e)rfolge <[Wulpvlge < (1+2)rf|vfge

To prove (I1.8), recall that ¥(r,z) = W87 (1, ), where ¥ denotes the
flow of —J€. Using the fact that the vector field X = —J¢ + J¢ commutes
with —J¢ = r0,, we can rewrite this definition as ¥(r,z) = ®'°8"(r, z),
where ®! denotes the flow of X. Thus,

(1I1.9) W, |0 = 87|, (v 4+~ Ldr(v) X|p).

Now, according to a general identity (the case k = 0 of Lemma I1.5 below,

see (I1.19)),

Ve
dt

for all w € T,C. Also, because X is scale-invariant, we can assume after
shrinking Uk . that

(IL.11) SUPC(ril‘X‘gc + Voo Xlge) < e

(I1.10) (®Lpw) = Ve X gt () (PL [pw)
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Thus, letting w be the argument of ®\°6"|, on the right-hand side of (I1.9)
and applying Gronwall’s lemma to the ODE (I1.10) up to time ¢ = logr,we
exactly obtain the desired estimate (I1.8).

We are now left with proving the higher-order estimates in (I1.7). View
the differential ¥, as a section of the vector bundle T*C ® ¥*T'C equipped
with the metric and connection induced by go. Then we claim that it suffices
to prove that for some constant A = Ay,

(I1.12) Zr’wv U,y < Arc.

Indeed, after renaming ¢, it is clear from (I1.12) that (I1.12) also holds
for the tensor ¥*gc instead of the tensor ¥,, which allows us to compare
the connections of gc and of ¥*gc. Then notice that |go — gclge < €
and rk\V§C§c|gc < e for k € {1,..., K} because gc,gc are cone metrics
with the same scaling vector field. Together with the above comparison of
connections, this yields

K

Z rk]V’&,*gcgc\gc <erf.
k=1

Pulling back by ¥=! and using the C° estimates in (I1.7), we obtain the
desired C¥ estimate.

Thus, it remains to prove (II1.12). We will do so by computing the k-
th derivative of (I1.9) using the chain rule. However, before doing this
computation, we will first prove a preliminary estimate, (II.14), which will
allow us to estimate the terms that arise from the chain rule.

The key ingredient is Lemma II.5 below. The case k& = 0 of this lemma
was already used above. For a general k and for all vy, ..., vp41 € T,C, the
lemma yields an ODE of the form
(I1.13)

Yo (b 0 (o, 1)) = Voo Xlaei (Ve @) (o1, )] + 6.
The vector field ©f along the curve ®¢(p) depends on V4, ®! and VR for
j €40,....,k—1} and on V3, X for j € {2,...,k + 1}, where R denotes
the curvature tensor of go. The fundamental solution of the corresponding
homogeneous ODE is bounded by e**! in operator norm thanks to (I1.11)
and Gronwall’s lemma. Using variation of parameters and the explicit form
of © from (I1.18) (i > 2), one can then prove by induction on k € {0,..., K}
that

|05 < AeT1HO VR @l < Aett,

Here A depends only on K but we need to shrink the neighborhood Uk in
each step of the proof. Similar but slightly easier arguments then also show
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that for all k,¢ € {0,... , K},

l

v k
(I1.14) —22 (V. D)

i < Aett.

gc

Indeed, the case £ = 0 is what we just proved, the case ¢ = 1 follows from
this using (I1.13), and we then simply differentiate (II.13) by ¢ to continue
(no ODE solution formulas are required).

We are now finally in position to differentiate (I1.9) and thus prove (I1.12).
To actually calculate the k-th derivative of (I1.9), it is convenient to use Faa
di Bruno’s formula. To estimate the resulting terms, we use (I1.14) evaluated
at ¢ = logr. We thus obtain that ]VSC\II*\QC is bounded by

vﬁ 44 t
gc 2
A Z Z dtgl (ngQ*)
d,mz1,...,mq€Np 01 42€Ng
mi1+2ma+---+dmg=Fk l1+la=m1+-+my

m;

9

d
=1 gc

; dr
Vie (log r,Id + TX>

t=logr gc J

which is in turn bounded by

d
A re rImE ApTRreE
> > 11

d,m1,...,mqENp £y ,42€Ng Jj=1
my+2matotrdma=k \l1+l=m1+-+mq
This proves (I1.12) and hence the CK estimate in (I1.7). O

It remains to prove the covariant differentiation formula for linearized
flows that we used above. This should be well-known but since we were
unable to find a reference, we will prove it here.

