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ABSTRACT. We develop a powerful new analytic method to construct complete non-compact Ricci-
flat 7-manifolds, more specifically Go—manifolds, 7.e. Riemannian 7-manifolds (M, g) whose holonomy
group is the compact exceptional Lie group Gz. Our construction gives the first general analytic
construction of complete non-compact Ricci-flat metrics in any odd dimension and establishes a
link with the Cheeger—Fukaya—Gromov theory of collapse with bounded curvature.

The construction starts with a complete non-compact asymptotically conical Calabi-Yau 3-fold
B and a circle bundle M — B satisfying a necessary topological condition. Our method then
produces a 1-parameter family of circle-invariant complete Go—metrics gc on M that collapses with
bounded curvature as ¢ — 0 to the original Calabi—Yau metric on the base B. The Gz—metrics we
construct have controlled asymptotic geometry at infinity, so-called asymptotically locally conical
(ALC) metrics; these are the natural higher-dimensional analogues of the ALF metrics that are
well known in 4-dimensional hyperkahler geometry.

We give two illustrations of the strength of our method. Firstly we use it to construct infinitely
many diffeomorphism types of complete non-compact simply connected Go—manifolds; previously
only a handful of such diffeomorphism types was known. Secondly we use it to prove the existence of
continuous families of complete non-compact Ga—metrics of arbitrarily high dimension; previously
only rigid or 1-parameter families of complete non-compact Ga—metrics were known.

1. INTRODUCTION

Despite the centrality of Ricci curvature in modern Riemannian geometry, constructing Ricci-flat
metrics remains extremely challenging. At present the only two tools available are holonomy reduc-
tion methods or symmetry reduction (in the non-compact setting). In even dimensions, holonomy
reduction techniques related to Kéhler geometry have proven very powerful for constructing both
compact and complete non-compact examples. The only possible irreducible holonomy reduction for
odd-dimensional manifolds is that of Gg holonomy for 7-manifolds. While in recent years the num-
ber of known families of compact Go—manifolds has grown quite considerably, there have remained
very few known families of complete non-compact irreducible Go—manifolds.

In this paper we develop a new analytic method to construct complete non-compact Go—manifolds,
that is Riemannian 7-manifolds (M, g) whose holonomy group is the compact exceptional Lie group
Go. The manifolds we construct have a controlled asymptotic geometry at infinity, so-called asymp-
totically locally conical (ALC) geometry, which is the natural higher-dimensional analogue of the
asymptotic geometry of 4-dimensional ALF hyperkahler manifolds. As an illustration of the strength
of the method developed here we use it to construct infinitely many diffeomorphism types of com-
plete non-compact simply connected Go—manifolds and to prove the existence of continuous families
of complete non-compact Go—metrics of arbitrarily high dimension. Prior to our work only a hand-
ful of diffeomorphism types of complete non-compact Go—manifolds (or more generally irreducible
Ricci-flat 7-manifolds) were known.

Einstein and Ricci-flat metrics with circle symmetry. In the case of Einstein manifolds with positive

scalar curvature, looking for circle-invariant Finstein metrics on the total space of circle bundles

or more generally torus-invariant metrics on torus bundles [37,83] over compact Kéahler-Einstein

Fano manifolds (or more generally orbifolds) has proven a quite powerful way to generate new

Einstein metrics from existing ones. While the absence of Killing fields rules out such bundle
1
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constructions in the compact irreducible Ricci-flat case, it is still natural to consider such circle-
invariant Ricci-flat metrics in the complete non-compact setting—particularly in light of the great
utility of the Gibbons—Hawking ansatz as a way to produce interesting complete (and incomplete)
circle-invariant 4-dimensional hyperkédhler metrics. One concrete idea, given further motivation
below, is to look for families of complete circle-invariant Ricci-flat metrics g with submaximal
volume growth on the total space M of a circle bundle over an asymptotically conical Ricci-flat
manifold (B, gp) that collapse in the Gromov—Hausdorff sense as e — 0 to (B, gp). To make this idea
into a powerful generally applicable tool for constructing large families of interesting new complete
Ricci-flat metrics a number of ingredients are necessary: (i) tools to construct enough interesting
asymptotically conical Ricci-flat metrics for use as the base metric; (ii) a good understanding of
the deformation theory of such asymptotically conical Ricci-flat metrics and (iii) a well-behaved
perturbation theory to allow for the correction by PDE methods of almost Ricci-flat metrics on M
to genuine Ricci-flat metrics. In the general Ricci-flat setting all three issues cause serious difficulty.

Ga-holonomy and Calabi-Yau geometry in 6 dimensions. However, in the special case where we try
to construct Go—holonomy metrics on circle bundles over asymptotically conical (AC) Calabi—Yau
3-folds we have additional tools available that allow us to overcome all three issues and therefore
develop a generally applicable analytic construction method: see Theorem 1.1 below for a precise
statement. Perhaps the most surprising aspect of our main theorem is not that such a construction
works in some cases, but that the tools now available are sufficiently powerful that it works in com-
plete generality, independent of the particular AC Calabi—Yau 3-fold or circle bundle in question.
Moreover, to demonstrate that the existence of very many complete non-compact Go—manifolds
follows from our construction we will rely on many of the latest developments in the metric aspects
of complete non-compact Calabi—Yau manifolds; specifically this includes the recent extension of
the equivalence between K-stability and the existence of Kéhler—Einstein metrics on Fano man-
ifolds [22] to the setting of Sasaki-Einstein metrics/Calabi-Yau cone metrics [24,25]. Our work
establishes a new intimate connection between metric Calabi-Yau geometry in 6 real dimensions
and irreducible Go—holonomy metrics in 7 dimensions; it gives the first systematic understand-
ing why certain non-compact complete Calabi—Yau metrics in 6 dimensions lead to closely-related
non-compact complete irreducible Go—holonomy metrics in 7 dimensions.

Another point to stress is that in the context of the Gibbons—Hawking ansatz in hyperkéhler
geometry in 4 dimensions, one must allow circle actions with fixed points (corresponding to poles
of the positive harmonic function used) to generate non-trivial complete examples. Instead in 7
dimensions by considering only free circle actions we can still produce a bountiful supply of complete
non-compact Go-manifolds. This is due to the fact that—unlike R3—many AC Calabi-Yau 3-folds
have non-trivial second cohomology and therefore support non-trivial circle bundles.

Cohomogeneity one examples: AC and ALC geometry. We now discuss some further motivation for
our basic approach and the particular kinds of asymptotic geometry that we choose to consider.
This motivation comes from the geometry of the classical highly symmetric complete non-compact
Go—manifolds constructed by Bryant and Salamon in 1989, and more recent deformations thereof
considered in the M theory community. Recall that Bryant and Salamon constructed the first
complete non-compact Go—manifolds in [16]. There are three Bryant—Salamon Gg—metrics up to
scaling, all admitting a cohomogeneity one action, that is, a compact Lie group acts isometrically
on (M, g) with generic orbit of codimension 1. The large symmetry group affords a reduction of
the system of nonlinear partial differential equations for a torsion-free Go—structure to a family of
nonlinear ordinary differential equations. The geometry at infinity of the three Bryant—Salamon
examples is asymptotically conical, that is, outside a compact subset the non-compact 7-manifold
M is diffeomorphic to a cone C'(S) over a smooth Riemannian 6-manifold (S, gs) and the metric g
on M becomes asymptotic to the conical metric go = dr? + r?gg on C(9).
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In the early 2000s, because of the importance of Go—manifolds in supersymmetric compactifica-
tions in M theory, several different groups of theoretical physicists revisited the cohomogeneity one
approach [12,13,28,29,49]: they wrote down ODE systems that govern more general cohomogen-
eity one Go—manifolds, and thereby discovered a new explicit non-compact ALC Gy—manifold [13].
(Cohomogeneity one ALC 8-manifolds with exceptional holonomy group Spin; were found a little
earlier in [30]). By studying numerical solutions to these ODE systems they also gave strong nu-
merical evidence for the existence of four different 1-parameter families of complete non-compact
Go—metrics, denoted by the physicists as A7, B;, C; and D7. The existence of the B; family has
since been established rigorously [7]. A rigorous ODE-based proof of the existence of the other
three conjectured 1-parameter families of solutions has not yet been given. (Since the first version
of this paper appeared, the authors [35] have used ODE-based methods to establish the existence
of the C; and D7 families, including far from the collapsed limit considered here.)

The geometry at infinity (of the generic member of each) of these 1-parameter families of complete
non-compact Ge—manifolds has the following common feature: the complement of a compact subset
of the non-compact 7-manifold M is diffeomorphic to the total space of a principal circle bundle over
a 6-dimensional Riemannian cone (C(X), gc), and the metric g on M approaches gc + 6% for some
connection 64, on this circle bundle. Physicists termed this asymptotic geometry asymptotically local
conical (ALC), thinking of it as a natural higher-dimensional generalisation of the asymptotically
locally flat (ALF) geometry of the Taub—NUT metric. In mathematics, the asymptotic geometry of
ALC manifolds is a special case of the fibred boundary metrics introduced by Mazzeo—Melrose [65].

Degenerations of ALC metrics and the motivation for our approach. One interesting common fea-
ture of the various l-parameter families of cohomogeneity one ALC Go—metrics is that within
each family two different non-ALC asymptotic geometries arise as limits. In one limit the ALC
geometry at infinity transitions to asymptotically conical (AC) geometry and one of the original
Bryant—Salamon AC Ga—holonomy metrics is recovered. This is analogous to the way that ALE
gravitational instantons can appear as limits of ALF gravitational instantons, e.g. in the Gibbons—
Hawking construction of multi-Taub-NUT and multi-Eguchi-Hanson spaces.

However, the motivation for the approach taken in the present paper is the other non-ALC limit.
In this other limit, the 1-parameter family of 7-dimensional ALC Ga—holonomy metrics g, collapses
as € — 0 to a 6-dimensional AC metric gy on a Calabi—Yau manifold B.

Because all the ALC Go—metrics g, discovered by physicists are of cohomogeneity one, so are the
associated 6-dimensional collapsed limits gg. By considering the different known cohomogeneity one
AC Calabi-Yau 3-folds—the small resolution of the conifold, the smoothing of the conifold (and its
quotient by the standard anti-holomorphic involution) and the Calabi metric on Kgpi, cpt—one
gains an important insight into the origin of the four known/conjectured 1-parameter families of
ALC Go—metrics; each of these 1-parameter families collapses to a different AC Calabi—Yau 3-fold.

Highly collapsed Go—metrics from Calabi—Yau 3-folds: an analytic approach. The previous discus-
sion naturally suggests we try to reverse the above procedure: we wish to start from a given AC
metric on a Calabi—Yau 3-fold B and construct a family of highly collapsed ALC Ga—metrics on a
suitable non-compact 7-manifold M, built from B and some further auxiliary data, that collapses
back to the given AC Calabi—Yau metric. If successful, such an approach is potentially very power-
ful because a large number of AC Calabi—Yau 3-folds have now been constructed by PDE methods,
that is, by proving existence of solutions with controlled asymptotics to a complex Monge—Ampere
equation on suitable non-compact complex 3-folds.

In most cases such AC Calabi—Yau 3-folds will not have many (or indeed any) continuous symmet-
ries and therefore any resulting ALC Go—manifolds also need not have a high degree of symmetry, in
strong contrast to the cohomogeneity one solutions explored by physicists. This necessitates adopt-
ing a PDE-based rather than ODE-based approach to the problem. In this paper we develop such
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a general PDE-based method. Our main result is the following general analytic existence theorem,
whose statement also includes a more precise description of what is meant by ALC geometry.

Theorem 1.1. Let (B, go,wo, Qo) be an AC Calabi-Yau 3—fold asymptotic with rate p < 0 to the
Calabi-Yau cone (C(X2), gc,wc, Qc) over a smooth Sasaki—FEinstein 5—manifold ¥.. Let M — B be
a principal U(1)-bundle such that c1(M) # 0 but ¢;(M) U [wo] = 0 € H4(B).

Then there exists eg > 0 such that for every € € (0,¢€y) the T-manifold M carries an S*—invariant
torsion-free Go—structure p. with the following properties. Let g. denote the Riemannian metric on
M induced by p..

(i) ge has restricted holonomy Hol®(g.) = Gs.

(ii) (M, gc) is an ALC manifold: outside of a compact set K, M is identified with the total
space of a principal U(1)-bundle over an exterior region {r > R} in the cone C(X). Under
this identification

ge = gc + €200 + O (r_ min{l,—u})

with analogous decay for all covariant derivatives. Here O is a connection on the principal
circle bundle M\ K — {r > R} C C(%).
(iii) There exists a connection § on M — B such that the difference between g. and the Rieman-
nian submersion with fibres of constant length 2me
go + €20*
converges to zero as € — 0 in C* for every k > 0 and o € (0,1). In particular, (M, g.)
collapses with bounded curvature to (B, go) as € — 0.

Consequences of the main theorem. In combination with the powerful methods now available (see
Section 9 for details and references to the recent literature) to construct many interesting AC
Calabi—Yau 3-folds, Theorem 1.1 leads to the construction of a plethora of new complete non-
compact Go—metrics with ALC geometry. A small sample of the many new complete ALC Go—
metrics that arise from our method is described in Section 9. We defer a more systematic study of
the variety of possible ALC Go—metrics that arise from our construction to elsewhere, concentrating
here instead on presenting the analytic details of our general construction. More specifically in
Section 9 we focus on AC Calabi—Yau metrics on small resolutions of Calabi—Yau cones: in this case
H*(B) = 0 and hence the condition c¢;(M) U [wo] = 0 € H*(B) is trivially satisfied. Until recently
only one example of a 3-dimensional Calabi—Yau cone admitting a small resolution was known
to exist. Recent results about existence of Sasaki-Einstein metrics and K-stability [25], however,
yield the existence of an infinite family of 3-dimensional Calabi—Yau cones with small resolutions.
In Corollary 9.5 we exploit this infinite family to produce infinitely many diffeomorphism types of
simply connected ALC Go—manifolds and families of ALC Go—metrics of arbitrarily high dimension.

The adiabatic limit of circle-invariant torsion-free Go-structures. The central objects of study in
this paper are therefore circle-invariant torsion-free Go-structures ¢ on a principal circle bundle M7
over a non-compact 6-manifold B, as first studied by Apostolov-Salamon in [3]. The complexity
of the Apostolov—Salamon equations is such that at present little can be said about its solutions
in any generality. Our strategy will therefore be to study these equations in the natural adiabatic
limit where the circle fibres shrink to zero length. More specifically, we will be interested in a family
. of circle-invariant torsion-free Go—structures on the total space M with circle fibres shrinking to
zero length as € — 0. Such a 1-parameter family of collapsing circle-invariant Go—structures ¢, can
be written as s
©e = €0c ANwe + (he)d ReQ,

where for each € > 0, (we, Q¢) is an SU(3)-structure, h. is a positive function on B and 6. is a
connection 1-form on the circle bundle M — B.

The condition that ¢, be torsion-free, i.e. the closure and coclosure of ¢, gives rise to a com-
plicated e-dependent nonlinear system of PDEs for the quadruple (we, Q, he, 0c), that following [3]
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we call the (rescaled) Apostolov—Salamon equations. These equations can be viewed as coupled
equations for the torsion of the SU(3)-structure (we, €)¢) together with a gauge-theoretic equation
for the pair (he, 6). In the formal limit in which e — 0 the rescaled Apostolov—Salamon equations
simplify considerably: one finds that the function hg should be a constant (that we can assume to
be 1) and that (wg, Qo) should be a Calabi—Yau structure on B.

We are now seeking to reverse this collapsing process: we assume given the AC Calabi-Yau
structure (wg, ) on B and we aim to reconstruct the l-parameter family of torsion-free Go—
structures ¢ on M for non-zero but small €. The problem can be subdivided into two steps: first
we need to construct an approximate solution and then correct it to a torsion-free Go—structure.
Both steps involve non-trivial linear analysis on B that we now describe in more detail.

Construction of an approximate solution. In our context, a good approximate solution is a closed
Sl-invariant Go-structure on M — B with small torsion. There is no a priori or obvious choice of
such an approximate solution and we have to use analysis on B to produce one.

To this end, it is natural to linearise the rescaled Apostolov—Salamon equations on the limiting
Calabi—Yau 3-fold (B, wp, {2). This results in a system of coupled linear PDEs for an infinitesimal
deformation (o, p+1ip) of the SU(3)—-structure (wo, o), a function h and a connection 1-form 6. The
linearised equations simplify somewhat if one assumes that (B,w,) is a fixed symplectic manifold,
in which case we can take the 2-form o to be zero; since this will be the only case relevant to this
paper hereafter we restrict attention to this case.

The linearised equations contain a subsystem of equations involving only the function h and the
connection 1-form 6 and which is well known: the abelian Calabi—Yau monopole equations

dh = *(d0 ANReQp),  df Awi = 0.

Since d Re g = 0 these equations force the function h to be harmonic; therefore in many cases one
can conclude that A must be constant. In this case the Calabi—Yau monopole equations reduce to
the (abelian) Hermitian Yang-Mills (HYM) equations, i.e. the condition that the curvature 2-form
df be a primitive (1,1)-form. This is also equivalent to the condition that df be wp-anti-self-dual,
i.e. *df = —wgy A df. For some problems it is of interest to consider solutions to the linearised
Apostolov—Salamon equations in which we allow genuine Calabi—Yau monopoles with nonconstant
h; one natural way to obtain such solutions is to permit Dirac-type singularities along a smooth
compact special Lagrangian submanifold L in B. This case will be treated in a future paper; in this
paper we consider only solutions to the linearised Apostolov—Salamon equations where 6 is HY M.
In the Hermitian Yang—Mills case 0 satisfies the equations

(HYM) df A wi =0=df AReQ.

In our setting where B is a complete non-compact asymptotically conical Calabi—Yau 3-fold we will
use analytic methods to prove that a HYM connection 6 exists on any circle bundle over B. Having
found such a HYM connection # we can therefore consider the family of S'-invariant Go-structures
we = €0 Nwy + Re Qy. However, ¢, is not closed in general since dy. = edf A wy. For Go—structures
at present we only know how to reduce the torsion-free condition to an equivalent tractable elliptic
PDE problem in the case of closed structures with small torsion [50, §§10.3-10.4, §11.6]. So before
we can expect to proceed further we must understand how to improve ¢, to produce a family of
closed S'-invariant Go-structures with small torsion. Given a HYM connection @ the remaining
part of the linearised Apostolov—Salamon equations is the following linear inhomogeneous system

(LAS) dp=—df Awy, dp=0.
The first equation of (LAS) will guarantee that the modified family of S'-invariant Go-structures

@El) = €0 Awo + ReQy + ep are all closed. However the solvability of the first equation of (LAS)
now imposes a topological constraint on the circle bundle M — B, namely that

(CH1) c1(M) U [wo] =0 € HY(B).
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We will establish that provided (CH1) is satisfied then one can indeed solve (LAS). To control the
asymptotic geometry of the metric induced on M by the Gao—structure we will also clearly need to
control the asymptotics of the solutions to the systems of linear PDEs that we produce.

Therefore the first step in implementing the proof strategy is to adopt an appropriate analytic
framework for doing elliptic analysis on our complete non-compact Calabi-Yau 3-fold B. More
specifically, we need to choose appropriate function spaces adapted to the asymptotic geometry of
the non-compact Calabi—Yau 3-fold B. On AC manifolds it is now well understood that suitable
weighted Holder spaces are the appropriate setting in which to develop the analytic results required.
While this general analytic framework is now well established, as we will see below we need some
rather detailed analytic properties for a number of rather particular operators. Therefore even
assuming this basic analytic framework, establishing all the linear analytic properties we require
entails a non-trivial amount of work: it occupies both Sections 4 and 5 in this paper.