For k € Ny, we write Si41 to denote the permutation group of {1,...,k+
1}. Given any function f : Spy1 — R and any real vector space V', we define
the associated shuffle operator by
(I1.15)

& VEED L VR 4 @ @ g1 = Y F(0)0p1) ® @ VUg(it1)-

Here the sum runs over all ¢ € Siy;. This is a minor generalization of a
well-known definition from combinatorics. Given i € {1,...,k+ 1}, we also
define I, := {a € N} : |a| +i = k+ 1}. If M is a smooth manifold and
® : M — M is a smooth map, we view the differential ®, as a section of
the bundle T*M ® ®*TM. Any connection V on T'M induces a connection
on this bundle, which we also denote by V. For a € I; , we then define a
bundle homomorphism

(I1.16) VO, := V1P, @ - @ Vb, : TMEFHD _ o* M@,

This is a polynomial differential operator of order max « in terms of P,.
Thus, the highest possible order of an operator of this form is k, and this is
attained only for o = (k) € I} .
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Lemma IL.5. For allk € No,i € {1,...,k+1}, a € I, and j € {0,...,i—
2}, there exist shuffles &, and S, ; such that &y, = Id and such that
the following holds. Let M be a smooth manifold, let V be a torsion-free
connection on TM, and let R be the type (3,1) curvature tensor of V. Let
X be a smooth vector field on M with mazimal local flow ®'. Then the
homomorphism

(I1.17)
A (TM)PEHD o (B TM, 0 Dvgr o (V) 0r, o))
can be expressed in terms of X, R and their covariant derivatives via
(I1.18)
E+1 ‘ i—2 A o
£ =30 5 {9l 0 V080 G+ D (VAR)(TE X, w)ear 0 V8L Gy

=1 ae[i,k Jj=0

Notice that the sum over j is empty unless ¢ > 2, and if ¢ > 2 then
maxa < |of < k— 1. Thus, (II.18) contains only one term of the highest
possible order of differentiation, k, with respect to ®.. As expected, this
term takes the form VX |g: o VF®!, with no need to shuffle the arguments.

Proof. We prove this by induction on k. Assume that the lemma is true
with k£ replaced by k& — 1. Choose an arbitrary point p € M and tan-
gent vectors vi,...,vg+1 € T,M, and consider the vector field V(t) =
(VFE®!)(vy,...,vr41) along the integral curve v(t) = ®!(p) of X starting at
p. We need to compute the covariant derivative of V' along . To this end,
for 6 = &(p) > 0 sufficiently small, extend 7 to a map J: (=6,6)*2 — M
such that J(0,...,0) = p and such that if sq,...,Sky1,t are the standard
coordinates on (—6,8)*+2, then

1,,(0,...,0) = v; for all 4, and I(s1,...,s641,t) = ®*(y(s1,...,5k,0)).

For k = 0, using our assumption that V is torsion-free, we now compute

vV Vi, VI

e = — = t
(H.lg) dt ot 881 VX‘q)t(p)((p*’Ul),
which agrees with (I1.18). For k > 1, by unpacking the definitions,
(I1.20)

k+1

vV \% \Y k—1 5t \4 k—1F51t VJSZ
— == = P ... - — P ... ... .
1 (A AN W) P § 3t A C ey

=2
Commuting covariant derivatives, the first term here can be rewritten as

(I1.21)

vV [V
g (G700 B T ) + A, B0 (T8 0 1)

The R term has the desired form with i =2, a = (0,k —1) € Iyg, j =0
in (I1.18). There is no need to permute the arguments vy, ..., vg 1 for this
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term, so we can set &, ; = Id for these values of «, j, and if the same o, j
reappear with permuted arguments later, we simply update &, ; by adding
the relevant permutation. Now, by induction, the first term in (I1.21) is
equal to

> 5 ([rfm}|eeonm+ S {as ) fno- o o ou))

=1 OAEIZ"]C_l (=2

The second term here cancels with the second term in (II.20) by induction,
and the first term can easily be brought into the desired form by shifting
the indices 7, «, 7. This concludes the inductive step. Notice that terms of
the form (V,, (V¥®L))(va ® - -+ ® vgy1) with @ > 2 force us to introduce
nontrivial shuffles of the arguments, and ¢ > 2 is possible as soon as k > 2.
However, there are no shuffles for i = 1 (the unique term of highest order
with respect to ®¢), so that Sy = Id. O

APPENDIX III. A GYSIN TYPE THEOREM FOR ORBIFOLD CIRCLE BUNDLES

The purpose of this section is to prove the following theorem.

Theorem III.1. Let p: N — D be a C*° complex orbifold line bundle on
a C* orbifold D. Let L be the unit circle bundle of N with respect to some
Hermitian metric on N. Let Q be a C*° complex orbifold line bundle on D.
Then (p|1)*Q is trivial as a C*° complex orbifold line bundle on L if and
only if Q is isomorphic to N™% as a C°° complex orbifold line bundle on D
for some o € Z.

Note that there is no obvious general definition of the pullback of an
orbifold vector bundle along a map of orbifolds. However, the relevant map
in the theorem is the projection of an orbifold fiber bundle onto its base,
and for such maps the pullback is defined carefully in [12, Rmk 4.30].

The convention —« for the exponent is chosen to match conventions else-
where in this paper.

If D is actually a manifold, then by identifying C'**° complex line bundles
with their first Chern classes, the theorem becomes equivalent to the state-
ment that ker((p|)* : H*(D,Z) — H?(L,Z)) is the subgroup generated
by ¢1(NN). This is a well-known consequence of the Gysin sequence over
Z. There does exist an orbifold version of the Gysin sequence over Q [16,
Prop 4.7.9]. This suffices to prove a slightly weaker version of Theorem A,
which would only state that Ky is torsion in general, and that Ky, is trivial
whenever there exists a Kahler crepant resolution 7 : M — V.

Our proof of Theorem III.1 bypasses the use of Chern classes even when
D is a manifold. We are grateful to C.-C. M. Liu for suggesting the key
idea, which is to view (p|7)*Q as an Sl-equivariant line bundle on L and to
classify the possible actions of S on the trivial line bundle L x C.

Proof of Theorem II1.1. Cover D by an atlas of uniformizing charts that
trivializes L as a principal S'-orbibundle and @ as a complex line orbibundle.
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Thus, for each chart ¢ : U — U of the atlas we may write Ly = (U x
S /T and Q|y = (U x C)/T', where T is the local uniformizing group of D
acting effectively on U and where the action of T' on the fibers is given by
homomorphisms I' = S! for L and I' — C* for (). The fiberwise right action
of ST on U x S' commutes with the left action of I and with the left action
of the transition functions of L. We therefore obtain a right action of S on
L with finite stabilizers, and with trivial stabilizers on the open dense set
L|pres. The pullback bundle (p|,)*Q@ takes the form (U x S x C)/I" locally
for the product action of I on S' x C, and its transition functions are pulled
back from U under the pro jection U x S' — U. This picture allows us to lift
the right action of S! by orbifold diffeomorphisms on L to a right S!-action
by orbibundle automorphisms on (p|z)*@. In fact, we can simply let S1
act trivially on the local C-factors. Then the original orbibundle @) can be
recovered as the S'-quotient of (p|z)*@. The same construction would have
gone through for any other Lie group G instead of S! as the structure group
of L, and amounts to a version of the isomorphism Kqg(X) = K(X/G) of
(89, Prop 2.1].

We will now use the Sl-action on (p|1)*@ constructed in the previous
paragraph to characterize the case that (p|r)*@ is trivial as a complex line
orbibundle. More precisely, we will prove that up to a gauge transformation
of L x C, the only possible S'-actions on L x C are those of the form

(6,2)g = (Lg,9"2)

for some o € Z and all (¢,z) € L x C and g € S*. The theorem follows from
this. Indeed, it suffices to observe that L x C together with the S'-action
(¢,2z)g = (Lg, g“z) is equivariantly isomorphic to (p|r)*N~%. To see this, we
go through the above construction of an S'-action on (p|1)*N~%, using the
same trivializations for the principal S'-orbibundle L and for the complex
line orbibundle N. In the resulting local charts, the desired isomorphism
from (p|r)*N~% to L x C is given by

(U x S' x C)/T — (U x §')/T) x C,
[(@, b, 2)] = ([(a, )], h*2).
One easily checks that this is well-defined, equivariant, and consistent under
changes of charts.

It remains to classify all possible S'-actions on L x C. Any such action
takes the form

(4,2)g = (Lg, F({,9)z)
for some smooth map F : L x S — C*. By definition, for all £ € L and
g,h €St

(IIL.1) F(,gh) = F(Lg, h)F(L, g).

We are free to apply a gauge transformation of the trivial complex line
bundle L x C, i.e., a smooth map F : L — C*. This changes F' to FF¥
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defined by

FP(¢,9) := E(tg)"" F(£, g)E(0).
Our goal is to find an F such that F¥(¢, g) = g for some o € Z and for all
(eL,geS.