Given these preliminary results, our first main goal, achieved in Theorem 6.3, is to solve the
linearised Apostolov—Salamon equations (HYM) and (LAS) for the quadruple (o, p+1ip, h, ), under
our standing assumption that the function h and the 2-form ¢ both vanish. First we prove that any
circle bundle M over an irreducible AC Calabi—Yau 3-fold B admits a HYM connection 6. This
follows by applying a non-compact Hodge-type theorem on B for closed and coclosed 2-forms with
appropriate decay, together with vanishing results for decaying harmonic functions and 1-forms
on B. To solve the remaining inhomogeneous linear system (LAS) for p and p turns out to be
equivalent to solving the equation

(LAS") (d+d*)p = +do

and then to define p to be equal to —*p. Here the inhomogeneous term df is the curvature of
the HYM connection 6 already constructed. The advantage of (LAS’) is that the general theory of
elliptic operators on weighted spaces applies immediately to analyse the obstructions to solving this
equation. By understanding the closed and coclosed 2-forms on B within a certain range of decay
rates we are able to establish that the necessary condition [*df] = [—df A wo] = —c1 (M) U [wo] =
0 € H*(B) also suffices to solve (LAS’) and therefore also (LAS). With such solutions § and p now
in hand the S'-invariant Go-structures wgl) = e Awp+ReQy+ep are all closed and have torsion of
order O(e?). Moreover, our control of the asymptotic behaviour of the solutions § and p is sufficient

to conclude that the metrics induced by <p£1) are all ALC metrics in the sense explained in the

statement of the main theorem. These S!-invariant Ge—structures ¢§1) constitute our background
approximate solutions and we now seek to prove that for ¢ > 0 sufficiently small we can correct

them to S'-invariant torsion-free Go-structures ¢, maintaining the ALC metric asymptotics.

Perturbation to a torsion-free Go—structure. To achieve this correction to torsion-free there are two
main approaches. At first sight the most obvious approach, given all previous analytic constructions
of torsion-free Go—structures, is to attempt to adapt Joyce’s perturbation theory [50, §§10.3-10.4] to
our present non-compact setting. There are two main complications to doing this. The first is that
such analysis would then take place on the 7-manifold M endowed with an asymptotically locally
conical (ALC) metric. So we would need to develop the full Fredholm package for (sufficiently
general) elliptic operators on appropriate weighted function spaces on such ALC spaces. While this
theory can indeed be developed it is not currently available in the literature and presenting the
required ALC weighted elliptic analysis here would considerably add to the length of this paper.

However, even with the requisite ALC elliptic analysis package in place, Joyce’s perturbation
theory includes an L2-smallness requirement on the torsion [50, Theorem 11.6.1] which in our non-
compact setting entails sufficiently fast decay of the torsion. In our case the decay of the torsion of
the closed S'-invariant Go-structures @El) that we construct in the first step is significantly too slow
to be able to apply Joyce’s general closed almost torsion-free Go—perturbation machinery directly.
We therefore need to find a way to improve the decay of the torsion of our approximate solutions
sufficiently so that the general machinery would then apply.
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To achieve this the most natural approach seems to be to remain downstairs, i.e. to work directly
with the Apostolov—Salamon equations on B, rather than with the torsion-free equations for the
Go—structure on M. The strategy is then to understand the detailed mapping properties of the
linearisation of the Apostolov—Salamon equations on our approximate solutions. This way one can
then attempt to construct successively better 1-parameter families of approximations gp&k) to the
torsion-free structures . which have torsion of order O(e**1). By iterating this process a finite
number of times downstairs on B we will be able to improve the decay of the torsion of <p£k)
sufficiently for the general theory to apply to the resulting S'-invariant ALC Ga-structure on M.

However, it turns out that we need to iterate this process three times before we can guarantee
sufficient decay of the torsion. To be able to iterate this many times forces us to understand
completely the mapping properties of the linearisation of the Apostolov—Salamon equations on
our approximate solutions. With those mapping properties understood one can then continue this
iteration process indefinitely and construct a solution to the original nonlinear Apostolov—Salamon
equations globally on B as a formal power series solution in €. To construct a genuine solution one
needs to solve the linearised equations with suitable estimates in order to prove that the formal
power series solution actually converges (in appropriate function spaces) for sufficiently small e.

Therefore the most efficient implementation of our proof strategy is to work with the Apostolov—
Salamon equations directly using analysis on the AC space B; we thereby avoid analysis on the ALC
space M altogether. We regard this approach to solving the Apostolov—Salamon equations directly
in terms of a convergent formal power series as a natural extension of the Tian—-Todorov [77,78]
approach to proving unobstructedness of complex structure deformations on Calabi—Yau manifolds.

Solving the Apostolov—Salamon equations iteratively. Having described the basic technical approach
we adopt and explained why it seems the most efficient method, we now describe in more detail how
we go about finding a formal power series solution to the nonlinear Apostolov—Salamon equations
working directly on B. We therefore look for an SU(3)-structure (we, Q) with w. = wp and a
positive function h. on B and a connection 6. on M — B expressed as power series in €. We write
schematically
©e = (he, €0, Re ) = (1,0,Re Q) + Z oy
E>1

In view of the solution (6, p) of the linearised Apostolov—Salamon equations discussed above we set
Y1 = (03 07 p)

Suppose that the triples ; have been determined for ¢ < k —1 and that the Apostolov—Salamon
equations are satisfied up to terms of order O(e¥). Then the vanishing of the degree k truncation
of the Apostolov—Salamon system is equivalent to a first-order linear system of PDEs

(Lk) L(pr) = Oy.
Here L is a given linear first-order operator, depending only on the background AC Calabi—Yau
3-fold (B, wq, §20), acting on the triple ¢; and Oy, is an algebraic expression in ¢1, ..., Yr_1.

To construct a formal power series solution to the Apostolov—Salamon equations the task re-
maining is therefore to understand the mapping properties of this first-order linear operator £ and
in particular to guarantee that at every order the error term Oy belongs to the image of £. To go
further and actually obtain a convergent power series solution for e sufficiently small, in addition
one needs uniform estimates for the solution ¢y in terms of the size of the order k error Oy.

The linear system (L) contains a decoupled subsystem involving the linearisation of the Calabi—
Yau monopole equations at the HYM connection 6. Because of special algebraic facts about the
spinor bundle of a Calabi—Yau 3—fold, this decoupled subsystem can be reinterpreted as an inhomo-
geneous Dirac equation. For a wide range of decay rates we prove that the Dirac operator I) acting
on weighted Holder spaces on B is an isomorphism. Therefore the subsystem of (L) consisting
of the linearised Calabi—Yau monopole equations can always be solved in weighted Holder spaces
given an appropriate choice of weight.
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Once the subsystem of (L) consisting of the linearised Calabi—Yau monopole equations has been
solved, the remaining equations in the system take the form

dpy, = oy, dpy, = Br.

Here ayp, B are given exact 4-forms, while the unknown pg + g is an infinitesimal deformation
of the complex volume form €, that is, g is the image of p; under the linearisation of Hitchin’s
duality map for stable 3-forms on 6-manifolds. This linearisation is a composition of the Hodge
star operator together with a pointwise decomposition of 3-forms into irreducible representations
of SU(3). Concretely any 3-form p can be decomposed as p* + p~ so that p is equal to xp* —xp~.

To understand the mapping properties of the operator p — (dp, dp) is non-trivial. There are two
main ingredients to our approach. The first is to observe that it is possible to introduce additional
degrees of freedom—a pair of real functions and a vector field on B—to the Apostolov—Salamon
equations. The key observation, see Proposition 7.4, is that under certain conditions any solution
of these extended Apostolov—Salamon equations in fact solves the original Apostolov—Salamon
equations. The proof of this relies on the existence for any SU(3)-structure of relations between
different torsion components that appear in the exterior derivatives of the defining forms w and €.

The second ingredient is a careful use of the Dirac operator to derive normal forms for suitably
decaying exact 4-forms on B (Proposition 5.18 and Corollary 5.19). These normal forms are used
to relate the operator p — (dp,dp) to the more familiar operator p — (dp,d+p) and thereby
understand the mapping properties of the linearised first-order operator L. In fact, motivated
by the extended Apostolov—Salamon equations, we will understand the mapping properties of an
extended linearisation in which we perturb £ by additional terms arising from a pair of functions
and a vector field. In Theorem 7.5 we obtain unique solvability of this extended linearised operator
and uniform estimates for the size of the solution in terms of the size of the initial data, provided
we work in weighted Holder spaces within a certain range of decay rates.

A final technical point concerns the proof of convergence of the formal power series solutions to
the Apostolov—Salamon equations. In adiabatic limit problems, once it has been established that
the e-dependent equations can be solved to arbitrarily high order in €, it is customary to truncate
the formal power series solution to sufficiently high degree and apply an appropriate version of the
Implicit Function Theorem to perturb the resulting approximate solution into an exact solution
of the problem. Since the space of SU(3)-structures on R® is a non-linear manifold, truncation of
the power series solutions to high order in e must be followed by a pointwise exponential map.
The linearisation of the Apostolov—Salamon equations is sufficiently complicated that we were
unable to choose this algebraic map in a suitable way to set up a contraction mapping argument.
Instead, exploiting our uniform estimates for solutions to (L), we prove that the power series
solution constructed by solving (L) iteratively for all k& > 1 has a positive radius of convergence in
appropriate weighted Holder spaces, adapting the argument used by Kodaira—Nirenberg—Spencer in
their proof of the existence of deformations of complex structures [57]. The fact that we construct
solutions that depend real analytically on the parameter ¢ might appear surprising at first, since
from the 7-dimensional perspective the collapsed Calabi—Yau limit at € = 0 is a degenerate solution.
However, imposing S'-invariance, working directly in 6 dimensions and considering only the case
of collapse with bounded curvature make the rescaled Apostolov—Salamon equations depend real
analytically on the parameter € up to and including € = 0.

Further extensions. The method developed in the present paper allows the construction of a pleth-
ora of new complete non-compact Ge—metrics with ALC geometry many of which, unlike previous
methods, admit only a 1-dimensional isometry group. However the method as developed herein
does not cover all four of the conjectural /numerical cohomogeneity one families of ALC Gg—metrics
mentioned at the outset: it covers collapse to the small resolutions of the conifold and to Kgpi , cpt
(the families denoted by D7 and C; respectively in the physics literature), but not to the smooth-
ing of the conifold, nor to its quotient by the standard anti-holomorphic involution (the families
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denoted by B7 and A7 respectively). We explain now briefly what extensions to the current method
would be needed to cover the remaining cases. These extensions will appear in future work.

All the known/conjectured 1-parameter families of cohomogeneity one ALC Go—metrics do admit
a collapsed 6-dimensional limit. However, in some cases the collapse occurs with unbounded rather
than bounded curvature. In the simplest such case, namely collapse to the Candelas—de la Ossa—
Stenzel AC metric on the smoothing of the conifold, collapse with unbounded curvature occurs but
still in a circle-invariant way (this is no longer the case in the A7 family). However in this case the
isometric circle action is no longer free. The fixed point set of the circle action is a smooth compact
3-manifold (a 3-sphere in the case of the smoothing of the conifold) and collapse with bounded
curvature occurs away from this fixed point set. In this case the 7-manifold M can be thought of
as the union of two pieces: the neighbourhood of the fixed point set and the part sufficiently far
from the fixed point set. Close to the collapsed limit, the latter part is still modelled by a circle
bundle over (a subset of) an AC Calabi—Yau base, but the topology and geometry close to the fixed
point set of the circle action requires a different model. A systematic analytic treatment of such
circle-invariant collapse with unbounded curvature is therefore more complicated and we will not
consider it further in the current paper. At the linear level it would involve studying solutions to the
Calabi—Yau monopole equations with Dirac-type singularities along a smooth compact 3-manifold.

One further important point to stress here is that, while this extension to circle actions with
non-trivial fixed point sets is certainly very natural (both mathematically and physically), for most
practical purposes the circle bundle construction presented in this paper is, for the foreseeable fu-
ture, likely to remain the most powerful method for the construction of large families of complete
non-compact Go—metrics. The reason for this is that the smooth compact 3-manifolds along which
the Dirac-type singularities occur are required to be special Lagrangian 3-folds. At present, although
we can certainly exhibit some specific smooth compact special Lagrangian 3-folds in specific rel-
atively simple asymptotically conical Calabi—Yau 3-folds, we have no general analytic methods to
construct special Lagrangians independent of the precise details of the Calabi—Yau metric. Until
such methods are developed the power of such an extension to our present circle bundle construction
method will therefore remain more limited as a practical tool to construct Ga—holonomy metrics.
Again this is in contrast with the case of circle-invariant 4-dimensional hyperkahler metrics where
the interesting complete examples all have non-trivial fixed point sets: but since the fixed point
sets are isolated points in R? they have no further geometric structure.

Connections to physics. There is a direct connection between our work in this paper and the so-
called weak coupling Type IIA String Theory limit of M theory: one can think of the work in this
paper as establishing a precise geometric meaning to some of the statements made or conjectured
in the physics literature (at least in the non-compact setting within which we work). In this weak
coupling limit there is supposed to be a relation between one physical theory in 11 dimensions
and another physical theory in 10 dimensions. One should imagine that seven dimensions of the
11-dimensional space-time take the form of a Go-holonomy manifold M7 which itself is a circle
bundle (or similar) over a 6-dimensional space B®, which should itself be thought of as forming six
of the spatial dimensions in the 10-dimensional space-time. Geometrically, this weak coupling limit
is precisely the highly collapsed limit in which the Go-manifold M7 Gromov-Hausdorff converges
to the Calabi—Yau 3-fold B. Therefore our description of the solutions to the Apostolov—Salamon
equations (which constitute part of the equations in Type ITA String Theory) by expanding in
terms of a power series solution about the Calabi—Yau limit in powers of the scale € of the circle
fibres seems to accord very well with physical expectations.

The free isometric circle actions considered throughout this paper correspond physically to the
case of ITA theory with a non-zero Ramond-Ramond (RR) 2-form flux but no D6-branes. The
richness of the possible solutions that we find in the absence of any D6-branes does not seem to
have been anticipated in the physics literature. The inclusion of D6-branes in the ITA theory would
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correspond mathematically to the extension of our theory mentioned earlier in which the global
isometric circle action acquires a 3-dimensional fixed point set.

We note also that physicists have proposed dualities between pairs of Type ITA String Theory
backgrounds: one involving only RR fluxes on one (non-compact) Calabi—Yau 3-fold and the other
involving D6-branes on a different (non-compact) Calabi—Yau 3-fold. In its simplest manifestation
this duality is between N units of RR flux through the CP! in the small resolution of the conifold
and N D6-branes wrapping the 3-sphere in the smoothing of the conifold [79]. From the physics
perspective some useful geometric insight into this ITA duality was obtained by considering their
lifts to M theory, i.e. by considering the associated Gg—holonomy manifolds [1,4]. (We note in
passing that Atiyah—Maldacena—Vafa [4] predicted the existence of the 1-parameter families of
ALC Gy-metrics B” and D7 that collapse to the smoothing and the small resolution of the conifold
respectively and what their isometry groups ought to be). Our current work puts aspects of these
physical considerations on firmer mathematical foundations, while these proposed dualities give
further motivation for pursuing the extension of our analytic approach mentioned above.

Organisation. The rest of the paper is organised as follows. In Section 2 we recall some basic res-
ults about SU(3)—structures on 6-manifolds and in particular about torsion-free SU(3)-structures,
i.e. Calabi-Yau 3-folds. The reader familiar with the algebra, geometry and analysis of SU(3)—
structures is encouraged to skip to the next section, returning to this section as necessary.

Section 3 initiates the study of torsion-free Go-structures (M7, ¢) that admit a free isometric
circle action preserving the fundamental 3-form ¢. In Section 3.1 we describe some basic features
of what we call the Apostolov—-Salamon equations, which describe the reduction of the torsion-
free condition for a circle-invariant Go-structure to the quotient space BS = M/S!. Section 3.2
introduces the central idea in the paper, the study of solutions to the Apostolov—Salamon equations
via their adiabatic limit: we view M as the total space of a circle bundle over B and consider a
family of S'-invariant torsion-free Go-structures ¢, with fibres shrinking to zero length as € — 0.

Sections 4 and 5 establish the detailed linear analytic properties of AC Calabi—Yau 3-folds that
we will require in the remaining sections of the paper. For clarity of exposition we collect together
in these two sections essentially all the linear analytic results that will be required later in the
paper to solve the Apostolov—Salamon equations. Following the general methodology summarised
in Appendix B, the asymptotic behaviour of solutions to the natural elliptic equations on any AC
manifold is controlled by the behaviour of solutions to these equations on its asymptotic cone. To
this end Section 4 establishes basic facts about geometry and analysis on 3-dimensional Calabi—
Yau cones. The indicial roots associated with various natural elliptic operators play a particularly
important role. Section 5 applies these results to understand the linear analysis of differential forms
on an AC Calabi-Yau 3-fold. The results we prove about decaying closed and coclosed 2-forms and
3-forms and decaying exact 4-forms turn out to be of central importance.

The main result of Section 6 is Theorem 6.3. Here we use the linear analytic results of Section
5 to solve the linearisation of the Apostolov—Salamon equations in the adiabatic limit on an AC
Calabi—Yau 3-fold; our solutions belong to weighted Holder spaces with appropriately chosen decay
rates. For e sufficiently small this theorem enables us to construct a 1-parameter family of closed

Go—structures 9021) whose torsion is of order O(€?) and whose asymptotic geometry is ALC.

Section 7 develops the tools to proceed beyond this initial approximation and to solve the
Apostolov—Salamon equations order by order as a formal power series. The main effort goes into
understanding the mapping properties of the linearisation of the Apostolov—Salamon system.

The main result of Section 8 is Theorem 8.1, which states that every solution of the linearised
Apostolov—Salamon equations provided by Theorem 6.3 can be integrated to a solution of the
nonlinear Apostolov—Salamon equations and therefore concludes the proof of the main result of the
paper, Theorem 1.1. In Section 8.1 we establish the existence of formal power series solutions . to
the Apostolov—Salamon equations. In Section 8.2 we establish that our formal power series solution
e actually converges in weighted Holder spaces for e sufficiently small.
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Section 9 presents some illustrative applications of Theorem 1.1 to the construction of new
complete ALC Go—manifolds, arising from AC Calabi—Yau 3-folds. Given all the recent work on
AC Calabi-Yau 3-folds we do not attempt to be too systematic.

There are two Appendices. Appendix A contains general results, needed elsewhere in the paper
and due to Cheeger [19-21], on homogeneous harmonic forms on Riemannian cones. Appendix B
gives a telegraphic summary of the requisite features of analysis on weighted Holder spaces on AC
manifolds that underpins the technical core of the paper, Sections 4-8.
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2. PRELIMINARIES ON SU(3)-STRUCTURES ON 6-MANIFOLDS AND CALABI-YAU 3-FOLDS

The holonomy reduction of a Riemannian 7-manifold to Gg is conveniently expressed as the
existence of a closed and coclosed (in fact, parallel) 3-form ¢ with special algebraic properties
at each point. The natural action of GL(7,R) on A?(R7)* has two open orbits; one of these is
isomorphic to GL(7,R)/Gs and we say that a 3-form ¢ on a 7-manifold M is positive if ¢, lies
in this orbit for every x € M. Since the stabiliser of a positive 3—form is conjugate to Go, the
existence of ¢ is equivalent to the reduction of the frame bundle of M to Ga. Moreover, since Go
is a subgroup of SO(7) every positive 3-form ¢ defines a Riemannian metric g, and volume form
dvy, on M.

Now, the positive 3-forms we will consider in this paper are invariant under a circle action on
M. As we will see in the next section, in this case the holonomy reduction to Gy can be completely
expressed in terms of the induced SU(3)-structure on the 6-dimensional orbit space B = M/S?
together with additional gauge-theoretic data. In this preliminary section we collect the facts about
SU(3)-structures on 6-manifolds that will be used in the rest of the paper.

2.1. SU(3)-structures on 6-manifolds. In analogy to the fact that the reduction of the frame
bundle of a 7-manifold to G can be described by the existence of a positive 3-form, the reduction
of the frame bundle of a 6-manifold B to SU(3) is equivalent to the existence of a pair of differential
forms with special algebraic properties at each point of B.

Definition 2.1. An SU(3)-structure on a 6-manifold B is a pair of smooth differential forms
(w, ), where w is a real non-degenerate 2-form and ) is a complex volume form (i.e. a locally
decomposable complex 3-form such that Q A is nowhere zero), satisfying the algebraic constraints
(2.2) wAReQ=0, iw®=1iReQAImQ.

On RS ~ C? with holomorphic coordinates (21, 29, 23) we define the standard parallel SU(3)—
structure (wp, o) by

wo = % (dz1 ANdzZ1 + dzo A dZo + dzg A d?g) , Qo = dz1 Ndzg N dzs.
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An SU(3)-structure on a 6-manifold B in the sense of Definition 2.1 defines a reduction of the
structure group of the tangent bundle of M to SU(3) by considering the subbundle of the frame-
bundle of M defined by {u: R® "5 T, B | u*(ws, Q) = (wo, Q) }-

Remark 2.3. Since SU(3) C SU(4) ~ Spin(6) is precisely the stabiliser of a non-zero vector in C*,
we could also define an SU(3)-structure as the choice of a spin structure on B together with a
non-vanishing spinor.

Note that every SU(3)-structure induces a Riemannian metric g because SU(3) C SO(6).
Moreover, since SU(3) € GL(3,C) every 6-manifold with an SU(3)-structure is endowed with
an almost complex structure J: a 1-form + is of type (1,0) if and only if v A Q = 0.

We collect here identities involving 1-forms/vector fields on a manifold endowed with an SU(3)-
structure (w, ). They can all be proved using a basis of C* adapted to the standard SU(3)-structure

(OJ[), QO) .
Lemma 2.4. Let X be a vector field on (B,w,Q). Then
(i) Xow=—JX’;

(ii) XoImQ = —(JX)1ReQ;

(iii) (XJReQ)Aw=JX" AReQ = X" ATmQ;

(iv) (X2ReQ)AReQ =X’ Aw? and (XaRe Q) AImQ = —JX” A w?;

(v) #X> = —1JX" Aw?;
2.1.1. Decomposition of the space of differential forms. We will make very frequent use of the
the decomposition of the SU(3)-representation A*RS into irreducible representations. This is well
known, see for example [68, §2] for a detailed presentation. In this section we therefore simply
record all the main facts that we will subsequently need. The decomposition is usually stated
after complexification in terms of the (p, ¢)—type decomposition induced by the standard complex
structure Jy on R® ~ C? and in terms of primitive forms. We prefer to stick with real representations
and use the uniform notation A§ for an irreducible component of A*RS of dimension £.

Lemma 2.5. We have the following orthogonal decompositions into irreducible SU(3)-representations:
A’RS = A @ A @ A3,
where A2 = Rw, A2 = {X1ReQ| X € RS} and A2 is the space of primitive forms of type (1,1).
ABS = A3 @ Al ® AL,
where Af = {X" Aw| X € RO}, Ay = RReQ@RImQ and A}, is the space of primitive forms of
type (1,2) + (2,1), i.e. A3y = {S.ReQ|S € Sym?(R%),SJ + JS =0}.
For a 6-manifold B endowed with an SU(3)-structure (w,2) we denote by Qf(B) the space of
smooth sections of the bundle over B with fibre Af .
The following identities follow from [68, Equations (12), (17), (18) and (19)].
Lemma 2.6. In the decomposition of Lemma 2.5 the Hodge % operator is given by:
(i) *w = %wZ;
(ii) *(X2ReQ) = —JX’ AReQ = X’ AImQ;
(iii) *(10 Aw) = —no for all o € OF;
(iv) *(X’ ANw) = 1 X w? = —JX" Aw;
(v) *ReQ=ImQ and *Im Q = —Re (),
Lemma 2.6 can be used to deduce useful identities and characterisations of the different types of
forms, see [33, Lemmas 2.10 and 2.11].
Lemma 2.7. If 0 = 09 + \w + X 1ReQ € Q? with a9 € Q3, then the following holds:
(i) *(c Aw) = —op + 2 w + X 1Re Q;
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(i) *(c AReQ) = —2JX” and *(o0 ATm Q) = —2X°;
(iii) *(o Aw?) = 6.
In particular, o € Q2 if and only if o Aw? =0 =0 AReQ if and only if o N\w = — 0.

Lemma 2.8. If p=7Aw+ AReQ + puImQ + py € Q3 with py € O3y, then the following holds:
(i) *(pAw) = =2J7;
(ii) *(p AReQ) = —4pu;
(iii) *(p AIm Q) = 4.
In particular, p € Q3 if and only if pAw =0=pAQ.

2.1.2. Hitchin’s duality map for stable 3-forms. Definition 2.1 can be generalised to any higher even
dimension to define SU(n)-structures on 2n-dimensional manifolds. However, something special
occurs in complex dimension 3: the real part Re{) of the complex volume form € determines
uniquely the imaginary part Im (2, as explained by Hitchin in [47, §2.2]. This is related to the fact
that in real dimension 6, Re () is a stable form [48], i.e. its orbit in A3(R%)* under GL(6,R) is
open.

The map ReQ — ImQ will be referred to as Hitchin’s duality map for stable 3-forms on 6-
manifolds. It will be useful to have an explicit formula for the linearisation of Hitchin’s duality map
in terms of the Hodge star * and the decomposition of forms into types.

Proposition 2.9. Given an SU(3)-structure (w,Q) on B, let p € Q3(B) be a form with small
enough CO-norm so that ReQ + p is still a stable form. Decomposing into types we write p =
p6 + p1e1 + p12. Then the image p of p under the linearisation of Hitchin’s duality map at Re 2 is

N

p = *(pe + pro1) — *p12-

For a proof see [33, Proposition 2.12].

2.1.3. The torsion of an SU(3)-structure. Given a subgroup G of SO(n), we define a G—structure
on a Riemannian manifold (B", g) as a sub-bundle P of the orthogonal frame bundle of B with
structure group G. The intrinsic torsion of P is a measure of how far P is from being parallel
with respect to the Levi-Civita connection V of (B, g). More precisely, restricting V to P yields a
s0(n)-valued 1-form © on P. Choose a complement m of the Lie algebra of G in so(n). Projection
of ©® onto m yields a 1-form on B with values in the bundle P x¢ m. By abuse of notation we will
still denote this 1-form by ©. This is the (intrinsic) torsion of the G-structure P.

For an SU(3)-structure on a 6-manifold B one can check that V(w, Q) = 0, (w, Q) where © acts
on differential forms via the representation of m C s0(6) on A*(R®). It turns out that © itself is
uniquely recovered by knowledge of the anti-symmetric part of O, (w,Q), i.e. the knowledge of dw
and dfQ.

Proposition 2.10 (Chiossi-Salamon [23, §1]). Let (w, Q) be an SU(3)-structure on BS. Then there
exist functions wy, 1, primitive (1,1)~forms wa, W2, a 3-form ws € Q34(B) and 1-forms wy, ws on
B such that

dw = 3w; Re Q + 3w Im Q + w3 + wg A w,

dReQ = 2tnw? + ws AReQ + wy A w,
dImQ = —2ww? + ws ATm Q + gy A w.

Moreover (wy, W1, we, Wa, ws, wa, ws) s identified with the intrinsic torsion of the SU(3)—structure.

Remark 2.11. In Remark 2.3 we observed that an SU(3)-structure on a 6-manifold can be defined
as a spin structure together with a non-vanishing spinor ¢ (normalised to have unit length). In this
spinorial approach, the intrinsic torsion © of the SU(3)-structure can be identified with V).
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2.2. Calabi—Yau 3-folds. We now restrict to torsion-free SU(3)-structures.

Definition 2.12. A Calabi-Yau 3-fold is a 6-manifold B endowed with a torsion-free SU(3)—
structure (w, ), i.e. an SU(3)-structure (w,2) such that

dw =0 = dfQ.

Remark 2.13. By Remark 2.11, a Calabi—Yau 3-fold can be equivalently defined as a spin 6-manifold
together with a parallel spinor.

We will now collect algebraic identities for a number of differential operators acting on functions
and 1-forms on a Calabi—Yau 3-fold (B, w, §2). These operators are defined using exterior differential,
codifferential and the type decomposition of differential forms on B and will appear at various points
in the rest of the paper.

First of all, we define a curl-operator on 1-forms by

(2.14) curly = %(dy ARe Q).

Proposition 2.15. For every f € C®(B), v € Ql(B) and vector field X on B we have
(i) (fw) =df Nw cmd d*(fw) = —* d(3 fw?) = Jdf;

(i) d(fw?) =df Aw? and d*(fw?) = 2Jdf A w;

(iii) d*y = *(dJy A 1w2)

(iv) dvy = 1d*(J'y)o.) + = (qurlfy) 2ReQ + wg(dy);

(v) d(X1ReQ) = 2curlXb Aw—2(d*X")ReQ + 1d*(JX*) Im Q + 712 (d(X2Re Q));

(vi) d*(X1ReQ) = Jeurl X°.

Proof. The identities in (i) and (ii) follow immediately from Lemmas 2.4 (i) and 2.6 (i) and the
fact that w is closed. Similarly, (iii) follows immediately from Lemma 2.4. Now (iv) follows from
(iii), the definition of curl and Lemma 2.7 (ii).

In order to derive (v) we use Lemma 2.8 to study each component of d(X JRe ) independently.
For instance, in order to identify its 2-component it is enough to consider d(X . ReQ) A w and
use Lemmas 2.4 (iii) and 2.7 (ii). Similarly, the Qf;;~component of d(X Re(2) can be explicitly
understood using Lemma 2.4 (iv) and the identity (iv) that we just proved. Finally,

d*(X1Re) = —xd(X* ATm Q) = —%(dX° ATm Q) = Jeurl X°
using Lemma 2.7 (ii) and the definition of curl. O
By exploiting Hitchin’s notion of stable forms we can add the following identities.
Lemma 2.16. For every vector field X on B we have
*d(X1ReQ) — d(X2ImQ) € Q3,, xd(XJReQ) +d(X1ImQ) € Qg & Q.

Proof. Since Q is closed, d(X1ReQ) = LxReQ and d(X.ImQ) = LxImQ. Moreover, the
equivariance of Hitchin’s duality map for stable 3-forms under diffeomorphisms implies that £ x Im €2
is the image of £ x Re Q2 under the linearisation of Hitchin’s duality map. Thus Proposition 2.9 yields

71'1691@6£X ImQ = *71'1@1@6[:)( ReQ = T1®1®6 * ﬁX ReQ, 7T12£X ImQ = —T712 * ﬁX ReQ. O

Remark 2.17. Using Proposition 2.15 (iv) and Lemmas 2.4 (ii) and 2.6 (iv), the Q3—component of
this identity yields
curl JX® = — Jeurl X°

for every vector field X on B.
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Remark 2.18. A further consequence of Lemma 2.16 is that for every py € O3, and (compactly
supported, say) vector field X we have

(dpo, *(X2ReQ))r2 = (d*po, X 2Im Q) r2.

We therefore deduce that there is a relation between the Qéfcomponents of dpg and dxpg. This is the
linearised version of the relation between the Q¢-components of d ReQ and dIm €2 in Proposition
2.10 since py — ixpg is an infinitesimal deformation of the complex volume form € by Proposition
2.9. In particular, if d*pg = 0 then dpg € Qg. Indeed, for every pg € Q‘;’Q we have m1(dpy) = 0 since
dpo Nw = d(pp ANw) = 0.

We will also need to consider the following second-order operators.
Lemma 2.19. Let (B,w, ) be a Calabi-Yau 3-fold. Then for every function g
mdd (3g?) = }(2g)e?
and the operator (f,7) — maed*d(fw + 2 Re Q) can be identified with
(f,7) — (%Af, dd*~ + %d*d»y) .

Proof. Using Proposition 2.15 (ii) we have dd*(%gwg) = (dJdg) A wg. The type decomposition of

the differential of a 1-form Proposition 2.15 (iv) then immediately implies the first statement.
The second statement can be deduced quickly from [53, Proposition 2.24] applied to the torsion-

free Go-structure ¢ = dt A w + ReQ and the vector field X = f9; +~f on B x R;. O

2.2.1. The Dirac operator. We close this section by deriving a formula for the Dirac operator on
a Calabi-Yau 3-fold. By Remark 2.3 every 6-manifold B with an SU(3)-structure (w, ) is spin
and it is endowed with a unit spinor ¢. Considering the decomposition into irreducible SU(3)-
representations, the real spinor bundle $(B) is isomorphic to R ® R @ T* B, where R is the trivial
real line bundle. The isomorphism is

(f,9.7) ¥— f+g Vol ¥+ -1,

where - denotes Clifford multiplication. We now describe the Dirac operator ) of a Calabi-Yau
3-fold in terms of this isomorphism.

By Remark 2.13 the unit spinor ¢ defining the Calabi—Yau structure is parallel. In particular,
Iy = 0 = IP(Vol -¢p). Thus

(2.20a) D (f + g Vol -v) = (df + Jdg) - ¢,

since the complex structure J on M defined by (w, ) satisfies (J7) -9 = — Vol -y-1¢ = - Vol -9 [6,
Equation (5.11)]. On the other hand,

6
(2.20b) Ply-d) =Y e Vet =dy- v+ (d) o.
i=1

An explicit computation using an orthonormal coframe adapted to the SU(3)-structure yields
the following formula for the action of a 2-form ¢ on the spinor . Decompose ¢ into types:
o =Mw+Y.iReQ+ oy, with o¢ the primitive (1, 1)-component of o. Then

(2.21) -1 = 3\ Vol b + 2JY - 1.
Combining (2.20), Proposition 2.15 (iv) and (2.21) yields a proof of the following Lemma.
Lemma 2.22. Let (M,w, ) be a Calabi-Yau 3-fold. Then for every f,g € C*°(M) andy € QY(M)

D(f,9,7) = (d*y, —d*Jy, curly + df — Jdg).

In particular if f =0 = g then ~y is in the kernel of ID if and only if d*y = 0 and dy is a primitive
(1,1)~form.
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3. COLLAPSED S'“INVARIANT TORSION-FREE G9—STRUCTURES

In [3] Apostolov—Salamon (see also [27, 54, 55] for earlier work in the physics literature) con-
sidered Go—manifolds (necessarily reducible, non-compact or incomplete) admitting an isometric
circle action. Apostolov—Salamon focus on the special case where the quotient by the circle action
is a K&hler manifold. In this section we reconsider the general case: closer in spirit to [27,54,55], we
interpret the dimensional reduction of the Go—holonomy equations in terms of the intrinsic torsion
of the SU(3)-structure induced on the 6-dimensional quotient by the circle action and a coupled
abelian Calabi—Yau monopole. These equations can be thought of as an analogue in Go—geometry
of the Gibbons-Hawking ansatz for 4-dimensional hyperké&hler metrics with a triholomorphic circle
action. In contrast to the 4-dimensional hyperkéhler case, however, the dimensional reduction of
the Go—holonomy equations to 6 dimensions still consists of a nonlinear system of equations and it
is not clear how to solve them directly. We therefore consider the adiabatic limit of these equations
when the circle fibres have small length. In this section we focus on formal aspects: after deriving the
equations satisfied by a circle-invariant torsion-free Go—structure we write down the adiabatic limit
equations. In the rest of the paper we will use these equations to construct new ALC Go—manifolds
from Hermitian Yang—Mills connections on asymptotically conical Calabi—Yau 3-folds.

3.1. Gibbons—-Hawking-type ansatz for Gy—holonomy metrics. Let M7 be a principal circle
bundle over a 6-manifold B. Denote by V' the vector field that generates the fibrewise circle action,
normalised to have period 2. Any S'-invariant Ga—structure ¢ on M can be written in the form

(3.1a) <p:9/\w—|—h%ReQ,

where (w, ) is an SU(3)—structure on B, h is a positive function on B and 6 is a connection 1-form
on the principal U(1)-bundle M — B. In particular, §(V) = 1. Note that

(3.1b) o = —hiO AImQ + Shw?
and the induced metric is
(3.1c) 9o =Vhgp +h716%

where gp is the metric on B induced by the SU(3)-structure (w, Q).

Remark. There is some arbitrariness in the choice of conformal factor in front of gp in the expression
for g, (and therefore the definition of the forms w,Q on B). The choice we made is convenient
because, as we will see, requiring that ¢ be closed implies that w is closed, i.e. w is a symplectic
form on B. Other choices of conformal factor simplify other equations but have the disadvantage
that w is no longer closed. Physicists have another privileged choice of conformal factor based on
the notion of a string frame (see for example [55, §2]), but its mathematical significance is not clear
to us.

A straightforward calculation using (3.1) allows one to express the equations dyp = 0 = dx ¢ for
an S'-invariant torsion-free Go—structure as a system of PDEs for the 4-tuple (w,Q,h,0) on B.

Lemma 3.2 (Apostolov-Salamon [3, §1]). The S'—invariant Go-structure  on M determined by
the 4-tuple (w,Q, h,0) on B is torsion-free if and only if

53 | dw =0, d(hi Re Q) - —df A w,
d(hiTm Q) = 0, 1dh Aw? = h1df A Im Q.
Proof. From the expressions for ¢ and *,¢ in (3.1) we compute
dp = —0 Adw+dO Aw+ d(hiReQ),
0 = 0 Ad(hi TmQ) — hidf ATmQ + Ld(he?).
Projection onto the image of & A - and the kernel of V- yields the result. O
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Remark 3.4. Note that the first row of equations in (3.3) is equivalent to the S'-invariant Gy
structure ¢ on M determined by (w, €, h,0) being closed. In particular if ¢ is closed then w is a
symplectic form on B and we have the cohomological condition that

[d6] U [w] = c1 (M) U [w] =0 € H*(B).

To obtain non-trivial torsion-free S'-invariant Go—structures we need to consider non-compact 6-
manifolds B, but we will need to take into account the potential cohomological obstruction to the
existence of a closed S'-invariant Gy-structure on a given circle bundle M over B just described.

We will refer to the equations in (3.3) as the Apostolov—Salamon equations. They can be in-
terpreted as coupled equations for the torsion of the SU(3)-structure (w, () and the pair (h,6),

of. [55, §§3-4].
Lemma 3.5. The SU(3)-structure (w, ) arising from a solution (w,Q, h,0) of (3.3) has torsion
(3.6) w) =W =We =ws =wy =0, w5 = —%hildh, wy = _h*%,.go’

where kg is the projection of the curvature d of @ onto the space of primitive (1,1)—forms. Moreover,
(h,0) satisfies

(3.7) d(gh%) =« (d)AReQ),  dOAw?=0,
or equivalently df = 7%h_i(JVh)J ReQ + kg, where J is the almost complex structure induced by
Q.

Conversely, let (w,Q) be an SU(3)-structure on B whose torsion satisfies (3.6) for some function
h > 0 and primitive (1,1)—form ro. Assume that —%h*%(JVh)J ReQ + ko is the curvature of a
connection 0 on a principal circle bundle M over B (i.e. it is a closed 2-form representing an
integral cohomology class). Then (h,0,w,Q) is a solution to (3.3) coming from an S'—invariant
torsion-free Go—structure on M.

Proof. Rewrite the first three equations in (3.3) as
do=0, dImQ=—-1r""dhATmQ,  dReQ=—3h"'dh AReQ —h 7d0 Aw.

Note that (3.6) follows from these equations and Proposition 2.10.

Now, since w is closed and w A Re2 = 0, then also w A dRef) = 0 and therefore the third
equation above yields df A w? = 0. Moreover, using Lemma 2.4 (iii), the relation between the
Q¢-components of dRe 2 and dIm (2 in Proposition 2.10 (i.e. the fact that it is the same 1-form
ws that appears in both expressions) also determines the Q2—component of df. We conclude that

db = —%h*%(JVh)J Re Q + k¢. Using Lemma 2.4 (iv) and Lemma 2.7 (ii), one can then check that
this expression for df is equivalent to df A w? = 0 together with the fourth equation in (3.3) and
that the latter is equivalent to d(%h%) =% (df ANRe Q). a

Remark. The equations (3.7) are gauge-theoretic equations which arise as the dimensional reduction
of the (abelian) Go-instanton equations to 6-dimensions. They are called the abelian Calabi-Yau
monopole equations, cf. [72, Definition 3.1.2]. While Calabi-Yau monopoles can be defined for
arbitrary structure group, only the abelian U(1) case is relevant for this paper.