Fix any point /g € L. Then the smooth map F({y,-) : S' — C* has a
winding number a € Z, which is independent of £y3. As the winding number
is additive under pointwise multiplication, and is equal to zero if and only
if the map has a well-defined smooth log, we may write

F(ty,g) = g~/ @9

for some smooth function f: L x S — C unique up to a constant in 2miZ.
After changing f by a suitable constant, the cocycle condition (IT1.1) may
be rewritten as

(IIL.2) f(l,gh) = f(tg,h) + f(L,g).

Using (I11.2), we will now construct the desired gauge transformation E by
working in local charts for the bundle L and checking that our definition is
consistent under changes of charts.

Fix a uniformizing chart ¢ : U — U for D with local group I'. Consider
the local representation L|y = (U x S') /T, where T acts on the left on S! via
some homomorphism ¢ : I' = S!. Note that ¢ is not required to be injective,
which would be equivalent to L|y being a manifold. Let F, f denote the lifts
of F, f from L|y x S to (U x S') x S1, respectively. Given any hg € S1,
consider

EhO:UxSl—>(C*7
(ay h) '_> ef((ﬂ7h0)7halh)_0ho (a)7

where by definition
Cno (@) := . (@ ho), hy'g) dg.
Then the following properties (1)—(5) lead to the desired gauge transforma-
tion F. o
(1) The lift f: (U x S') x S — C* satisfies the cocycle property
(IT1.3)  f(,gh) = f(lg,h) + f(L,g) for all £ € U x S* and g,h € S*.

Proof. For £ € U x S, let ¢ be the projection of ¢ to the quotient
(U x SY)/T = L|y. Then it suffices to apply (II1.2) and observe that /g
projects to £g in the quotient space by construction.

(2) For any two elements ho, hjy € S* it holds that Ep, = Eh&'

Proof. Thanks to (II1.3) it holds for all (&, h) € U x S* that
F (@ o), (hg) ™ h) = F((@, ho), hg ") + F(@, hp), (ho) ™ ho)-

The second term depends on @ but not on h. Thus,
F((@, 1), (ho) ™" h) = Ciy (@) = F (@, ho), hg  h) = Chy (@)
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Property (2) is now obvious. In particular, this allows us to write E instead
of Eho .

(3) The map E:U x S' — C* is smooth and T-invariant.

Proof. Smoothness is clear from the definition of E = Eho for any fixed

ho € St. To prove I'- invariance, consider an arbitrary element v € I'. Then
for all (@,h) € U x S' and hg € S*,

(IL4)  E(y(@h)) = Eny (i, o(7)h) = & (hodg ) =Cig (),
Note for later reference that
(ITIC), (via) = ]élf((’wl, ho), hy'g) dg = ]élf((’ﬂl, ho), hy 'u(7)g) dg.

Going back to (II.4), using the fact that S! is abelian, (II1.3), and the
I'-invariance of f,

F((yii, ho), hg te(1)R) = F((viL, ho)e(7), hg *h) + F((vE, o), (7))
= f((vt, e(7)ho), hg ') + f((vid, ho), 1(7))
= f((@, ho), hg *h) + F((7iL, ho), L(7))-

The second term depends on @ but not on h. Thus, using (I11.5),
F((v@i; ho), hg " e(7)h) = Chy (v@) = F((@, ho), hg"h) — Chy ().

This tells us that E(y(@,h)) = E(4, h), as desired.

(4) The I'-invariant smooth maps E :U x S' — C* patch up to a smooth
map B : L — C*.

Proof. Let (@i, ho) € U x S' correspond to (@', (@' )hg) in a different
uniformizing chart U’ x S, where @& — @ represents a transition map of
D and 1 (@') € S* represents the associated transition map of the principal
orbibundle L. Because f is a globally defined function on L x S, the lift f’
of f to U’ x S! satisfies for all h € S* that

F((@ ho), hg ') = F'((&', 4 (@')ho), hg k) = /(&' k), (ho) '),
where hjy = (@' )hg € S* and h' = ¢(@')h € S'. The average of the left-

hand side with respect to dh is the constant Cp, (@), and the average of the
right-hand side with respect to dh’ is the analogous constant C', , (a') defined

using the chart U’ x S'. Since h' = (@)h, we obtain that
N ot
Chy(u) =C 6(u ).
Thus, writing E’ for the analog of E defined using the chart U’ x S?,
E(ﬂ,, h) = Eho(aa h) = ~]/1,6(ﬂ/7 h/) = E/(alv h/)
This is the desired patching property. Notice that hj, depends not only on
ho but also on @'.