Remark. The Nijenhuis tensor of the almost complex structure J induced by 2 only depends on
wy, W1, wa, W [23, p. 118]. Thus the almost complex structure J arising from a solution of (3.3) is
integrable if and only if kg = 0. This is the case considered by Apostolov—Salamon in [3]: (B,w, J)
is then a Ké&hler manifold and one can further consider its Kéhler quotient by the Hamiltonian
vector field JVh. In general, k9 # 0 and we are forced to consider non-integrable almost complex
6-manifolds.
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3.2. The adiabatic limit of S'—invariant torsion-free Gyo—structures. In contrast with the
Gibbons—Hawking ansatz, which allows one to construct 4-dimensional hyperkédhler metrics with
a triholomorphic circle action from a positive harmonic function on an open subset of R3, the
equations (3.3) are still nonlinear and it is unclear how to find solutions in general. In this section
we consider the adiabatic limit of (3.3) when the circle fibres shrink to zero length. The collapsed
limit is a Calabi-Yau structure on B. The linearisation of (3.3) at this degenerate solution reduces
to a coupled system for a Calabi—Yau monopole and a 3-form on B.

Let ¢, be a family of S'-invariant torsion-free Go-structures on the total space M of a principal
circle bundle over B with circle fibres shrinking to zero length as ¢ — 0. By rescaling along the
fibres we write

Ve =€l Nwe + (hs)% Re Q..

Note that the metric induced by ¢, is Ve ge + e2h;192

2, where ¢, is the metric on B induced by
(we, 2c). The PDE system (3.3) for ¢, then becomes

dw. =0,  Ldh Aw?=e€(h)idf NTmQ,,  edf Aw? =0,

(3.8) .
dRe Q. = —3h'dh  ARe Qe — e(h) 1d0 Awe,  dImQ = —ih 'dhe ATm Q.

Here we have used Lemma 3.5 to add the equation df. A w? = 0 which is necessary for (3.3) to
hold. For € > 0 the system (3.8) is equivalent to (3.3), but in the limit ¢ — 0 it simplifies. Indeed,
the formal limit of the second equation as € — 0 implies that hg = lim._,g he is constant—we will
assume that hg = 1—and hence the rest of the system implies that Rey and Im Qg are both
closed. Thus (wp, Q) is a Calabi—Yau structure on B.

We want to find a better approximation to (he,we, ) for small e by linearising (3.8) on the
limiting Calabi—Yau 3-fold (B, wg, §2o). To this end we write

he =1+ ¢eh+ O(e?), €l = el + O(e?),
We =wo + €0 + O(€2), Qe =Q +e(p+ip) + O(?).

Here p is the image of the 3-form p under the linearisation of Hitchin’s duality map for stable 3-forms
on a 6-manifold, cf. Proposition 2.9. Ignoring terms of order €2 in (3.8) implies that (o, p+ip, h, 0)
satisfies the following system of linear equations

do=0, SdhAwi=doANImQ,  diAwi=0,
(3.9) dp = —2dh ANReQy — df A wy, dp = —%1dh A Im Qy,
wo A (p+ip)+o Ay =0, ReQo A p+pAImQy = 20 Awd.

Here the last two equations are the linearisation of the algebraic constraints for an SU(3)—structure,
1

ie. wAQ=0and tw? = 2ReQ AImQ. The system (3.9) can be simplified further by assuming
that (B,w,) is a fized symplectic manifold. We will justify this assumption in the cases of interest
later in the paper. In particular we are mostly interested in solutions to (3.9) with ¢ = 0.

Note that if (h, 0, 0, p) is a solution to (3.9) then (h, #) is an abelian Calabi—Yau monopole on the
Calabi-Yau 3-fold (B, wy, Q). Indeed, 2dh A w3 = df A Im Q is equivalent to dh = #(df A Re Q).
In particular, since Re )y is closed we have that h is a harmonic function. In many circumstances
(e.g. when B is complete and h is bounded) one then concludes that h is constant. In this case
the Calabi-Yau monopole equations (3.7) reduce to the requirement that 0 be a Hermitian Yang—
Mills (HYM) connection on B, i.e. the curvature df is a primitive (1,1)-form. Solutions with
non-constant A can be obtained by allowing “Dirac-type singularities” along a special Lagrangian

submanifold L in B: given k € Z we require that

k

M= Sas ) oW
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in a tubular neighbourhood of L. Note that this implies that € is a connection on a circle bundle
on B\ L whose first Chern class evaluated on a 2-sphere linking L is k. Referring back to the
metric behaviour in (3.1c) it is natural to consider solutions in which A — +oco when one wants to
model the adiabatic limit geometry in the neighbourhood of a component of the fixed point set of
an isometric circle action.

Returning to (3.9), a Calabi-Yau monopole (h, ) determines an infinitesimal deformation p+ip
of the complex volume form Q4 on B given as a solution of the linear inhomogeneous equations

dp = —2dh ANReQy — df A wy, dp = —Ldh A Im Q.

3.3. From AC Calabi—Yau 3-folds to ALC Gy—manifolds. We can now explain in detail the
strategy to prove Theorem 1.1. For € small enough we will solve the e-dependent Apostolov—Salamon
equations (3.8) as a power series in e.

As we have seen, at order 0 in € the equations (3.8) state that (B, wp, Qo) is a Calabi—Yau 3-fold.
In order to construct ALC Go—manifolds we will start with an asymptotically conical Calabi—Yau
3-fold.

Definition 3.10. Let (3, gs) be a closed smooth connected Riemannian 5-manifold.
(i) The cone C(X) over ¥ is the incomplete Riemannian manifold (0,00) x ¥ endowed with
the metric
gc = dr* +rigs.
We say that C(X) is a 3-dimensional Calabi—Yau cone if there exists a Calabi—Yau structure
(we, Q¢) on C(X) inducing the metric gc.
(ii) Let (B, go,wo, ) be a complete Calabi—Yau 3-fold. We say that B is an asymptotically
conical (AC) Calabi-Yau 3-fold asymptotic to the Calabi-Yau cone C(X) with rate p < 0
if there exists a compact set K C B, R > 0 and a diffeomorphism f: (R,c0) x ¥ — B\ K
such that
= O(r"=F)

gc

|Vhe (w0 —wo)|_+|Vie (£ — Q)

for every k > 0.

Remark. Since the metric go is uniquely determined by the SU(3)-structure (wp, €y) we also have
Ve, (F*0 —gc)‘ =0(r"™")

for all £ > 0 and therefore an AC Calabi—Yau 3-fold is an AC Riemannian manifold in the sense of
Definition B.1 in Appendix B.

A systematic theory of AC Calabi—Yau manifolds has been developed in recent years by various
authors and a very satisfactory existence and uniqueness theory is available, ¢f. Theorem 9.1 in the
final section of the paper.

Let then (B, wo, ) be an AC Calabi-Yau 3-fold asymptotic to the Calabi-Yau cone C(X). We
want to solve the Apostolov—Salamon equations (3.8) to first order in € on a principal circle bundle
M over B. Following the discussion of the previous subsection, we look for solutions of the linear
system (3.9). In this paper we solve this system assuming that the Calabi-Yau monopole (h,0)
reduces to a HYM connection. The case of monopoles with singularities along a smooth compact
special Lagrangian submanifold will be treated in a future paper. We therefore look for solutions
of (3.9) with & = 0 = h: the resulting coupled linear system for a U(1)—connection § and a 3—form

pon B is
(3.11) do ATm Qo =0, df Awd =0, dp=—df Awy, dp=0,
' woA(p+ip) =0, ReQyAp+pAImQy=0.

By Lemma 2.7 the first two equations are equivalent to the condition that df be a primitive (1,1)—
form, i.e. 8 is a HYM connection.
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Now, every solution (6, p) of the linearised equations (3.11) on (B,wp, Q) yields a 1-parameter
family of ALC Go—structures

gogl) =€l Awyp+ReQo+ep

on M. Since dgpgl) = €(df Awo +dp), the third equation in (3.11) guarantees that gog) is closed. The
remaining equations in (3.11) imply that the rest of the torsion is of order O(e?). We will then show
that for e sufficiently small any such approximate solution can be perturbed to a solution to the
Apostolov-Salamon equations (3.8). We will first construct a solution of the Apostolov—Salamon
equations as a formal power series in € by solving iteratively (3.8) to all order in e. This step will
require a complete understanding of the mapping properties of the linearisation of the Apostolov—
Salamon equations. In order to conclude the proof of Theorem 1.1 we will then show that the formal
power series solutions that we construct in fact converge in appropriate weighted Holder spaces for
e sufficiently small. Given that we will be able to solve the linearisation of the Apostolov—Salamon
equations with estimates, this final step follows very closely Kodaira—Nirenberg—Spencer’s proof of
the existence of analytic deformations of complex structures [57, §5].

Our main tools to implement this strategy are analytic, more specifically the theory of linear
elliptic operators acting on weighted Holder spaces C*“ on the AC Calabi-Yau 3-fold B. Though
this material is by now fairly standard, to make this article more readable and self-contained, in
Appendix B we have collected the most relevant background material on analysis on AC manifolds.
These results will be used throughout the rest of the paper.

As just described, the main steps in proving Theorem 1.1 are to construct solutions of (3.11)
and to understand the mapping properties of the linearisation of the Apostolov—Salamon equations.
In the next two sections we study differential forms on Calabi—Yau cones and on AC Calabi—Yau
manifolds as preliminary steps to address these two goals.

4. THREE-DIMENSIONAL CALABI-YAU CONES

In the rest of the paper we will work with asymptotically conical (AC) Calabi-Yau 3-folds, as
just defined in Definition 3.10. In Appendix B we have collected various facts about AC manifolds
and the requisite analytic tools. Our goal is to understand natural differential operators such as the
Dirac operator, the Dirac-type operator d + d* and the Laplacian dd* 4+ d*d acting on differential
forms on AC Calabi—Yau 3-folds. By the results of Appendix B the behaviour at infinity of these
differential operators on any AC manifold is controlled by the properties of the analogous differential
operators on the asymptotic Calabi—Yau cone C(X). By separation of variables, understanding the
kernels of these operators on a Calabi-Yau cone C(X) is intimately related to properties of the
cross-section ¥, which must be a Sasaki-Einstein 5-manifold.

4.1. Sasaki—Einstein 5-manifolds. In this section we collect the results about Sasaki-Einstein
5-manifolds that are necessary to understand the asymptotic behaviour of sections in the kernel of
various differential operators on 3-dimensional Calabi—Yau cones. As for many geometric structures
arising from holonomy reduction, there are two main approaches to describe Sasaki—FEinstein struc-
tures, either via differential forms or spinors. We will recall both of them here, mostly following the
monograph [10], the survey paper [76] and [6, §4.3].

First of all a Sasaki-Einstein structure on a 5-manifold X is a special type of SU(2)-structure: this
is a 4-tuple (1, w1, ws,ws) of differential forms on ¥ satisfying the following algebraic constraints.
1 is a nowhere vanishing 1-form and therefore defines a codimension 1 distribution kern that we
will denote by H. (w1, ws,ws) is a triple of 2-forms that span at every point a definite subspace of
A?H*: npAw? #0 and

wi ANwj = 51']‘ w%
for i, = 1,2, 3. Since for any oriented 4-dimensional vector space V the 3-dimensional space ATV*
of self-dual 2-forms on V is naturally oriented, it makes sense to require further that (wy,ws,ws)
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is an oriented basis of the subspace of A2H* they span. Since SU(2) C SO(4) C SO(5) every
SU(2)-structure induces a Riemannian metric gs.
The SU(2)-structure (n,w1,ws,ws) is called Sasaki-Einstein if

(4.1) dn = 2w, dwe = —3n A ws, dws = 3n A ws.
These equations are equivalent to the fact that the conical SU(3)-structure on C(X) defined by
(4.2) wo = rdr A+ 1w, Qc = r2(dr 4 irn) A (wa + iws)

is torsion-free, i.e. wc and Q¢ are both closed, and therefore defines a conical Calabi—Yau structure
on C(X). Since every Calabi-Yau manifold is Ricci-flat, we immediately deduce that every Sasaki—
Einstein 5-manifold is Einstein with positive scalar curvature Scal(gs) = 20. In particular, complete
Sasaki-Einstein 5-manifolds are compact with finite fundamental group.

We now recall a few basic algebraic facts about differential forms on a 5-manifold ¥ endowed
with an SU(2)-structure (1, w1, wa, ws). We will refer to the vector field £ dual to 7 via the metric gy
as the Reeb vector field. Note that £ is a unit length Killing field. The tangent bundle of 3 splits as
R¢ @ H. The distribution H inherits a triple of almost Hermitian structures given by restriction of
the metric and the triple of 2-forms to it. We denote the corresponding triple of transverse almost
complex structures on H by Ji, o, J3. Observe that Jy, Jo, J3 satisfy the standard quaternionic
relations, i.e. J;J; = —J;J; = Ji, for (ijk) any cyclic permutation of (123). We extend Ji, J2, J3 to
a triple of endomorphisms of T by setting J;§ = 0.

The following lemma collects basic facts about the Hodge star operator and the decomposition
of the space of differential forms on a 5-manifold ¥ endowed with an SU(2)-structure. They can
be proven easily by choosing a coframe on 3 adapted to the SU(2)-structure.

Lemma 4.3. Let ¥ be a 5-manifold endowed with an SU(2)-structure (1, wi, ws,ws).

(i) The volume form of the metric gs, induced by the SU(2)-structure is dvy, = $n A w?.
(i) #n = Lw? and *y = —Jiy An Aw; for every v € H* and i = 1,2,3.
(iii) A2T*Y = Rw; ®Rw ®Rws @Aé’lH*@H*/\n, where A(l)’l’}-[* denotes the space of 2-forms on
H which are primitive of type (1,1) with respect to the almost Hermitian structure (w1, Ji).
(iv) Fori =1,2,3 xw; = n Aw;, *(y An) = Jiy Aw; for every v € H* and x6 = —n A o for
every o € A(lj’l"H*.

We now move on to describe Sasaki—Einstein 5-manifolds from the spinorial point of view. Recall
that Spin(5) ~ Sp(2), the spin representation of Spin(5) is isomorphic to the standard representation
H? of Sp(2) and SU(2) ~ Sp(1) is precisely the stabiliser of a non-zero vector. Thus every 5-manifold
endowed with an SU(2)-structure is spin and endowed with a nowhere-vanishing spinor. Conversely,
the choice of a nowhere-vanishing spinor 1) on X° defines a reduction of the structure group of
the tangent bundle of ¥ from SO(5) to SU(2). The condition (4.1) that an SU(2)-structure must
satisfy in order to define a Sasaki—Einstein structure has an equivalent reformulation as an equation
satisfied by the defining spinor ):

(4.4) Vxth = aX -t

with a = % (up to a choice of orientation). This equation, the real Killing spinor equation, is

equivalent to the fact that the radial extension of 1 to C(X) defines a parallel spinor.

We now recall further details of the algebraic theory of spinors in dimension 5, following [6, §4.3]
and [69, §4.4], and relate the spinorial presentation to our previous definition in terms of differential
forms. Given a nowhere-vanishing spinor ¢ (which we assume satisfies (4.4) with o = % in the
Sasaki-Einstein case) the spin representation $ decomposes orthogonally in terms of irreducible
SU(2)-representations

F=RyYyORIYORIY SRKY D H -1,
where I,.J, K define the standard quaternionic structure of H? and the last factor is the space of
spinors of the form X -4 for a vector X € H = kern. In fact Iy = £ - ¢, where £ is the Reeb



22 L. FOSCOLO, M. HASKINS, AND J. NORDSTROM

vector field. Furthermore, I commutes with Clifford multiplication by tangent vectors and J, K
anticommute with it. Finally, the transverse almost complex structures Jp, Jo, J3 can be defined by

X - Ipy=JX 19, X - JyY = JoX -, X -Ky=J3X -
for every X € H.

Remark. The expression (4.2) for the holomorphic volume form ¢ on the cone C(X) in terms of the
Sasaki-Einstein structure on ¥ implies that the complex structure Je on C(X) acts by Jo 0, = %f
and JC |7.,5 = Jl.

We will also need to consider the action of 2-forms on the spinor . Decomposing a 2-form
o = fiwi + fows + fsws + 09 + v An as in Lemma 4.3 (iii) and choosing an orthonormal basis of
T3 adapted to the SU(2)-structure we find

(4.5) o= —=2f1Tv) — 2f5J0 — 2fs K + (J17) - .
We have the following result about the number of linearly independent real Killing spinors on
Sasaki-Einstein 5-manifolds [37].

Proposition 4.6. Let X be a Sasaki-Einstein 5-manifold and ¢ a unit spinor satisfying (4.4) with
o = 1. Then It also satisfies (4.4) with « = & while JY and K¢ are solutions of (4.4) with
o= —%. Moreover, if the universal cover of ¥ is not isometric to the round 5-sphere then there are
no solutions to (4.4) with o = % other than constant complex multiples of ¥ and no solutions with

o= —% other than constant complex multiples of J.
Finally, we deduce some useful properties of Killing vector fields on Sasaki—Einstein 5-manifolds.

Lemma 4.7. Let ¥ be a Sasaki-FEinstein 5-manifold whose universal cover is not isometric to the
round 5-sphere and let X be a Killing field on X.

(i) X also preserves n and w;.
(ii) X = a€& + Xo, where a € R and Xy preserves the whole SU(2)—structure (or equivalently
the Killing spinor ).
(iit) The 2-form dX" satisfies

de = (2& — (X0,§>)w1 + 2(J1Xb) AN+ o9
for some og € A(l)’lH*,

Proof. Let 1 be the unit spinor on ¥ satisfying (4.4) with o = % We are going to consider the
Lie derivative of v in the direction of X. Note that since X is a Killing vector field there are no
subtleties in defining this Lie derivative.

Since X is a Killing vector field, £x1 must be a spinor orthogonal to ¢ which solves (4.4)
with a = % Because of our assumption on ¥, Proposition 4.6 then implies that Lxv = Ay
and Lx(Iy) = —M for some constant A € R. Since Itp = £ - ¢ we immediately deduce that
[€,X] = 0 and therefore Lxn = 0. Since 2w; = dn we also have Lxw; = 0. This is the classical
result [10, Corollary 8.1.19] that Killing fields on a Sasaki-Einstein manifold with non-constant
curvature must preserve the Sasaki structure.

Now, recall that the (metric) Lie derivative of a spinor is given by Lx9 = Vx) — idX L [8,
Proposition 17]. Since ¢ satisfies (4.4) with o = 1 we have

(4.8) Lxy=3X-¢—1dX". .

In particular, applying this formula in the case where X = a ¢ for a € R and using the facts that
& =1, dy = 2wy and (4.5) we find that Leetp = 3altp. Thus if Lx¢p = A then X — 2X\¢ is a
Killing field that preserves . It therefore now suffices to prove (iii) under the assumption that X
preserves 1.
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Write X = (X,€)¢ 4+ X+ with X+ € H and dX’ = fiwi + fows + faws + o0 + v A 1 with
o0 € A(l)’l’H* and v € H*. Using (4.5) and (4.8) we calculate

2Lxtp = (X&) + f1) I + foJ b + fsKip + (X* = §19) - 4h.
Thus Lxt = 0 implies f; = —(X,€), fo=0= fz and v = 2 (J; X?). O

4.1.1. Figenvalue estimates. Here we collect some eigenvalue estimates for the differential-form
Laplacian on a Sasaki—Einstein 5-manifold. By Appendix A harmonic forms on the Riemannian
cone C(X) over a smooth manifold ¥ are controlled by the spectrum of the Laplacian on ¥ itself.
Since ¥ is 5-dimensional the spectrum of the Laplacian acting on differential forms is controlled by
the spectrum of the Laplacian acting on functions, on coclosed 1-forms and on coclosed 2-forms.
Lower bounds for the first (non-zero) eigenvalue of the Laplacian acting on functions and coclosed
1-forms are classical and only use the lower bound for the Ricci-curvature of ¥. We will also prove
a lower bound for the first non-zero eigenvalue of the Laplacian acting on coclosed 2-forms on a
reqular Sasaki—Einstein 5-manifold, i.e. in the case when the orbits of the Reeb vector field are
closed and ¥ is the total space of a circle bundle over a smooth Kéhler—Einstein del Pezzo surface
D. Examples show that this lower bound fails if 3 is not regular.
Throughout the section and in the rest of the paper we make the following

Assumption. The Sasaki—Einstein 5-manifold ¥ does not have constant curvature.

This assumption, that will suffice for our applications, is convenient for two main reasons. The
first is given by Proposition 4.6: the only real Killing spinors on ¥ are quaternionic multiples of .
The second one is the Lichnerowicz—Obata Theorem, cf. Proposition 4.9 (i) below.

We will denote by IC(X) the space of Killing fields on the Sasaki-Einstein manifold ¥ and by
Ko(2) the subspace of those Killing fields that preserve the Killing spinor ¢. By Lemma 4.7 (ii)
K(X) =KoX) dRE.

Proposition 4.9. Let ¥ be a Sasaki—FEinstein 5-manifold with non-constant curvature.

(i) The first non-zero eigenvalue of the scalar Laplacian on ¥ is strictly greater than 5.
(ii) The first eigenvalue of the Laplacian acting on coclosed 1-forms is greater than or equal to
8 and the eigenspace with eigenvalue 8 consists of 1-forms dual to Killing vector fields.
(iii) If ¥ is a regular Sasaki—Einstein 5-manifold then the first non-zero eigenvalue of the Lapla-
ctan acting on coclosed 2-forms is strictly greater than 4.

Proof. Part (i) is the Lichnerowicz—Obata Theorem [60, §77], [71], and part (ii) is due to the fact
that ¥ is Einstein with scalar curvature 20 [60, §77].

We now prove part (iii). Let 7 be a coclosed 2-form on ¥ such that A7 = p?7 for some p € (0, 2].
We begin with some remarks that hold on a general Sasaki-Einstein 5-manifold.

By Theorem A.2 (iv), r#7 is a harmonic 2-form on C(X) of rate u—2 € (—2, 0]. Decomposing r#r
into types and using the fact that each component is harmonic, Propositions 4.12 and 4.13 below
imply that r#7 is a primitive (1,1)—form when p € (0,2) and the sum of a primitive (1,1)—form
and a constant multiple of the Ké&hler form wc when p = 2.

We now exploit this observation to study the decomposition of 7 € Q?(X) and dr € Q3(X) in
terms of the type decomposition of Lemma 4.3 (iii). Straightforward calculations using the defini-
tion (4.2) of the conical Calabi—Yau structure (wc, Q¢) in terms of the Sasaki-Einstein structure
(n,w1,w2,ws) show that the conditions r#7 A wd = Kw, for some K € R (K = 0 if u # 2) and
r*17 ARe Q¢ = 0 imply that

7= Kwi + 10, *T=KnAw —nATy

for some 1y € Aé’l’;’-[*. Now, since 7 is coclosed, 0 = d * 7 = 2Kw? +n A dro implies that K = 0 and
T =15 € Ay H* regardless of the value of u € (0,2].
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Consider now dr. Since d7 Aw; = 0 (by differentiating 7 Aw; = 0) we have (dr,n Aw;) = 0 for all
i=1,2,3. Thus dr = yAw; +un A7 for some I-form v € A'H* and 7/ € A(l)’l?{*. The requirement
0 = d * 7 = n Adr then forces 7 to vanish. Using that d*dr = p?7 we further deduce that the pair
(1,7') satisfies the first order system

dr = un A7 = —p* 7, dr' = —pun AT = p* 7.

Here we use Lemma 4.3 (iv) and the fact that 7 and 7/ are sections of A(l)’IH*. We then consider
the complex-valued form 7¢ = 7 +i7’ € A(l)’lH* ® C: it satisfies AT¢ = p?7¢ and Le7¢ = —iute. We
will show that 7¢ = 0 whenever ¥ is a regular Sasaki-Einstein 5-manifold.

Passing to the universal cover if necessary we assume that ¥ is a simply connected regular
Sasaki-Einstein 5-manifold. Then ¥ is the total space of the principal U(1)-bundle associated with
the line bundle L = KID/ T over a KéhlerEinstein del Pezzo surface D with Fano index I and
Kéahler-Einstein metric w; satisfying Ric(wy) = 6wy, ¢f. for example [76, Theorem 2.1]. Here the
Fano index of D is the divisibility of Kp in the Picard group of D. Since dn = 2w; we deduce that
V= %5 is the vector field of period 27 generating the fibre-wise circle action on ¥ — D. The fact
that L¢7¢ = —ip7¢ then immediately implies that p = %m for some m € Z-~q. Since I = 1 for all
del Pezzo surfaces except for CP? and CP' x CP*! this already shows that x> 3 in all but these two
cases. When D = CP? or CP! x CP! then I = 3 and 2 respectively and we have to argue differently.

Since Ly7t¢ = —im 7 7° can be interpreted as an L™—valued anti-self-dual 2-form on D.
Moreover, following [2, Lemma 4.4] the equation A7¢ = p?7¢ implies that 7¢ is a harmonic section
of ATT*D ® L™, where L™ is endowed with the connection A = i37m7]. Since A is a self-dual con-
nection, the Weitzenbock formula for A 4 coincides with the standard Weitzenbock formula for the
Laplacian on anti-self-dual 2—forms: 0 = Aa7¢ = V4V 47¢ — 2W (7€) 4 3Scal 7°. When D = CP?
the curvature term is strictly positive and therefore 7¢ = 0. When D = CP' x CP' the bundle
A~T*D has a parallel decomposition into a trivial real line bundle spanned by the difference wy
of the Fubini—Study metrics on the two factors and a complex line bundle. The curvature term
is strictly positive on the latter and vanishes on the former. We conclude that 7¢ must be an
L™—valued parallel multiple of wq; since L™ is non-trivial for m # 0 we deduce that 7¢ = 0. O

Remark 4.10. The initial part of the proof of part (iii) can be applied to harmonic 2-forms on X:
every such form lies in A(l)’l’H*.

4.2. Differential forms on Calabi—Yau cones. Let ¥ be a Sasaki-Einstein 5-manifold and
consider the Calabi-Yau cone C(X). The aim of this section is to study elements in the kernel
of d 4+ d*, the Laplacian acting on differential forms and the Dirac operator on C(X) that are
homogeneous with respect to the action of scaling on the cone in the following sense.

Definition 4.11. A k-form « on the cone C(X) is homogeneous of order X if
a =" dr Aoy g 4 rFay)
for some a;_1 € QF1(X) and oy, € QF(D).
Observe that if « is homogeneous of order A then |a|2, = 7“2)‘(|C¥k—1|32 +Jaxl2,)-

Remark. Throughout the paper harmonic forms are differential forms in the kernel of the Hodge
Laplacian A = dd* 4+ d*d. Since we work on non-compact manifolds, the space of harmonic forms
in general strictly contains the space of closed and coclosed forms.

4.2.1. Harmonic functions and 1-forms. The following two propositions follow from Theorem A.2
and Proposition 4.9 (i) and (ii).

Proposition 4.12. Let u be a harmonic function on C(X) homogeneous of order A\. Then u =0 if
A€ [-5,1]\ {—4,0} and u = Kr* for some K € R if A = —4,0.
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Proposition 4.13. Let v be a harmonic 1-form homogeneous of order A. Then

Krdr + d(3r%a) + 128, where K € R, Aa = 12a and 8 € K(2) ifA=1,

d(x37rMa), where Aa= (A+5)(A+ Da if A€ (0,1),
Y= 0 Zf)‘e [7470]7

radr — ’;:r; do, where Ao = (A +3)(A — 1o if A€ (=5,—4),

Kr=5dr + (radr + %r“lda) + 7748, where K € R, Ao =120 and 3’ € K(X) if A= —5.

Remark 4.14. Remark A.5 shows that a harmonic 1-form v homogeneous of order A € [—5,1] is
coclosed if and only if A € [-4,1), or A = 1 and « does not contain a term of the form Krdr for
KeR,or A\=—5and v = Kr~%dr +r—*3 for some K € R and 3’ € K(X). We will use this fact
in the proof of Proposition 4.18.

We will also have to consider the operators
(4.15) g +— mdd* (1gw), (f,7) — miaed*d(fwo + 72 Re Q).

Proposition 4.16. For A € (—4,0) there are no elements homogeneous of order X in the kernel of
the operators in (4.15).

Proof. By Lemma 2.19 we have to study the existence of homogeneous functions and 1-forms on
the Calabi-Yau cone C(X) in the kernel of A and A — $d*d respectively. Proposition 4.12 already
shows that there are no harmonic functions on C(X) homogeneous of order A € (—4,0).

For 3y € Q°(¥) and B; € Q'(X) let then 8 = 7*(Bo dr +rf31) be a homogeneous 1-form on C(X).
We calculate that (A — d*d)B = 0 if and only if

(4.17) {gd*dﬂo =\ =1)(A+5)80 — (A= 5)d" By,
. (dd* + 2d*d)Br = 2(A + 1)(A + 3)B1 + (A + 9)dB,.

Note that integration over ¥ of the first equation of (4.17) already shows that §y has mean value
zero whenever A # —5, 1.
Now, algebraic manipulations of (4.17) imply that

(A=5)d*B1 — (A= 1)(A+9)5p is an eigenfunction of eigenvalue (A + 1)(A + 5),
d*B1 — (A +5)Bp is an eigenfunction of eigenvalue (A — 1)(A + 3).

If A € [—4,0] then both (A+1)(A+5) <5 and (A — 1)(\+3) < 5. L?>-orthogonality of d*/3; and
Bo to constant functions and Proposition 4.9 (i) imply

(A=5)d"B1 = (A=1)(A+9)bo = (A+5)(A = 5)fo.

Thus By = 0 = d*31 unless A\ = —2. In the latter case however d*3; = 35y and the first equation
in (4.17) becomes ABy + 38y = 0. Thus By = 0 = d*f; for all A € [—4,0]. The second equation of
(4.17) then implies that 3; is a coclosed eigenform of the Laplacian with eigenvalue (A+1)(A + 3).
Since (A4 1)(A 4 3) < 8 for A € (—5,1) Proposition 4.9 (ii) forces /31 to vanish. O

4.2.2. The Dirac operator. Recall that by Lemma 2.22 the Dirac operator of the cone C(X) is
identified with the operator

D(f,9,7) = (d*y, =d"Jy,curly + df — Jdg)
acting on Q0 @ Q0 @ QL.
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Proposition 4.18. Let (f,g,v) be a harmonic spinor on the Calabi-Yau cone C(X), where f, g,
are homogeneous of order A. Then

(0,0,728 + d(3r2a)) where B’ € Ko(E) and Lo =120 if A =1,
(0,0,d(x377 ) where A= (A+5)(A+ Do if A€ (0,1),
(f.9,7) =< (K1, K3,0) where K1, Ky € R if A=0,
(0,0,0) if A € (=5,0),
(0,0, K1r=2dr + Kor—%n) where K1,Ks € R if A = —b.

Proof. Since C(X) is Ricci-flat, by the Lichnerowicz Formula I)(f, g,v) = 0 implies that f,g,~ are
all harmonic. We can therefore appeal to Propositions 4.12 and 4.13 to deduce that f =0 =g
it A € [-5,1]\ {—4,0} and v = 0 if A € [—4,0]. Furthermore, a straightforward computation
shows that IP(K1r~*, Kor=*,0) = 0 implies K; = 0 = K. This already proves the statement for
all A € [—4,0]. Moreover, for A € [-5,—4) U (0,1] f = 0 = ¢g and by Lemma 2.22 we have to
understand whether a harmonic 1-form 7 homogeneous of order A is also coclosed and such that
dry is a primitive (1, 1)—form.

When A € (0, 1), v is exact by Proposition 4.13. By Remark 4.14, v is also coclosed and therefore
it defines an element in the kernel of ).

When \ = 1, Proposition 4.13 implies that v = Krdr+d (ga) +72p for some K € R, a function
« such that Aa = 12« and a 1-form /5 dual to a Killing field. By Remark 4.14, v is coclosed if and
only if K = 0. Thus 7 defines an element in the kernel of I) if and only if d(r?3) = 2rdr A 8 +r2dB3
is a primitive (1,1)-form. Since wc = rdr A n + r?w; and ReQc = r2dr A wy — 131 A ws, by the
characterisation of primitive (1, 1)-forms in Lemma 2.7 we have that d(r?3) is primitive if and only
if

dBANAw+BAWE=0,
(together with a second equation which is d of this one) while d(r%8) is of type (1,1) if and only if
dgAnAws =0, =28 AN Aws+dBAws =0.
Now, by Lemma 4.7 (iii), d8 = fiwi + 2(J18) A n+ o0, with g € A(l)’l’}-[*. Then we find

B A, {ﬁwy+ZhBAnAw1 ifi=1, finAw? ifi=1,

and dﬂ/\n/\wi:{

218 A Awj otherwise, 0 otherwise.
Moreover
(4.19) 28 AN Aws=—2(J28) AnAws =—2(J2J38) An Aws = 2(J18) A Aws,
where we used Lemma 4.3 (ii) in the second equality and the identity JoJ3 = —J; (as endomorph-

isms of H*) in the final one.

Using these facts we see that d(r?f3) is always of type (1,1), while the requirement that d(r?3)
be primitive implies that f; = —3(¢). Lemma 4.7 then shows that 5° € Ko(X), i.e. § is dual to a
Killing field that also preserves the Killing spinor on X.

By Proposition 4.13 and Remark 4.14 « is never coclosed if A € (—5,0]. When A = —5 then ~ is
coclosed if and only if v = Kr~5dr + r~*f for some K € R and a 1-form f dual to a Killing field.
Thus v defines an element in the kernel of ) if and only if d(r~*8) = —4r=5dr A B+ r~*dB is a
primitive (1,1)-form. Note that d(r~3) A Re Q¢ = 0 if and only if 43 An Aws + dB Aws = 0 and
dB AnAws = 0. As we saw above the second constraint is satisfied for any 1-form § dual to a Killing
field. However (4.19) shows that 48 AnAws+dBS Aws = 0 if and only if SAnAws =0, i.e. = fn
for some function f. Since 3 is dual to a Killing field and therefore in particular d*8 = 0 = Lz,
we deduce that f must be constant. Finally, a straightforward computation shows that d(r~%n) is
also primitive. ([l
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Remark. As an aside we note that the fact that the kernel of I) is invariant under the complex
structure J on C(X) combined with the characterisation of harmonic spinors on C(X) homogeneous
of order 1 has the following corollary, cf. [38, Theorem 5.1] and [46, Theorem 2.14]: the space Ko(X)
of Killing fields that preserve the Killing spinor on ¥ is isomorphic to the space of basic functions on
3. which are eigenfunctions of the Laplacian of eigenvalue 12. The isomorphism is given by the map
fr—(fn- %Jldf)ﬁ. Here a function f on X is basic if and only if L¢ f = 0. In fact, by [46, Theorem
2.14 (2)] 12 is the first non-zero eigenvalue of the Laplacian acting on basic functions on ¥; this is
the extension of the Lichnerowicz—Matsushima Theorem for Kdhler—Einstein del Pezzo surfaces to
Sasaki-Einstein b-manifolds.

4.2.3. Closed and coclosed forms. In order to understand indicial roots of the first-order operator
d + d*, we will use the following two propositions about homogeneous harmonic 2-forms and 3-
forms; both propositions follow immediately from Theorem A.2, the fact that b;(X) = 0 and the
eigenvalue estimates given in Proposition 4.9.

Proposition 4.20. Let v be a harmonic 2-form on C(X) homogeneous of order X. Decompose
Y=+ +v3+ 74 as in Theorem A.2.
(i) y1 = rdr A df where f is a function on ¥ satisfying ANf = N+ 4)f. In particular,
v1 =0 for all X € [—5,1].
(ii) 2 =0 for all A € (—6,0). If A\ = —6 or A =0 then 2 =d (ﬁ_?r’\“a), where o” € K(X).
(iii) y3 =0 for all A € (—4,2). If \ = —4 or A = 2 then v3 = r"ldr Ao — )\%ﬂrkwda, where
@ € K(D).
(iv) y4 = 28 for a coclosed 2-form B on ¥ satisfying A = (A +2)2B. In particular, if ¥ is
regular then 4 = 0 for all A € [—4,0] \ {—2}.

Remark 4.21. We should also count harmonic 2-forms on C(X) which are polynomials in log r with
coefficients given by 2-forms homogeneous of order A. By Proposition A.6 we only need to consider
the case A = —2. In this case, for every harmonic 2-form 7 on 3, the forms 7 logr and 7 are
harmonic on C(X%).

Proposition 4.22. Let v be a harmonic 3-form on C(X) homogeneous of order \. Decompose
Y=+ +v3+ Y4 as in Theorem A.2.
(i) 91 =0 for all A € (=5,1)\ {=3,—=1}. If \ = —1 or A = =3 then 1 = " 2dr A a where a
is a harmonic 2-form. If A\ =1 or X\ = —5 then v, = r*t2dr A dB for some 3° € K(%).
() 72 = d (ke
particular, if 3 is reqular then v2 = 0 for all A € [-5,—1].
(iii) v3 = r2dr A o — ﬁ_lda, where o is a coexact 2-form on ¥ satisfying Ao = (A + 1)%a.
In particular, if ¥ is reqular then v3 =0 for all X € [-3,1].
(iv) x4 satisfies the same conditions as 7.

cv), where « is a coexact 2-form on ¥ satisfying Ao = (A + 3)%a. In

Remark 4.23. In the regular case, Proposition A.6 shows that there are no harmonic 3-forms on
the cone which are non-trivial polynomials in logr with coefficients in the space of homogeneous
forms of order A.

We will now use these results to study indicial roots of the first-order operator d 4+ d*. We
are particularly interested in understanding closed and coclosed even-degree forms of rate —2 and
odd-degree forms of rate —3.

Proposition 4.24. Let v be a closed and coclosed form of even degree on C(X) homogeneous of
rate A\ = —2. Then v has only components of pure degree 2 and 4, both individually closed and
coclosed:

y=Ti+rdrAnAT
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for harmonic 2-forms 11,70 on 3. Moreover, if ¥ is a reqular Sasaki—FEinstein 5-manifold then there
are no closed and coclosed even-degree forms on C(X) homogeneous of rate A € (—4,0) \ {—2}.

Proof. Write v = v9 + Y2 + Y4 + 76, with vy, € QF. Since each pure degree component is harmonic,
Proposition 4.12 shows that 79 = 0 = 74 whenever A\ € (—4,0).
Writing v, = 7 (r*1dr A ag_1 + r¥B1) we are then left to solve

d*oq = 0, d*/BQ — ()\ + 4)0[1 =0,
doy +d*ag — (A +2)Bs =0, dBa+d*Bs — (A +2)az =0,
dag — ()\ + 4)64 =0, dBy = 0.

If A = —2 then a; and B4 are both closed and coclosed and therefore vanish since H!(X) = 0 =
H*(X). Then £ and a3 also are closed and coclosed.

If ¥ is a regular Sasaki-Einstein 5-manifold then Proposition 4.20 shows that there are no
harmonic forms of degree 2 and 4 of rate A € (—4,0) \ {—2}. O

When ¥ is not necessarily assumed to be regular we can still exclude some decay rates for
homogeneous closed and coclosed 2-forms on C(X) using Remark A.5.

Proposition 4.25. There are no closed and coclosed 2-forms on C(X) homogeneous of rate \ €
(—=6,0)\ {-2}.

Proof. By Remark A.5 if 7 is closed and coclosed then v = 1 + 72 4+ 4. Moreover, ;1 = 0 since
b1(X) =0 and 4 = 0 unless A = —2. Proposition 4.20 now concludes the proof. O

Proposition 4.26. Let v be a closed and coclosed form of odd degree on C(X) homogeneous of rate
X € [—4,0]. Then v is of pure degree 3. Moreover, if A\ = —3 then

dr
Y=nAT+ " N Ty
for harmonic 2-forms 11,70 on ¥ and if A € [—4,0] \ {—3} then v = d(%a), where o is a
coclosed 2-form on ¥ satisfying Na = (XA + 3)%a. In particular, if ¥ is a reqular Sasaki-Einstein
5-manifold then there are no closed and coclosed odd-degree forms on C(X) homogeneous of rate

Ae[—4,—1]\ {-3}.