(5) The smooth gauge transformation E satisfies F¥((,g) = g for all
teL, geSh
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Proof. Let ¢ : U — U be a uniformizing chart for D with p(¢) € U. Let
(= (@,h) € U x S* be alift of £ € L|yy = (U x S')/T under the local group
I'. Then g is a lift of £g by construction. It therefore suffices to verify for
an arbitrary hg € S! that

By (Lg) ' F (L, ) By, (0) = g°.
This is straightforward. Indeed, by definition,
Eny (Pg) "2 F (0, ) Epy () = =T (@:h0):hg " hg)+Cng (@) gor o F(£:9) o F (10} g ) =Cing (@)
so it suffices to show that

F((@, ho), hy ' hg) = f((ii, h), 9) + F((@, ho), hy ' h).

But this is immediate from the cocycle property (I11.3).
As explained above, property (5) concludes the proof of the theorem. O

APPENDIX IV. REVIEW AND EXTENSION OF A THEOREM OF CHI L1

Our goal in this appendix is to prove Theorem IV.4, an orbifold version
of a difficult result of Li [72, Thm 1.5]. We review Li’s proof in Section
IV.1. Fortunately, the most difficult steps carry over verbatim to the spaces
studied in this paper. The remaining steps need to be generalized and
this generalization is almost completely formal as well. However, to reach
the point where the manifold case and the orbifold case become formally
identical, we need one nonobvious fact: the deformation of an orbifold to the
normal cone of a suborbifold is trivial on small open sets. This fact allows
us to encode properties of this deformation in terms of Cech cohomology
classes in the same way as in the manifold case. We will explain this in
Section IV.2 as a consequence of Proposition IV.6.

In this section, cohomology means Cech cohomology with respect to suf-
ficiently fine coverings by Stein open sets, with coefficients in the sheaf of
sections of a holomorphic (orbi-)vector bundle.

IV.1. Review. In [72], Li considers the following situation. Let D be a
smooth compact complex manifold with dim D > 2, let L be an ample
holomorphic line bundle on D, and let the affine cone C' be the dual of
L with its zero section contracted to a point o. Suppose X is a projective
variety, U is an open subset of X8, and D is embedded into U as a complex
submanifold with normal bundle L. Consider the deformation of X to the
normal cone of D as in Theorem [.1. This is a C*-equivariant degeneration
{ X }tec covering the C*-action of weight 1 on the base. The central fiber X
is a projective variety, which may not be normal but is always normalized by
the compactified cone C'UD. Assume (crucially) that X actually is normal
and is therefore equal to C'U D.

Li’s main result for our purposes [72, Thm 1.5] may then be stated as
follows:
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Theorem IV.1. In the above situation, the supremum of all positive in-
tegers k such that the affine family {X; \ D}iec becomes trivial after base
change to Spec C[t]/(t¥) is equal to the supremum of all positive integers k
such that the embedding D — U s (k — 1)-comfortable.

The first quantity appearing in this statement is simply the vanishing
order of the affine family; see Definition 1.8(5). The notion of comfortable
embeddedness is much more subtle and we will not state the general defi-
nition here [1, Defn 3.1]. It is a concept valid for any complex submanifold
of a complex manifold. However, for a divisor of dimension at least 2 with
positive normal bundle it turns out to be equivalent to the more familiar
notion of triviality of infinitesimal neighborhoods. In order to explain, we
recall the following definition [1, Defn 4.1]:

Definition IV.2. A complex submanifold S of a complex manifold M is
k-linearizable if its k-th infinitesimal neighborhood (.S, OM/jé“H) in M is
isomorphic to its k-th infinitesimal neighborhood (S, On/J. g“) in the nor-
mal bundle N = Ng/ys, where S is identified with the zero section of N.

(k—1)-comfortable is an intermediate condition between (k—1)-linearizable
and k-linearizable. In our situation, the embedding D — U is (k — 1)-
comfortable if and only if the complex structures on U and on C are as-
ymptotic at rate O(r*k/ 5) with respect to any Kéhler cone metric of the
form i90h~ on C, where h is any positively curved Hermitian metric on L
and 0 > 0 [72, Prop 1.3]. In particular, the embedding D — U is always
0-comfortable, and the complex structures on U and on C' are always as-
ymptotic at rate O(r~/%), but the embedding is 1-linearizable if and only
if its tangent sequence splits [72, Rmk A.5], which is not always true [33,
Section 3].

Lemma IV.3. If dim M > 3 and S is a smooth compact divisor in M with
positive normal bundle, then S is (k — 1)-comfortably embedded in M if and
only if S is (k — 1)-linearizable in M.