Proof. Write v = 1 4+ 73 + 75, with 7, € QF. Since each pure degree component is harmonic,
Proposition 4.13 shows that ;3 = 0 = 45 whenever A € [—4,0]. Since  has pure degree 3, the result
now follows combining Remark A.5 with Proposition 4.22. O

5. DIFFERENTIAL FORMS ON AC CALABI-YAU 3-FOLDS

In this section we study differential forms on an AC Calabi—Yau 3-fold (B,wq, ). We are
interested in describing the space of closed and coclosed forms on B, in particular 2-forms, of
prescribed decay at infinity. We will also derive “normal forms” for exact 4-forms on B, i.e. write
every exact 4-form o on B with prescribed decay as o = dp for some appropriate choice of 3-form
p. These results will be used in the next two sections to study the linearisation of the Apostolov—
Salamon equations.

5.1. L>-cohomology. The starting point of our discussion is the description of the L?-cohomology
of B, i.e. the spaces

L*H*(B) = {c € Q*(B)NL?|do = 0 = d*o}.
The description of the L?-cohomology of AC manifolds in terms of topological data is well known,

cf. [61, Example 0.15] and [45, Theorem 1A]. Here we give the statement only in the 6-dimensional
case relevant to us.
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Regard B as a manifold with boundary 3. Then we have the long exact sequence in cohomology
(with real coefficients) for the pair (B, X):

(5.1) o= HY(2) —» HY(B) —» HY(B) —» HF(Z) — -
Theorem 5.2. Let (B, wo, Qo) be an AC Calabi-Yau 3-fold. Then there is a natural isomorphism
H¥(B) ifk=0,1,2
L*H*(B) ~{im H}(B) — H3(B) ifk=3
HY(B) if k =4,5,6.

For k > 3 the map L*H*(B) — H¥(B) is the obvious map that sends a closed form to its
cohomology class. When k < 3 every L?>-integrable closed k-form is exact outside a compact set; by
radial integration the choice of primitive at infinity can be made canonical, ¢f. [62, Lemma 2.11],
and therefore there is a well-defined map L?H*(B) — H¥(B). The borderline case k = 3 is slightly
more involved because d 4+ d* fails to be Fredholm, cf. Proposition 4.26.

In fact we will need to work with forms on B that decay at a much slower rate than what would
be necessary to be L?-integrable. For this reason we have to work with the weighted Sobolev and
Holder spaces introduced in Appendix B.

Definition 5.3. For v € R outside of the discrete set of indicial roots of d + d* let H(B) denote
the finite-dimensional space of closed and coclosed k-forms on B in C;°.

By weighted elliptic regularity and embeddings Theorems B.4 and B.7, H(B) coincides with the
space of closed and coclosed k-forms on B of class Lﬁu or CL* for any 1 >0, p>1and a € (0,1).

Definition 5.4. For v € R outside of the discrete set of indicial roots of d + d* let W¥ be the
L%-orthogonal complement of H%(B) in the space of k-forms on B of class L2.

Remark 5.5. Since v is not an indicial root of d + d*, we have HE(B) C L2_; for any sufficiently
small § > 0, ¢f. Proposition B.12. Hence the L2-inner product with an element in H¥(B) defines a
linear map on the space of k-forms of class C9 for any a € (0,1). We can therefore also define in
an analogous way a subspace W¥ of the space of k-forms of class C9°.

5.2. Functions and 1-forms. Assume now that (B,wp, ) is an érreducible AC Calabi—Yau 3-
fold, i.e. there are no parallel 1-forms on B. Since the Sasaki—FEinstein manifold ¥ is smooth, this
condition holds automatically under our standing assumption that the universal cover of 3} is not
isometric to the round 5-sphere. An important consequence of the irreducibility of B is the following
vanishing result for decaying harmonic functions and 1-forms.

Lemma 5.6. For any v < 0 there are no harmonic functions and 1-forms on B in C;°.

Proof. Let v and 7 be a harmonic function and 1-form in C5°. If v < —2 then Lemma B.6 guarantees
that we can integrate by parts:

0=(Au,u)z = [Vull, 0= (D7) = V7,

where, since B is Ricci-flat, we used the fact that A = V*V on 1-forms. We conclude that wu is
constant and therefore vanishes since it decays at infinity and v = 0 since B is irreducible. On the
other hand, by Propositions 4.12 and 4.13 there are no indicial roots for the Laplacian acting on
functions and 1-forms in the interval [—2,0). g

A similar proof using Lemma 2.19 and Proposition 4.16 instead of Propositions 4.12 and 4.13
yields the following result.

Lemma 5.7. For v < 0 there exist no functions g and f and 1-forms v on B in C.° such that

mdd* (gwi) =0, miaedd” (fuwo +7FaRe Q) = 0.
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An important role in our subsequent analysis will be played by the Dirac operator. Recall that
under the isomorphism of the spinor bundle of B with R @& R @ T*B the Dirac operator I is
identified with the first-order operator of Lemma 2.22.

Proposition 5.8. Let (B,wq, ) be an irreducible AC Calabi-Yau 3-fold. The Dirac operator
D: C’,’fill’a — Ck s an isomorphism for all v € (—6,—1).

Proof. By Proposition 4.18 there are no indicial roots for the Dirac operator in the range specified
and therefore I: C’ﬁjr'll’a — CO% is Fredholm for all v € (—6,—1). Since B is Ricci-flat, the
Lichnerowicz and Weitzenbock formulae imply that ]Z)2 = A as an operator from Q° @ Q° ¢ Q!
into itself. Lemma 5.6 then implies that I has no kernel and (by duality) cokernel in the range
specified. O

Remark 5.9. Tt will be useful to observe that if (f,g,7v) € C’ifl for some v < —1 and D(f,g,7) =
(u,v, ) with d*a = 0, then f = 0. Indeed, by Lemma 2.22 we have o = curly+df — Jdg. Moreover
curly and Jdg are both coclosed since curly = x(dy A Re€)g) and —2Jdg = *d(gwd). Thus f is a
harmonic function of rate v +1 < 0 and therefore vanishes by Lemma 5.6.

Finally, we note that every AC Calabi—Yau manifold has finite fundamental group and therefore
without loss of generality we can reduce to the case that B is simply connected. This observation
is useful when considering principal circle bundles on B, which will then be classified by their first
Chern class.

Proposition 5.10. Let B be an AC Calabi—Yau 3-fold. Then B has finite fundamental group.

Proof. Fix a large compact set K C B. Since 3 has positive Ricci curvature, the fundamental group
of the end B\ K is finite. Moreover, w1 (B \ K) — m1(B) is surjective: otherwise by [44, Lemma
2.18] the cover of B with characteristic group the image of 71 (B\ K) in 71 (B) would be a Ricci-flat
manifold with at least two AC ends, which is impossible by the splitting theorem. O

5.3. Closed and coclosed 2-forms and 3-forms. We can now describe the space of closed and
coclosed 2-forms and 3-forms on B with certain decay rates. We will need the following well-known
fact which follows from the behaviour of the exact sequence (5.1) under Poincaré duality on B and
3 see [53, Corollary 4.63] for a proof of the analogous result in 7 dimensions.

Lemma 5.11. Identify cohomology classes on X with their harmonic representatives. Then we have
an L?-orthogonal decomposition

H(3) = im (HA(B) > H*(%)) @ +pim (HY(B) > H(D)).
Theorem 5.12. Let B be an AC Calabi-Yau 3-fold asymptotic to the Calabi-Yau cone C(X).

(i) For all v € (—6,—2) there is a natural isomorphism H2(B) ~ H2(B) ~ L*H*(B).
(ii) For all v € (—2,0) we have

dim H2(B) = dim H(B) + dimim (HQ(B) - HQ(E)) .

Moreover, for every harmonic 2-form T on ¥ with [7] € im (H?*(B) — H?(X)) there exists
o € H2(B) for every v > —2 such that for some > 0 we have
o=74+0@2H).

In particular, the natural map H2(B) — H?(B) is an isomorphism.
(iii) For all sufficiently small 6 > O there is a natural isomorphism

"3, 5(B) ~im (HE(B) - H3(B)) ~ L*H3(B).
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(iv) For all sufficiently small 6 > 0 every form p € Hi3+5(B) has an expansion of the form
p=-nAT + ldr Ao+ O(r—37H)

for some small p > 0 and harmonic 2-forms 71,79 on X such that *s7;, = —n A T
represents a cohomology class in the image of H3(B) — H3(X). Moreover, the map
p > ([n A7), [nAT2]) induces an isomorphism

H2 316(B)/H25_5(B) = im (H3(B) — H*(%)) @ im (H*(B) — H(S)).

Proof. The statement (iii) follows immediately from Theorem 5.2. Also by Theorem 5.2 there is a
natural isomorphism L?H?(B) ~ H2(B). Note that H2(B) C L*H?*(B) for v < —3. Moreover, by
Proposition 4.25 the dimension of H2 cannot jump in (—6, —2). This proves (i).

To prove (ii) and (iv) we need to understand the change in H2(B) and H3(B) as we cross the
indicial roots —2 and —3 respectively. We achieve this in the same way as [53, Proposition 4.65],
using Lemma 5.11 instead of [53, Corollary 4.63].

To prove (ii) Proposition 4.25 implies that H2(B) remains constant for all v € (—2,0) and the
statement that H2(B) — H?(B) is an isomorphism for v € (—2,0) follows from the fact that
H%*(B) ~ H?(B) @ im (H*(B) — H*(X)) (using H'(X) = 0 in the exact sequence (5.1)).

To establish (iv), Proposition 4.22 implies that every p € H3, 45(B) has an expansion of the
form

p=-nNAT+ %dr ATy 4+ O(r—37H)
for some small ;x> 0 and harmonic 2-forms 71, 2 on ¥. By Remark 4.10 both 7; are basic primitive
(1,1) forms and therefore *x7; = —n A 7; by Lemma 4.3 (iv). In particular, *p has an expansion of
the form

k0= —NNTg — %dr AT+ O(T_g_“).
Hence [-nA7i] and [—nATs] represent the images of, respectively, [p] and [p] in H?(2) and the map
p — ([n A7, [n A 72]) induces an injection of H3 4, 5(B)/H?;_5(B) into im (H*(B) — H3 (%)%
The fact that this map is also surjective follows from Lemma 5.13 (iii) below. g

Lemma 5.13. Let (B, wo, Q) be an irreducible AC CY 3-fold. For v € R let ker A2 denote the
space of harmonic 2-forms on B of class C°.

(i) If v < =2, ker A2 = H2(B), i.e. every harmonic 2-form of rate v is closed and coclosed.
(i) If v < 1 every o € ker A2 is coclosed. In particular, xdo € H>_{(B) for every o € ker A2.
(ili) The composition of the map o + [xdo] and the restriction map H3(B) — H?*(X) in-

duces an isomorphism between ker A%, /H? 5, (B) and im (H3*(B) — H3(X)) for every
sufficiently small pn > 0.

Proof. Part (i) follows immediately from the integration by parts formula of Lemma B.6 and part
(ii) is a consequence of Lemma 5.6 since d*o is a decaying harmonic 1-form on B. The proof of
part (iii) is more involved.

By Theorem 5.12 the dimension of the space of closed and coclosed 2-forms of rate —2 + p is
b2(B) + dimim (H*(B) — H?*(X)), where b?(B) = dim H2(B). On the other hand, let d denote
the dimension of the space of harmonic 2-forms in €5 . Proposition 4.20, Remark 4.21 and the
index jump formula for the index of the Laplacian on 2-forms as we cross the indicial root —2 show
that 2 (d — b2(B)) = 2b3(%), i.e. d = b2(B) + by(%). In particular, dim ker A%,, /H?,, (B) =
dim im H3(B) — H3(¥) by Lemma 5.11 and Theorem 5.12 (ii).

Now, let o be a harmonic 2-form of rate —2 + p for some small g > 0. By part (ii) o is always
coclosed and therefore do is a closed and coclosed 3-form. By Theorem 5.12 (iii) if do € ”H?Lg,u(B)
then we must have do = 0. Hence o — *do induces an injective map ker A2_2+M/7-L2_2+M(B) —
7—[3;3+#(B)/H3737#(B). Since the image of [do] in H?(X) vanishes, the injectivity of the map in
Theorem 5.12 (iv) implies that the composition of the map ¢ +— [*do] and the restriction map
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H3(B) — H*(Y) induces a linear embedding of ker A%, /H?, . (B) into im (H*(B) — H*(%))
for every sufficiently small 4 > 0. The map is in fact an isomorphism for dimensional reasons. [

Remark 5.14. Identify H?(X) with the space H2(X) of harmonic 2-forms on ¥ and set Vo =
im H?(B) — H?*(X). By Lemma 5.11 the L?-orthogonal complement of Vo in H?(X) ~ H2(%)
is a subspace V3 isomorphic to im H3(B) — H?(X) under the Hodge star operator * on 3. Choose
an L?-orthonormal basis 71,..., 7, of harmonic 2-forms on ¥ with 7, € V5 if i < k and 7; € V3 if
it > k+ 1. Here b = bo(X) and k = dimimHQ(B) — HQ(Z). By Theorem 5.12 (ii) and (iv) there
are closed and coclosed 2-forms o1, ...,0 on B with o; = 7; + O(T_Q_“) and closed and coclosed
3-forms pry1,...,pp on B with p; = n A 7; + O(r~37#) for some p > 0 sufficiently small. To make
these choices unique we use Theorem 5.12 (i) and (iii) and require that *o; and p; integrate to
zero on the closed cycles which are Poincaré dual to the cohomology classes of closed and coclosed
harmonic L?forms. Moreover, for every j = k + 1,...,b there exists a harmonic 2-form ojon B
coclosed but not closed such that
b

(5.15) o;=—(logr) 7; + Z aé i+ O(r—27H)

i=k+1
for some aé € R and p > 0 sufficiently small. Indeed, by Lemma 5.13 (iii) for all j = k+1, ..., b there
exists a unique harmonic 2-form &; modulo span{o,...,0%} and L*H?(B) such that dg; = *p;.
In order to determine the asymptotic behaviour of 7, we solve do; = *p; on the cone itself using
the expansion *p; = —r~tdr A 7; + O(r~37") and deduce that we can choose 7; satisfying (5.15)
as claimed.

Lemma 5.13 shows that in general there are decaying harmonic 2-forms on B that are not closed.
One way this fact causes complications compared to the compact setting is that the equation
No = d*yY € CBfl for a 2-form ¢ might have no solutions in szl. We will now show that for a
certain range of rates v, this equation can always be solved with do € C®, while o itself is allowed

to decay slower than r/*1.

Proposition 5.16. Let (B,wp, Q) be an irreducible AC CY 3-fold. Fiz k > 1, a € (0,1), suf-
ficiently small 6 > 0 depending only on the rate of decay of B to C(X) and the Sasaki—FEinstein
manifold ¥ and v > —3—19 so that v+1 is not an indicial root for the Laplacian acting on 2-forms.
Then there exists a constant C > 0 such that for every 3-form ¢ € C*< the equation

Ao =d*Y
has a solution o with do € C*® and satisfying

HdO’HCLIf,a < CHd*w”Cl’f:lla

Proof. By elliptic regularity it is enough to prove the result with k£ = 1.

The obstructions to solve Ao = d*¢ with o € szl lie in the space of harmonic 2-forms in C%§_,
which are not closed. By Lemma 5.13 (i), if ¥ > —3 then there exists a unique 2-form o € szl
which is L2, ;-orthogonal to the space of harmonic 2-forms in C55, and satisfies Ao = d*t. The
estimate for Hda”c}“ (even better, HUHCffl) follows in a standard way.

Similarly, if v € (=3 — §,—3) and H?(B) — H?(X) is surjective then every harmonic 2-form of
rate —2 + p is closed and coclosed by Lemma 5.13 (iii) and therefore there are no obstructions
to solve Ao = d*i with o € szl. Moreover, the unique solution which is L2 L 1—orthogonal to
harmonic forms satisfies ||o|| oz < Olld*|| o for some constant C' > 0 independent of ¢ and ).

We have therefore reduced to the case where v € (=3 — 6,—3) and H%(B) — H?(X) is not
surjective. In this case there are genuine obstructions to solve Ao = d*¢ with o € szl. However,
for every small p > 0 we can always solve the equation Ao = d*i for some o € C’z’; 4y unique
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up to the addition of a harmonic form. We will show that we can choose o so that do € CL®,
i.e. do decays faster than expected. More precisely, Proposition 4.20 and Remark 4.21 imply that
o = tlogr + 7' + O(r**1) for some 7,7 € H?(X). We want to show that we can make 7 = 0 by
adding a harmonic form to o, i.e. there are no logr terms. This is the key point of the proof.
Consider the harmonic coclosed but not closed 2-forms 41, ...,7, constructed in Remark 5.14
and note that {Gxi1,...,05} is a basis of the space of obstructions to solve Ao = d*i with
o€ szl. Fix a cut-off function x = 1 on B\ K for some large compact set K C B. For all
j=k+1,...,b consider the 2-form o} = x 7;. Since 7; is closed and coclosed on the cone C(X)
(but not necessarily coclosed on B), note that do’; is compactly supported and d*o; € Cp° if § >0
is chosen small enough. On the other hand 7, € €25, for any > 0 and, since v < —3, we can
fix p so that v 4+ (=2 + u) < —5. Then we can integrate by parts a first time appealing to Lemma
B.6, but we need to calculate boundary terms explicitly when integrating by parts a second time:

<AO’;, Eh>L2 = <d*0';-, d*6h>L2 + <d0’;', d5h>L2 = <dO’;~7 *ph>L2

— i d(ofApp)=— 1l A (nATh+ O3
Jim n <0] Ph) Hm 7«:RTJ (77 Th + O(r ))

:—/TjAnATh=5jh,
P

for every h =k +1,...,b. Here we used the fact that d*G), = 0, do}, = *pp, and dpp, = 0.
Now, given ¢ € C® set a; = (d*,7;) 2. Note that |a;| < Cl|d*9]| jo. since |d*y] < [|d*¥] jo.0 777,
v—1 v—1
7i| < Cr—2logr and 3 logr is integrable when v < —3. Consider d*y — X0_, 1 a; Aol € e
Since
b
<d*¢ — Z a; AO’Q,E}L)LQ =0
i=k-+1
forall h = k+1,...,b, there exists a unique 2-form o’ € C’ffl which is L2 4 1—orthogonal to harmonic
2-forms and satisfies Ao’ = d* — S0_, |1 a; Ao). Moreover,

b

0"l gz < C (ld*wcgal Yy |) < Clld] oo

i=k+1

since || Aol 0.0 is uniformly bounded. We then set o = o + S i1 a0 O
v—1

5.4. Normal forms for exact 4-forms. We now use the previous results to give “normal forms”
for exact 4-forms on B that exploit the interplay between the mapping properties of the operator
d + d* and the type-decomposition of differential forms on an AC Calabi—Yau 3-fold (B, wp, Q).
These results will be essential to understand the image of the linearisation of the Apostolov—
Salamon equations; they are mostly direct consequences of algebraic identities involving the type-
decomposition of differential forms and the mapping properties of the Dirac operator on B.

We begin with the following immediate corollary of Proposition 5.8.

Lemma 5.17. For allv € (—6,—1), k > 0 and « € (0,1) there exists a constant C > 0 such that

for any 3-form p € CF there exist unique py € CH*NQ3, and f, 9,7 € C’llfjrrll’o‘ with

1G9 Ml grrre + llpollgre < Clollpe
and
p = d(fwo +~* 1Re Qo) + d* (3gwd) + po.

Proof. The statement follows immediately from Proposition 5.8 since the operator Q%@G o Qf —
Q3106 defined by (a, 8) = migiae(da + d*3) can be identified with the Dirac operator I) of B,
cf. [70, Equation (3.26)]. O
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Recall that W3 was defined in Definition 5.4 and Remark 5.5 as a complement of H3(B) in C:°.

Proposition 5.18. Let (B,wo, Qo) be an irreducible AC Calabi-Yau 3-fold asymptotic to the
Calabi-Yau cone C(X). Fiz k > 1, a € (0,1), § > 0 as in Proposition 5.16 and v € (=3 — §,—1)
away from a discrete set of indicial roots. Then every exact 4-form o = dp' with p' € C5 can be
written uniquely as

o = dxd(fwo + 7 2Re Q) + dpo,
where f,v € Cl]f_tll’a, po € CEYNW3 N O3, with d*py =0 and
1A gt + ool < Cl gt
for a constant C' > 0 independent of p'. Moreover, f =0 =1~ if o € Qi.

Proof. We first establish that we can write o = dp for some 3-form p € C5® with d*p = 0. If it
exists, p is uniquely defined up to the addition of a closed and coclosed 3-form in C’,’f’a. Moreover
every such harmonic 3-form lies in 03, by Lemma 5.6.

By assumption, o = dp’ for some p’ € C**. By Proposition 5.16 there exists a 2-form « such that
Aa = —d*p’ and da € C¥. From the proof of that Proposition we know that a € C’l’fjrr%’a ifv>-3
or if H?(B) — H?(X) is surjective and o € C’f;r}rﬁ for any small p > 0 otherwise. Since v < 0, d*«
is a decaying harmonic 1-form and therefore vanishes by Lemma 5.6. Thus p = p’ + da € C%? is
coclosed and o = dp.

Using Lemma 5.17 we write
xp = —d(fwo +"2Re Qo) + 1d*(gwd) + *po

with pg € Q3, N CH* and f,g,7 € C’,’fill ", Since p is uniquely defined up to addition of a closed
and coclosed 3-form of type 23, we make p unique by requiring that py € W3.
Now, the closure of *p is equivalent to the vanishing of the 4-form %dd*(gwg) +dxpg. In particular
we have
0 = m (2dd*(gwd) + dxpo) = mdd* (3 gwi)

since d(*po) Awp = d(xpp A wp) = 0. Lemma 2.19 then shows that g is a harmonic function and
therefore vanishes since v + 1 < 0. The co-closure of p now forces d*pg = 0.

In order to prove the last statement, assume moreover that o = dx*d( fwo +~f,Re Qo) +dpo € Qd.
Since d*py = 0 we have dpg € Qé by Remark 2.18. We therefore conclude that d*d(fwo—&—'ynJ Re QO) S
Q2. By Lemma 2.19, f is therefore harmonic and v satisfies dd*y + %d*d’y =0.Sincev+1<0
Proposition 5.7 shows that f =0 = ~. ]

For our applications it will also be necessary to write every exact 4-form o € dp/, p' € C**, as
o = dp for a different choice of p.

Corollary 5.19. In the notation of Proposition 5.18, fixv € (—3—0, —1) away from a discrete set of
indicial roots. For every exact 4-form o = dp' with p' € CE< there exist unique pg € CH*NW3NQ3,
with d*py = 0 and f,~v € C’fill’a such that

o = dxd(fwo) + d(xd(v*JRe Q) — d(v*2Tm Qo)) + dpo.
Moreover,

*d(’yﬁJ Re ) — d(’yﬁJIm Qo) + po € Q?Q.

Proof. This is an immediate consequence of Proposition 5.18 and Lemma 2.16. ([l
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6. APPROXIMATE SOLUTIONS

With these preliminaries out of the way, we now return to the main goal of the paper. Let
(B, wo, Q) be an AC Calabi—Yau 3-fold asymptotic to the Calabi-Yau cone C(X) and let M7 be
a principal circle bundle over B. We want to construct S'-invariant ALC Go-metrics on M by
constructing solutions to the Apostolov—Salamon equations starting from an abelian Hermitian
Yang-Mills (HYM) connection on (B, wq, £2). We look for solutions of the rescaled equations (3.8)
for small € > 0. In this section we solve the linearised equations (3.9) on (B,wp, ) and therefore

construct a 1-parameter family of closed ALC Ga—structures gogl) on M with torsion of order O(€?).
In the next two sections we will then show that for € sufficiently small any such approximate solution
can be perturbed to a solution of the Apostolov—Salamon equations (3.8).

Following the discussion of Section 3, we look for solutions of (3.9) on an AC Calabi—Yau 3-fold
(B,wo, Qo) with vanishing o and h: the resulting coupled linear system for a U(1)-connection 6
and a 3-form p on B is

dd ATm Qo =0, df Awd =0, dp=—df ANwy, dp=0,

6.1
(6.1) woA(p+ip) =0, ReQAp+pAImQy=0.

By Lemma 2.7 the first two equations imply that df is a primitive (1,1)—form, i.e. § is a HYM
connection. Equivalently, xdf = —df A wg by Lemma 2.7.

In order to understand the equations for p, recall that p is given explicitly in Proposition 2.9 in
terms of the type decomposition of p. Using this one sees that the algebraic constraints in (6.1)
force p to be of the form p = fIm Qg + po for a function f and a 3-form py € Q3,. Given a HYM
connection 6 we will look for a 3-form p that satisfies (6.1) by solving instead the inhomogeneous
linear elliptic system

(6.2) dp = —df N wy = xd#), d*p=0.

It will turn out that in our situation any such 3-form p will be of pure type Q3,, and therefore
p = —xp by Proposition 2.9. Hence any pair (6, p) consisting of any HYM connection 6 and p a
solution of (6.2) gives rise to a solution of the linearised equations (6.1) (in particular the algebraic
constraints in (6.1) are automatically satisfied).

Therefore to solve the coupled linear system (6.1) for the pair (6, p) we proceed in two steps:
first we find a HYM connection 6 on the circle bundle M — B; second we solve the inhomogeneous
linear elliptic system (6.2) with source term determined by the HYM connection 6 constructed in
the first step. To approach both these steps analytically the results about the space of closed and
coclosed 2-forms on B with certain decay rates obtained in the previous section are crucial.

The following theorem is the basic existence result for solutions of (6.1).

Theorem 6.3. Let (B,wy, ) be a simply connected irreducible AC Calabi—Yau 3-fold and let
M — B a principal circle bundle. Assume that

(6.4) c1(M)UJwo] =0 € HY(B).

Fizr v = —1+§ for some small 6 > 0. Then there exists a unique solution (0,p) of (6.1) with
df € C%% and p € C NWI N Q3,.

Remark. Given any solution (6, p) of (6.1) the addition of any closed and coclosed 3-form in Q3, to
p vyields another solution (any such form corresponds to an infinitesimal Calabi—Yau deformation
of B); insisting that p € W3 fixes this ambiguity.

Proof. By Theorem 5.12 (ii) we can represent ci(M) € H?(B) by a closed and coclosed x €
H2, +,(B) for any sufficiently small x> 0. Since ¢1 (M) is an integral class, k = df for a connection
6 on M — B unique up to gauge transformations. Note that x = 7 + O(r~27#) for some u > 0,
where 7 € H2(X) is the harmonic representative of the image of ¢; (M) in H?(%). Moreover, Lemma
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5.6 guarantees that xk € Qg, i.e. 0 is HYM. Indeed, since Ax = 0 and the Laplacian preserves the
type decomposition, 71k and mgk are forced to vanish. Hence (6.4) can be rewritten as

(6.5) [xk] =0 € H*(B).

Now, the fact that *x is exact implies that x is L*-orthogonal to H2(B), v € (=6, —2). Indeed,
first of all note that the L?~inner product (x, )2 for o € H2(B), v € (—6,—2), is well defined since
o decays at least as fast as 7~ 6*# for every p > 0 by Proposition 4.25. Moreover, the isomorphism
H2(B) ~ H%(B),v € (—6,—2), can be made explicit as follows: by integration in the radial direction
outside a compact set as in [52, Lemma 2.11], every o € H2(B), v € (—6,—2), can be written as

oc=o0.+d(

with o, closed and compactly supported and ¢ € C%5, , for every p > 0. Then if *x = dv for some
3-form v we have
(k,0)r2 = lim dv A (0.4 d¢) = lim d(wANo.+*kA)=0.
R—o0 /<R R—o0 Ji<R

In order to solve (6.1) we consider the elliptic equation (6.2) for a 3-form p. We look for an
odd-degree form p such that (d + d*)p = *x with p € CL% for v > —1 arbitrarily close to —1. Note
that if p exists then it must be of pure degree 3. Indeed, any solution is harmonic and Lemma 5.6
guarantees that the components of degree 1 and 5 of p vanish. For the same reason, if a solution
exists then it must be of type Q3,. By Proposition 2.9, we then conclude that, given #, solving (6.2)
is equivalent to solving (6.1).

Now, the obstructions to solve (d + d*)p = xk lie in the space of closed and coclosed even-
degree forms of rate —5 — v < —4. These are in particular L?-integrable and by Theorem 5.2
are parametrised by a subset of H2(M) @ H*(M). Note that since we are in the L?>-range, each
pure-degree component is individually closed and coclosed. Thus the only possibly non-vanishing
obstructions to solve (d 4+ d*)p = * arise from inner products (k,c)2 for o € H?,_,. We have
already seen that these L?-inner products all vanish by (6.5).

We conclude that if ¢y (M) satisfies (6.4) then there exists a harmonic 3-form p on B that solves
(6.2). The 3-form p is uniquely defined up to the addition of a closed and coclosed 3-form in H3(B).
We fix the choice of p by requiring that p € W3. By elliptic regularity p is smooth.

Finally, we derive the more precise asymptotic behaviour of p at infinity claimed in the statement.
We already know that p € Cif‘ s for every 6 > 0: we want to show that p € C29 as claimed. In
order to understand the asymptotic behaviour of p, we solve (6.2) on the cone C(X) itself with 7
in place of k: note that 7 = rdr An A 7 on C(X) and therefore po, = %7277 A T satisfies dpoo = *7
and d*ps = 0 on C(X). Taking into account Proposition 4.26 we conclude that

(6.6) p= %7"277 AT+ rdr Ao+ %rzda + 0170
for some 0 > 0 and a coclosed 2-form « on ¥ such that Aa = 4« (by Proposition 4.9, « = 0 if &

is a regular Sasaki-Einstein 5-manifold). g

Remark. If ¢ (M) = 0 then M = B x S and 6 is the trivial connection. Moreover, p € Q3, is a
solution of (6.1) with df = 0 if and only if p is closed and coclosed. Hence p = 0 if p € W3.

Fix a principal circle bundle M — B satisfying (6.4) and let (6, p) be the solution of (6.1) given
by Theorem 6.3. For all € > 0 sufficiently small we now define a 1-parameter family

(6.7) e =€ Awp+ ReQp + ep
of highly collapsed closed ALC Go-structures on M with torsion of order O(e2?). Here € should be

chosen small enough to ensure that Re Qg + €p is a stable 3-form on B.

We now would like to deform gogl) to a torsion-free Go—structure. Joyce gave a general and
flexible result that allows one to deform closed Go—structures with small torsion to torsion-free Go—
structures on compact manifolds. Provided that one develops a good Fredholm theory for operators
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on ALC manifolds, it is relatively straightforward to adapt Joyce’s results to the non-compact ALC

setting when one not only assumes that the torsion is small, but also that it decays fast enough.

The approximate solutions cpgl) that we constructed do not satisfy this fast decay condition and

therefore it would be necessary to correct them by hand as a preliminary step. In fact, since we are
looking to deform gpgl) as an S'-invariant torsion-free Go-structure, we find it more straightforward
to solve directly the Apostolov—Salamon equations (3.8) on the AC manifold B (bypassing the need

to adapt Joyce’s results to the ALC setting). This is the goal of the next two sections.

7. THE LINEARISATION OF THE APOSTOLOV—SALAMON EQUATIONS

In this section we develop the requisite tools to solve the Apostolov—Salamon equations as a power
series in € for ¢ > 0 sufficiently small. Understanding the mapping properties of the linearisation
of the Apostolov—Salamon system and showing that these equations can be solved to all orders
in € requires some effort. As an indication that this must be expected, note that when df = 0
and p is therefore a closed and coclosed 3-form on B, then the problem reduces to showing that
deformations of complex structure of AC Calabi—Yau 3-folds that preserve the asymptotic cone at
infinity are unobstructed.

Our proof is divided into various steps. Firstly, we show how to work transversely to the obvious
kernel of the linearisation arising from the action of diffeomorphisms and the deformations of the
AC Calabi—Yau structure on the base. As a consequence of Proposition 2.10, which gives constraints
on the torsion of an SU(3)-structure on a 6-manifold, we then show that one can add additional
free parameters to the Apostolov—Salamon equations. These additional parameters are exploited to
understand the mapping properties of the linearisation of the Apostolov—Salamon equations. The
“normal forms” for exact 4-forms obtained in Section 5.4 will also be essential in our analysis. In
the next section we apply the results of this section to deform gogl) to an S'-invariant torsion-free
Go—structure on M.

7.1. Gauge-fixing and Calabi—Yau deformations. Non-uniqueness of solutions of the linear-
isation (3.9) of the Apostolov—Salamon equations arises from two obvious sources: the action of
diffeomorphisms and a (possibly) non-trivial moduli space of AC Calabi-Yau structures on the
collapsed limit B. In this preliminary section we explain how to work transversally to these sources
of non-uniqueness.

Consider the sequence of symplectic manifolds (B, w,) which converges to (B,wg). Without loss
of generality we can assume that w, represents the fixed cohomology class [wo] € H?(B). Indeed,
by Conlon—Hein [26, Theorem 2.4] we know that every Kédhler class on B can be represented by
a unique Kahler Ricci-flat metric w such that %w3 = %Re Qo A Im Qp. On the other hand, every
cohomology class close to [wy] is a Kéhler class on the given complex manifold (B, ). Indeed, by
Theorem 5.12 (ii) every cohomology class on B can be represented by a closed and coclosed 2-form
o with respect to the metric induced by (wo, o) of rate < —2. Every such harmonic representative
must be a primitive (1,1)—form on (B,wy, ) by Lemma 5.6 and therefore wy + do is a Kéhler
form on (B, ) for § sufficiently small.

If [we] = [wo], then the next lemma and Moser’s deformation argument for a path of symplectic
structures imply that up to diffeomorphism we can assume that w. = wy for all e sufficiently small.

Lemma 7.1. Let o be an exact 2-form on (B,wo, Q) in C¥* for some k > 1, a € (0,1) and

v € (=5,—1). Then there exists a unique coclosed 1-form ~ € Cfill’o‘ such that o = dr.

Proof. We first solve Ay = d*o € C’l]f:ll’a. By Lemma 5.6, since —5—v < 0 there are no obstructions
to solve this equation and since v + 1 < 0 the solution is unique.

Now, d*v is a harmonic function of rate v < 0 and therefore vanishes by Lemma 5.6. On the
other hand dvy — o is a closed and coclosed 2-form of rate v < 0 representing the trivial cohomology

class. Since H2 — H?2(B) is injective by Theorem 5.12 (ii) we conclude that o = d. O
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Now, if [we] = [wo] then the Lemma shows that we = wy + dy for a decaying v (since v + 1 < 0).
The decay of v is crucial for two reasons: firstly, when exponentiating v to define a time dependent
flow connecting w. to wy we do not have to worry about the non-compactness of B; secondly, the
diffeomorphism so defined preserves the AC asymptotics of the Calabi—Yau structure.

Making the assumption w. = wq allows us to break the diffeomorphism invariance up to vector
fields (with decay conditions) preserving wp. It remains to understand how to work transversally to
such vector fields. Consider then a vector field X € Cfill’a with v € (=5, —1) such that d(JX?) = 0.
The action of X on Re () is by Lie derivative Lx ReQ = d(XRe Q). Proposition 2.15 (iv) and
(v) and Remark 2.17 imply that

(7.2) d(X5Re Qo) = 3(d*JX") Im Qo + po

for some py € Q3,. Moreover, by Lemma 5.6, X = 0 if d*JX* = 0 = d(JX"), i.e. X is uniquely
determined by d*JX”. On the other hand every 3-form fIm €y with f € Cke v > —6, can be
written as

fImQy =d((JVu)1Re Qo) + po

for some pg € C** and u € 05122,@. Indeed, it is enough to look for u such that Au = 2f and

then use (7.2) with X = JVu. It follows that for any 3-form p of class C¥* there exists a unique
X € CFLe with d(JX) = 0 such that p + Lx ReQp contains no component of the form f Im Qy,
i.e. (p+ Lx ReQo) AReQp = 0. We will therefore work transversally to all diffeomorphisms of class
Cfill "“ by requiring that

We = W, Re Q. ARey = 0.

We summarise our discussion in the following proposition.

Proposition 7.3. Fizv € (=5,—1), k > 1 and a € (0,1) and let (0, p) € CE be an infinitesimal
deformation of the SU(3)-structure (wo, Re ) on B with [0] = 0 € H?(B). Then there exists a
vector field X € Cl]fill’a such that o + Lxwy = 0 and p' = p+ Lx Re Qg satisfies p’ A ReQy = 0.
Moreover (0, ') is an infinitesimal Calabi-Yau deformation of (B,wo, Q) if and only if p' is a
closed and coclosed 3-form in Q3.

Proof. Ounly the last statement requires proof: (0, p) is an infinitesimal Calabi—Yau deformation if
and only if

dp =0 =dp, pAwy=0=ReQoAp+pAlImQQy.
If moreover p ARe Qg = 0 then p € O3, and dp = 0 is equivalent to d*p = 0 by Proposition 2.9. O

7.2. The deformation problem. The next step is to rewrite the Apostolov—Salamon system in
a way that makes it easier to identify the image of its linearisation. The strategy to achieve this is
to exploit Proposition 2.10, which states that if (w, ) is an SU(3)-structure on a 6-manifold then
there are relations between the differentials of the defining differential forms.

Proposition 7.4. Let ¢g = (wo, Qo) be an AC Calabi-Yau structure on a 6-manifold B and denote
by go and Vg the induced metric and Levi-Civita connection. Fiz k > 1, a € (0,1) and v < —1.
Then there exists a constant g > 0 such that the following holds. Let ¢ = (w, ) be a second SU(3)-
structure on B such that r|c — co| + 12| Vo(c — ¢o)| < €0. Suppose that there exists a function h and
an integral closed 2-form k = df on B such that

kAw? =0, %dh/\wQZhin/\ImQ.
Moreover assume the existence of functions u,v and a vector field X in C],fill’a such that

dw =0, d(hiReQ)+rAw=drd(uw), d(hilmQ)=dd(X ReQ+vw).

Here the Hodge * is computed with respect to the metric induced by cg.
Thenu=v=X =0, i.e. (w,Q,h,0) is a solution of the Apostolov—-Salamon equations (3.3).
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Proof. We first prove that u = 0. Integrating the equation satisfied by Re Q against v’ € La p With
< —7—v yields

(d*d(uw),u'w)2 = —/h% (dReQ—l— %hildhAReQ—&—h*%n/\w) A w.

Since w is closed, the assumption & A w? = 0 and Proposition 2.10 imply that the integral on the
right-hand-side vanishes. We therefore conclude that u lies in the kernel of n{d*d(uw), where 7§ is
the pointwise adjoint of u’ — u'w with respect to the metric induced by ¢.

Now, by the assumptions on the closeness of ¢ to ¢y, the operator C’l]fjrrll’a — Cl]f:ll’a defined

by u — w{d*d(uw) differs from u — md*d(uwp) by a bounded operator of norm controlled by
€0. Lemma 2.19 and the assumption v < —1 show that md*d(uwp) = 0 implies u = 0. If ¢ is
sufficiently small we conclude that u = 0 even if ¢q is replaced with c.

We will now consider the equation satisfied by Im €2 and deduce that X = 0 = v. Using Lemmas
2.4 (v) and 2.7 (ii) one can show that the equation jdh A w? = hik ATmQ is equivalent to
T = —%h*%(JVh)J Re ). Algebraic manipulations of d(h% ReQ) + k Aw = 0 using Lemmas 2.6
(i) and 2.7 (i) then yield 76 (dReQ) = —1h~1dh A ReQ. Combined with the fact that dw = 0,
Proposition 2.10 implies that hi (dImQ + %hildh ATIm Q) is a primitive (1, 1)—form with respect
to (w,2). Thus a similar integration by parts as above shows that (X, v) lies in the kernel of the
operator (X,v) — miged*d(X 1 Re Q+vw). Closeness of ¢ to ¢g, the assumption v < —1 and Lemma
2.19 finally imply that X =0 = v. O

7.3. The linearised problem. We now exploit Proposition 5.18 and Corollary 5.19 to study the
mapping properties of the linearisation of the Apostolov—Salamon equations (3.3), reformulated as
in Proposition 7.4.

Theorem 7.5. Let (B, wo, Qo) be an AC Calabi-Yau 3-fold. Fix k > 1, « € (0,1), § > 0 as in
Proposition 5.16 and v € (=3 — 6, —1) away from a discrete set of indicial roots. Then there exists
a constant C' > 0 such that the following holds.