This is proved by applying the Kodaira-Nakano vanishing theorem on S
[72, Rmk A.7]. Thus, in our situation, (k — 1)-linearizability (rather than
k-linearizability) is actually already enough to ensure O(r~*/%) convergence
of the complex structures with respect to i9090h=°.

We now comment on the proof of Theorem IV.1. The main point is
a remarkable comparison of cohomology classes. Using ideas of Artin-
Schlessinger, and crucially using the fact that Xo \ D = C has a normal
and isolated singularity, one first constructs a Kodaira-Spencer type class
KS® in Té (a finite-dimensional cohomology space attached to the punc-
tured cone C'\ {o}) if the vanishing order of the affine family is at least k.
This satisfies KS®) = 0 if and only if the vanishing order is at least k + 1.
On any finite annulus Y C C'\ {o} = L\ D we have two restriction maps

(IV.1) TL < HY(Y,0y) & H'(L,0).
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Then the key result of Li’s paper [72, Prop 2.15] identifies the image of
KS® in H'(Y,0y) with the image of the so-called k-th order Kodaira-
Spencer class 0, € H'(L,0p) of the deformation to the normal cone in
U D D. The class 0 can be defined only if the embedding D — U is at
least (k—1)-comfortable, but then its definition is analogous to the definition
of the classical Kodaira-Spencer class of a deformation of complex manifolds
in terms of a suitable atlas.
By construction, 6y lies in the (—k)-weight space H'(L,O)[—k] € HY(L,0r)

with respect to the natural action of C* on C or on L. [72, Prop 3.3] provides
us with an exact sequence
(IV.2) HY(D,(Np)*) — HY(L,0r)[~k] — H'(D,0p @ (N})")

under which 8, maps to the obstruction, g, to k-splitting of the embedding
D — U [l, Defn 2.1]. k-splitting is a necessary condition for being able
to define k-comfortable embeddedness. If gx = 0, then [72, Prop 3.3] also
shows that 6 lifts to the obstruction, b, to the latter property.

To prove Theorem IV.1, we can assume by induction that the vanishing
order of the affine family is at least £ and that the embedding is at least
(k—1)-comfortable. If g # 0, then the embedding cannot be k-comfortable
by definition. On the other hand, necessarily 6 # 0 and hence KS®) #0,
so the vanishing order must be equal to k. If g = 0, then the embedding is
at least k-comfortable if and only if by = 0. However, H'(D, (NB)’“) =0 by
the Kodaira-Nakano vanishing theorem (this step is essentially equivalent to
the proof of Lemma IV.3), so hr = 0 trivially. But then 6 vanishes as well,
so KS®) = 0, so the vanishing order is at least k + 1. This proves Theorem
IV.1.

IV.2. Extension. We would now like to generalize Theorem IV.1 to the
setting of this paper, where D is a compact complex orbifold, L is a positive
holomorphic orbifold line bundle on D, and D is embedded as an admissible
divisor with normal orbibundle L into some open subset U C X which is
itself an orbifold. By the definition of an admissible divisor, U\ D is actually
a manifold. We are also still assuming that dim D > 2 and that X is normal,
so that Xo = C U D.

Formally the definitions of k-splitting, k-comfortable and k-linearizable
in [1] still make sense for an orbifold embedding S < M because they
only involve the sheaves Js C Op and Js C Ony YE Thus, the verbatim
extension of Theorem [V.1 to our new setting is meaningful as well:

Theorem IV.4. In the above situation, the supremum of all positive in-
tegers k such that the affine family {X; \ D}iec becomes trivial after base
change to Spec C[t]/(t¥) is equal to the supremum of all positive integers k
such that the embedding D — U s (k — 1)-comfortable.

We now need to ask whether this theorem is true and whether the (k—1)-
comfortable property has the same meaning in terms of complex structure
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asymptotics as in the manifold case. Fortunately, the construction and prop-
erties of KS®) as well as the embedding T} — HY(Y,Oy) of (IV.1) can be
stated and proved intrinsically in terms of the affine family {X; \ D}iec.
Thus, as far as this part of the proof is concerned, the manifold setting and
the orbifold setting are actually identical.

On the other hand, the fact that the restriction map H'(L,©0) — H(Y,Oy)
is an isomorphism in every degree [72, Lemma 4.6], the construction of
the exact sequence (IV.2), the construction and properties of the classes
Ok, gk, br, and the interpretation of comfortable embeddedness in terms of
complex structure asymptotics need to be generalized from manifolds to
orbifolds. In the manifold case, all of these properties follow from explicit
computations with atlases and Cech cocycles. Thus, one would expect that
these computations can be extended verbatim to the orbifold case by using
orbifold atlases and invariant Cech cocycles on the local uniformizing charts.
Perhaps surprisingly, this is not true unless the orbifold atlases used satisfy
a strong compatibility condition.

Definition IV.5. Let M" be a complex orbifold. Let S"~* < M™ be a
complex suborbifold. Call a holomorphic orbifold atlas {(Uy, s, ©a)}taca
of M adapted to S if, for all a € A:

(1) Ty is a subgroup of GL(n,C) acting linearly on U, C C";

(2) 31(S) = {2 € Uy : zy_gt1 = -++ = 2z, = 0} in the standard
coordinates of C™; and

(3) 'y is actually contained in the block diagonal subgroup GL(n —
k,C) x GL(k, C).

We have been unable to find this definition in the literature. It is a
classical fact that (1) by itself can be achieved for the local uniformizing
groups of any complex orbifold, and (2) by itself is simply the definition of a
complex suborbifold. (1) and (2) imply that the groups I, are contained in
the block upper triangular matrices relative to the splitting C* = C* *@CF,
and then the induced atlas on the total space of the normal bundle to S in
M satisfies (3). Taken together, (1)—(3) imply that the deformation of M
to the normal cone of S is trivial on small open sets.

We will now prove that adapted atlases always exist in our situation.
After this, we will briefly explain why the adapted condition allows us to
generalize the computations in [72] to orbifolds.

Proposition IV.6. Let U C C" be a domain containing the origin. Let T" be
a finite cyclic subgroup of Aut(U) fixing the origin and preserving the section
H = Un{z, = 0}. Then there exist domains U C U and U’ C C" containing
the origin, with sections H = U N {z, = 0} and H' = U’ N {z, = 0}, and
an isomorphism ¥ : U — U’ with 1(0) = 0 and (H) = H' such that U is
I-invariant and such that ¥ o T o™ acts on U’ by linear transformations

in GL(n —1,C) x C*.
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Proof. Proceeding as in [18, Lemme 1], we define a holomorphic map o :
U — C" by

1 -
7= g o,

~yel

where the summation, scalar multiplication and action of dvy are with re-
spect to the linear structure of C". Then ¢ maps H into the hyperplane
{zn = 0} because I' preserves H. Moreover, do|y = Id, so o restricts to
an isomorphism onto its image on any sufficiently small concentric domain
U C U and o(H) contains a neighborhood of 0 in {z, = 0}. By replacing U

by ﬂ,yer ~v(U), we can make U invariant under I'. Observe that ooy = dyoo

for each v € T'. Thus, the subgroup o o' o o~ of Aut(c(U)) acts by linear
transformations preserving the hyperplane {z, = 0}. For any sufficiently
small invariant open set V' C o(U) with 0 € V, the section V N {z, = 0} will
be contained in o(H), so by replacing U by o~ (V) we can assume without
loss that o(H) = o(U) N {2, = 0}.

Let A € GL(n,C) be a generator of the finite cyclic group o o' o o~ 1.
Our goal is now to find a matrix R € GL(n,C) preserving the hyperplane
{2, = 0} such that RAR™! is not only block upper triangular but in fact
block diagonal with respect to the decomposition C* = C*~! @ C. If this
can be done, then setting ¢ := Roo and U’ := (U) will complete the proof
of the proposition.

Since A preserves H, we must have that

B c¢
a= (o 3)

with B € GL(n—1,C), ¢ and 0 column vectors in C"~!, and d € C*. Because
A generates a finite subgroup of GL(n,C), it follows that B preserves a
Hermitian metric on C"~!, hence is conjugate to a unitary matrix in GL(n —
1,C) by the Gram-Schmidt process, and hence to a diagonal matrix A =
diag(A1, ..., A\p—1) with all entries unit complex numbers (indeed, roots of
unity). Similarly, d is a root of unity as well. We may thus assume without
loss of generality that

(IV.3) A= <(;\T Z)

because if R can be found for A of this form, then the general case follows by
multiplying R by an element of the block diagonal subgroup GL(n —1,C) x
{1} of GL(n,C).

For A as in (IV.3) we now seek R € GL(n,C) of the form

Id r
(o 1)
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for some column vector r € C*~! such that

A O
_1_
RAR _<0T d).

This is easily seen to be equivalent to the linear system
(Iv.4) N—dri=c¢ (1<i<n-1)

for the components of r and c. Let N denote the number of \; that are equal
to d. If N =0, then (IV.4) has a solution, so we are done. If N > 1, then
we may assume without loss of generality that d = A1 = Ao = ... = Ay, and
it remains to prove that ¢; = 0 for all 1 <7 < N because then (IV.4) again
has a solution. We do so by contradiction. If ¢; # 0 for some 1 < i < N,
then, for all £ € N, an easy computation shows that the (1,7)-th entry of A"
has absolute value equal to

k—1
Zdj)\fflfj il = [kd*te;| = klei] — oo as k — oo,
7=0

but clearly this is not possible because A is of finite order. (|

We now sketch how Proposition IV.6 lets us complete the proof of The-
orem IV.4. In the setting of the theorem, let {(Uy,Ta,®a)}aca be an
open covering of a neighborhood of D by uniformizing charts of X, each
of which is an isotropy chart centered at a point of D. On each open set
Uy, we have centered holomorphic coordinates z, = (2.,...,2") such that
DnU, = {2 = 0} and T, is a cyclic subgroup of Aut(U,) (if T, was
not cyclic, U, \ D could not be a manifold). Proposition IV.6 now allows
us to assume without loss of generality that in every uniformizing chart
(Ua, Ty 0a), the action of T', on U, is linear in the coordinates z, and
the matrices representing the elements of I', are block diagonal. Given
any two uniformizing charts (Uy, T, ¢a) and (Ug,I's, pg) and any point
p € DN wa(Ua) Ng(Up), there exists a third uniformizing chart (U,T', ¢)
with p € ¢(U), together with embeddings A\ : U — U, and A\g : U — Us.
We then have a change of coordinates map

Fga == Aa0A5" : Ag(U) C Ug = Aa(U) C Us.
We write the components of Fg, as

Fpa(28) = (Fja(28)s -+ Ffa(28)) = Za = (205 -+ 20)-
Clearly, this map is equivariant with respect to the action of I'.

Using this setup, a lengthy routine check shows that those parts of the
proof of Li’s Theorem IV.1 that rely on computations with Cech cocycles
go through verbatim in the orbifold setting. Here we only point out how
this works for one of the most delicate computations, which would actu-
ally fail without part (3) of the adapted atlas condition (Definition IV.5).
Specifically, we will show that the Abate-Bracci-Tovena cocycle (gi)ga (see
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[1, Prop 2.2]) is I'-invariant and hence defines an orbifold cohomology class.
For clarity, we will only consider the case k = 1. By definition,

I
Oz 25(p) 0zt

(IV'5) (m)m(p) = ® dzg|zg(p)

Za (p)
for all p € D. Similarly, for every v € I' we have that

=1

(IV.6) (91)a(7P) nzlaFé“ 0 ® dz3|
. 91)sa(YP) = p Wl “Blzg(vp)-
i=1 0z 2g(vp) 9z, za(7p) ’

To prove that v maps (IV.5) to (IV.6), we first note that the action of ~
is represented by matrices “v,%~y € GL(n,C) in the two charts. We will
assume for now that these are block upper triangular but not necessarily
block diagonal. Then we have that

_ Z Yii 62(1

v 821

«

Za(p Za (vp)

n

_ 1
v dzﬁ|z5 Z(B'y l)nkdzlﬁc|25(7p) ] dzg|25(7p)-
el Ynn

Thus, the desired equality, v - (IV.5) = (IV 6), holds if and only if

=l 9F,
(IV.7) Z Vji azﬁ

This is true for 7 = n because %+ is block upper triangular. To deal with the
case 1 < j < n— 1, we differentiate the relation Fgo (%7 - 25) = v - Faa(2p)
with respect to zg. This yields that

" OFM

(IVS) ZB'WH ( — Z j’L 825
=1

For j = n, again because “v is block upper triangular, we can deduce from
this that

'B'Ynn 52 for1<j<n—1,

zp(p) 0 for j =n.

forall 1 <j<n.
z5(p)

J
OF},
8 )

" OFD, OF"
(IV.9) Z 'B’Yin Eye b; = ’YnnW .
i=1 z8(7p) “8 1z5(p)

Fixing 1 < j<n-—1and combmmg (IV.8) with (IV.9), we can rewrite the
left-hand side of (IV.7) for this particular value of j as

n J

5 |0F, n OF}
Z Yin 9t a :
i1 o] zmm %n 25 25(7p)

If both ®y and A~ are block diagonal, then this is trivially equal to the
right-hand side of (IV.7), as desired, whereas otherwise there seems to be
no reason for this to be true.
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