Let o be a function in C**, oy a closed 5-form in Cﬁ:ll’a and ag = dfs and ag = dfs ezract
4-forms with B, B3 € CF®. Then there exist a unique function h, 1-form ~, 3-form p of the form
%ao ReQ + O3y, all in C**, and functions f1, fo and a vector field X in Cl,filla such that

d*y =0, dy Awi =0, %dh/\w%—d’y/\lonzal,
dp + %dh ARe Qo + dy A wy + dxd(fiwg) = ag,
dp+ Ldh ANTm Qg + d*d(X 2 Re Qg + fowo) = as.

Moreover,
I3l g+ N s Ol < € (o Bas B+l gaope )

Proof. We start by looking for (h, ). After recalling Lemma 2.22 we notice that the three equations
that only involve the pair (h, ) can be interpreted as the inhomogeneous Dirac equation

D(0,h, —Jv) = (0,0, *aq).
By Proposition 5.8 and Remark 5.9 there exists a unique solution (h,~) with
(R Ml g < Cllea]| gr-r.a-
Once h and « are given, by Corollary 5.19 we can write
o9 — %d (g Re Qo) — %dh AReQy —dy Awy = d xd(urwo) + d (xd(Y12Re Qo) — d(Y12Im Qo)) + dpo

for unique (u1, Y1, po) with po € Q35 N W3 and d*py = 0. Moreover, the C5*-norm of py and the

Cfill’afnorm of (u1,Y7) are uniformly controlled by ||(ao, 82)| k. and |[(h,)

HC;’? ”Clj’a'
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We now take f; = u; and look for p of the form
p= %Ozo Re Qg + *d(Y1J Re Qo) — dO/lJIm Qo) + po + *p6

for some pfy € Q35 N W3 with d*pfy = 0. Moreover, Lemma 2.16 implies that the sum of the second
and third term lies in 3,. Using Proposition 2.9 we calculate

p= 2aoIm Qg+ d(Y12Re Qo) + #d(Y12Im Qg) —*py + pj.
By Proposition 5.18 we furthermore write in a unique way
a3 — +dh ANIm Qg —d (%ao Im Qg + d(Y12Re Q) + *d(Y12Im Qo)) = dxd (YaaRe Qg + ugwo) + dpj
with d*pf = 0 and pjj € Q3, NW3. We then set fo = us, X = Y5 and p) = pf. O
8. EXISTENCE OF HIGHLY COLLAPSED CIRCLE-INVARIANT TORSION-FREE G2—STRUCTURES

Return now to the setting of Theorem 6.3. Let (B, wg, Qo) be a simply connected AC Calabi—Yau
3-fold and let M — B be a non-trivial principal S'~bundle satisfying (6.4). Theorem 6.3 guarantees
the existence of a HYM connection # on M and a 3-form p € Q3, such that (6.1) are satisfied where
p = —xp. In other words there exists ¢y > 0 such that for all € € (0, ¢g)

oM = €0 Awy+Re Qo+ ep

is a closed S'-invariant Go-structure on M with torsion of order O(e?). Moreover, df = O(r~2) and
p=O(r=1) as r — oo with analogous estimates on all higher derivatives and therefore the metric
on M induced by @El) is ALC. We now aim to perturb gogl) to an S'-invariant torsion-free ALC
Gy-structure. In fact, in view of the S*-invariance we work directly on the 6-manifold B and aim

to perturb (6, p) to a solution of the Apostolov—Salamon equations (3.8) for e sufficiently small.

Theorem 8.1. Let (B,wo, o) be a simply connected irreducible AC Calabi—Yau 3-fold and let
M — B a non-trivial principal circle bundle that satisfies

Cl(M) U [WO] =0e€ H4(B)
Let (0, p) be the solution of (6.1) with df € C%% and p € C°Y given by Theorem 6.5.

Fizl>1, a € (0,1) and v € (=2,—1) away from a discrete set of indicial roots. Then there
exist €9, C > 0 such that for all € € (0,¢eg) there exists a unique solution

he=1+H, b.=0+¢, We = wWo, ReQc =ReQq +ep+ 0,

of the Apostolov-Salamon equations (3.8) with d*¢' = 0 and p' of the form %ao Re Qo + Q3.
Moreover,
(W, e, p)[| e < Cé.

Our main existence result Theorem 1.1 in the Introduction follows immediately from Theorems
6.3 and 8.1.

Proof of Theorem 1.1. By Lemma 3.2 every solution (he, 8¢, we, 2¢) of the Apostolov—Salamon equa-
tions (3.8) on B corresponds to an S'-invariant torsion-free Go-structure on M. The estimates in
Theorems 6.3 and 8.1 guarantee that, with v < —1,

he=1+40(er"),  Qe=Q+O0(er™),

and 6. approaches a connection 6, on C(X) up to terms of order O(er”), where all estimates hold
in Holder spaces. It is then clear that, if g. denotes the metric induced by ¢, (M, g.) is an ALC
manifold and g. can be made arbitrarily C»® close to the Riemannian submersion gy + €26% as
e — 0. It is left to prove that the restricted holonomy group of (M, g.) is necessarily the whole Go.
First of all note that M has finite fundamental group since ¢;(M) # 0. Hence without loss of
generality we can assume that M is simply connected. Then the holonomy of (M, g.) reduces to a
strict subgroup of Gg if and only if (M, g.) carries non-trivial parallel 1-forms [15, Lemma 1].
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Let then T" be a parallel 1-form on (M, g.). We have to show that I' = 0. An argument exploiting
the adiabatic limit seems possible, even though the results of the papers [31, 32, 64] cannot be
immediately applied to our situation because of the non-compactness of M and B. We sketch
instead a proof that exploits the ALC structure and holds more generally even when ¢ is not
small. This argument requires the extension of the analytic results of Appendix B from the AC
to the ALC setting. We are preparing a paper that develops such a systematic theory in the ALC
setting, however the results of Hausel-Hunsicker—-Mazzeo [45] (which hold more generally for fibred
boundary metrics) already suffice for our current purposes.

Now, since T is parallel it is in particular closed, coclosed and bounded. By [45, Proposition 16]
and Proposition 4.13, outside of a compact set

T =afs +O®°)

for some a € R and 6 < 0. Moreover § < —4 if a = 0. In this case I' € L. Now, the L?-cohomology
of M is topological [45, Corollary 1]: L?H'(M) ~ H}(M). We can then use a Gysin sequence to
identify H!(M) with H!(B) ~ H'(B) and then conclude that L>H!(M) = 0 using the simply-
connectedness of B. As a consequence, the map I' — a is injective and therefore there exists at
most one parallel 1-form I up to scale. Moreover, since the metric is S'-invariant, the S! action
must preserve the space of parallel 1-forms and therefore I' is S'-invariant. Hence T' = u 6 + v
where u,~ are pulled-back from B, v = O(T‘S) for some § < 0 and w is a bounded function on
B that approaches the constant function 1 at infinity with rate . A straightforward calculation
shows that the equation dI" = 0 forces u = 1 and dy = —df. However this is impossible since
[df] = c1 (M) # 0 € H*(B,Z). O

Remark. Note that in Theorem 1.1 we start from an AC Calabi-Yau structure (wp, ) on B and
not only the induced Kéahler Ricci-flat metric go. Different choices of SU(3)-structure (wo, o)
inducing the same metric gg give rise to different ALC Go—metrics on M (possibly related by
a diffeomorphism). Since we are assuming that B is irreducible, and therefore (B, gp) has full
holonomy SU(3), the space of Calabi-Yau structures on B inducing the same metric go is S! x Zo,
where Zs is generated by complex conjugation (wg, Qg) + (—wo, ) and e € St corresponds to a
change of phase Qg + €€}y of the complex volume form. Note that the involution (6, h,w, Q)
(=0, h, —w, ) is a symmetry of the Apostolov—Salamon equations (3.3) and therefore for every e
sufficiently small applying Theorem 1.1 to M — (B, wp, Qo) and to its dual MV — (B, —wp, Q)
yields the same ALC Ga—metric gc on M. Note also that in the examples considered in the next
section the AC Calabi—Yau 3-fold B is a crepant resolution of a Calabi—Yau cone: in this case there
is a diffeomorphism of B (generated by the lift of the Reeb vector field of the cone, which has linear
growth) that relates Calabi—Yau structures differing by a phase of the complex volume form.

The rest of this section contains the proof of Theorem 8.1. Our strategy is to construct a solution
of the Apostolov—Salamon equations as a power series in € by solving (3.8) iteratively to all orders
in €. We first use Theorem 7.5 to construct a formal power series solution and then prove that the
series converges in weighted Holder spaces for e sufficiently small.

8.1. Existence of formal power series solutions. Fix | > 1, a € (0,1) and v € (-2, —1) away
from a discrete set of indicial roots. We look for an SU(3)-structure (we, §2¢) and a positive function
he on B and a connection 6. on M — B expressed as power series in €

We = W, ReQE:ReQO—i—ep—i—Zekpk,

k>2

(8.2a) -
hezl—&—Zekhk, 696:69+Z€k’}/k,

k>2 k>2

with pg, by, v € CL* for all k > 2. Working transversally to gauge transformations we require
further that d*y; = 0 and, in view of Proposition 7.3, that py = %a(),k Re Qg + m12 p for some
function aq . It will be convenient to set h1 =0, p1 = p and 11 = 6.
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For all k > 2 there exists a map Qr = Q(p1,p2,--.,pk—1) depending real-analytically on its
arguments such that

(8.2b) ImQe =ImQ+ep+ > € (pr, + Q).
k>2

Here py, — pi is the linearisation of Hitchin’s duality map for stable 3-forms on 6-manifolds. In
fact, if p; is given degree i for all 4 > 1, then Qj is a weighted homogeneous polynomial of degree
k with values in the space of 3-forms. We set Q1 = 0.

In order for (we, §2¢) to be an SU(3)-structure we have to impose the algebraic constraints (2.2).
While the condition we A Re 2, = 0 is automatically satisfied with our choice of pi, the condition
i Re Q. AIm Q, = %w? implies that ag r, = o r(p1, P2, - .., pr—1) is a degree-k weighted homogeneous
polynomial in its arguments. Indeed, imposing Re Q2. A Im Q2. = Re Qg A Im Qg to all orders in €
defines oy uniquely as a function of p1, po, ..., pr—1 by

k—1
(8.3) agrReQo AIm Qo +ReQ A Qe+ Y pr—m A (Pm + Qm) = 0.

m=1

Here we used the fact that pp AIm Qg + Re Qo A pr, = a1 Re Qg A Im Qg with our definition of py.

Finally there are open conditions to be satisfied: Re {2, must be a stable 3-form and h. > 0;
equivalently, ReQ, — Re{y and he — 1 are sufficiently small in C%norm. In fact we will need
to require that (w., Q) is close to (wp, ) in the weighted C'-norm of Proposition 7.4. In this
subsection we aim to show that we can construct successive polynomial approximations to a solution
of the Apostolov—Salamon equations (3.8). Hence we can always assume that these open conditions
are satisfied by taking e sufficiently small. More precisely, for every k > 1 there exists ¢ > 0 such
that the degree-k truncations of Re 2. and h. are close to Re Qg and 1 in the relevant norms for all
€ € (0, ¢e). In the next subsection we will show that the sequence ¢ is bounded away from zero.

Fix k > 2. Suppose that (h;,7i, p;) € CL® have been determined for i = 1,...,k — 1 and that the
Apostolov-Salamon equations (3.8) are satisfied up to terms of order O(e*). We now show that we
can choose (hg, Vi, pr) so that the Apostolov—Salamon equations are satisfied up to terms of order
O(e**1). The vanishing of the degree-k component of the Apostolov-Salamon system is equivalent
to the linear system

(8.4) d*y, = 0, dyk N wg =0, %dhk A wg —dye ANIm Qo = oy,
' dpy + %dhk AReQo + dyp Awy = Qg k, dpy, + %dhk ANIm Qo = a3k,

where

k-1 i

ok = (€dOc) ) A (hd Tm Qo) s
m=1
k=1

(8.5) g = —d (Z_l (hé)[m] (Re Qe)[k—m]) J

k=1
agy = —d (ka +> (h?)[m] (Im Qe)[km]> :
m=1

Here the subscript [, denotes the coefficient of €™ in the power series expansion of the given
quantity. By the inductive hypothesis o is closed and ag y, 3 are manifestly exact.

Now, Proposition 7.4 can be used order by order in € to show that we can in fact rewrite (8.4)
in the form of Theorem 7.5 by adding functions fi, fo and a vector field X as additional free
parameters. More precisely, apply Theorem 7.5 to find triples (hg, Vi, pr) € C5* and (f1, f2, X) €
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Cll,fl’a satisfying
d*vy, =0, dye N w% =0, %dhk A wg — dye NImQy = ay g,
(8.4/) dpi + %dhk A Re Qo + dyk A wo + d*d(floJQ) = Qg L,

dpr, + rdhy NIm Qo + d+d(X 2 Re Qo + fowo) = ag .

and all the additional algebraic constraints. Now, if € is small enough the 3-form Re )’ obtained
by truncating the power series for Re ) in (8.2a) to order k is a stable 3-form with Hitchin dual
Im Q' that coincides modulo ¢! with the truncation to order k of the power series in (8.2b).
Define in a similar way a function A’ and a closed integral 2-form &’ truncating the power series
of he and edf. in (8.2a) to order k. Now, since agpy,...,a3) are given by (8.3), the inductive
hypothesis and (8.4") imply that (wo, ', 1/, &) and (u,v, X) = (—€* f1, —€* fo, —€* X) satisfy all
the assumptions of Proposition 7.4 (including the algebraic constraints for (wp, ') to be an SU(3)-
structure) modulo €*+1. In particular, the torsion constraints of Proposition 2.10 also hold modulo
€1 and the calculations in the proof of Proposition 7.4 show that necessarily fi, f2, X = 0.

8.2. Convergence. Given the linear estimate of Theorem 7.5, the proof that the formal power
series @, constructed in the previous subsection converges for € small enough follows the arguments
of Kodaira—Nirenberg—Spencer in their proof of the existence of analytic deformations of complex
structures [57, §5], cf. also [58, §5.3.(c)]. Here we sketch the proof that the power series ¢, converges
in CL®. The only slight complication with respect to Kodaira-Nirenberg-Spencer’s argument is that
the first-order term of the expansion (hi,v1,p1) ¢ CL® (but any non-linear expression involving
these quantities decays at least as fast as O(r~2) and therefore does lie in C}**—this is the reason
for choosing v > —2).

Set C = Q0 x Q! x O3, and for k > 2 write ¢, for the triple (hy, ", px) € C. The iteration
procedure described in the previous subsection can be summarised schematically as follows: for
each k > 1 we can iteratively determine ¢y11 from ¢1,...,p, in a unique way by solving an
equation of the form

L (or+1) = Okt1,

where L is a linear first-order operator and ©y1 = Ox11(¢1,. .., k) is an algebraic expression in
©1,---, 9K Moreover, by Theorem 7.5 there exists a uniform constant C' > 0 such that
(56) lersillape < ClOklgye:

k+1

In fact Opi1(p1,...,¢k) is the coefficient of € in the Taylor series of (e 1 4 --- + Foyp),
where ©: C — C is a pointwise real analytic map vanishing at 0 together with its derivative (©
is a composition of the non-linear part of Hitchin’s duality map for stable 3-forms on 6-manifolds,
maps like f — (14 f)*—1, a € R, and wedging together differential forms). We therefore conclude
that there exists a power series >, <9 Cp, ™ with radius of convergence R > 0 such that

O(@) < Y Culel™, VO] <[Vl D m o™

m>2 m>2
for all ¢ € C with ||+ |V¢| < R. Using Theorem B.4 (v), we can therefore estimate, for all k > 1,
k+1 _
(8.7) MM@dQZQ%E:M%MW@WWM@J
m=2 I€T,, 1 -1 v v
for some uniform constant @) > 0. Here Z,, j, is the set of multi-indices I = (i1,...,) such that

i1+ +ig=mand i +2is+ -+ kir = k+ 1. In order to see why (8.7) is true, first note that
1]l 1e < 0o since |VE@1| = O(r~'=%) for all k > 0 by (6.6). Moreover, in order to justify the
—1

application of Theorem B.4 (v) we need to check that for every I € 7,, ;, we have

—i1 + (ig + - +ig)v = —i1 + (m —i)v < v



44 L. FOSCOLO, M. HASKINS, AND J. NORDSTROM

This is the case, since —i1+(m—i1)v =mr < 2vifi; =0, —i1+(m—i1)v = —1+(m—1)r < —1+v
ifig =1 and —i1 + (m — i1)v < =2 if i3 > 2. Here the choice v > —2 is crucial (a weak inequality
would suffice, but the strict inequality avoids indicial roots).

For constants b, ¢ > 0 to be determined later consider the power series

Ale) = € _em,

= — —€
16¢ m2
m=1

It has the crucial property [58, Equation (5.116)]

(35) < (1) 4

for all integers m, k > 1. Here (A(€)™)p, denotes the coefficient of ¢® in the power series A(e)™. We
now introduce the notation [¢1]| = [l¢1l/ 1.0 and [[@r]| = [|@kllo1e for all & > 2. We are going to
—1 v

prove that ||¢g|| < Ag by induction on k > 1. Since A(e) has a positive radius of convergence this
will show that the power series (€) = Y59 re® converges in CL® for € small enough.
For the base of the induction, choose b so that

b
a < = —.
||301||c}1 <A 16

For k > 1, (8.6), (8.7) and the induction hypothesis yield

k41 ' ' k+1
leksill < ClOsllpia < CQ Y Crm ( S oAl ..A;;) = CQ Y Con (A()™) s
m=2

m=2 I€Tm

Property (8.8) therefore implies

k+1 b m—1
[or1] < CQ (Z Cm (E) > Ap1.
m=2

In order to conclude that ||pr+1|| < Ax+1 we now choose c sufficiently large: the choice of ¢ can be
made independent of k since the power series }_,,~- Cynz™ 1 has a positive radius of convergence.
The proof of Theorem 8.1 with [ = 1 is now complete. The case [ > 1 is similar.

Remark. In Theorem 8.1 we choose v € (—2,—1) while in Theorem 7.5 we are allowed to take
v € (=3 —4,—1) for some ¢ > 0 sufficiently small. In fact, pushing the linear analysis to the case
v < —3, i.e. the L?-range, required most of the work in the proof of Proposition 5.16. The full
strength of Theorem 7.5 could be used to derive sharper asymptotics for the metrics produced by
Theorem 1.1. A finite number of iterations of our recursive method to solve the Apostolov—Salamon
equations as a power series in € makes the torsion of the approximate solution decay faster than
r~%. Using Theorem 7.5 with v € (=3 — §, —3) then shows that all subsequent corrections to the
approximate solution decay faster than r3.

Remark. Note that the proof of Theorem 8.1 did not use the fact that c1 (M) # 0. If M = B x S is
endowed with the trivial connection § and p € Q3, is a closed and coclosed 3-form of rate v < —1
then our proof shows that for e sufficiently small (wg, Rey + €p) can be perturbed to an AC
Calabi—Yau structure.

9. EXAMPLES FROM CREPANT RESOLUTIONS OF CALABI-YAU CONES

In this final section we apply Theorem 1.1 to produce examples of complete ALC Go—manifolds.
A rich theory of AC Calabi—Yau manifolds has been developed in recent years thanks to the work of
many authors. Theorem 1.1 allows us to exploit these advances in Calabi—Yau geometry to obtain
non-trivial results about Go—manifolds.



COMPLETE NON-COMPACT G2-MANIFOLDS FROM AC CALABI-YAU 3-FOLDS 45

9.1. Crepant resolutions of Calabi—Yau cones. Let C(X) be a Calabi-Yau cone with conical
Calabi—Yau structure (wc, 2¢). In the wide spectrum of AC Calabi—Yau manifolds asymptotic to
C(X), two extreme classes of examples arise from affine smoothings (by [81, Theorem 3.1] every
Kéhler cone is biholomorphic to an affine variety) and crepant resolutions of C(X). Here a crepant
resolution 7: B — C(X) is a resolution of singularity with trivial canonical bundle; in other words,
B is a smooth complex 3-fold isomorphic to C(X) outside the exceptional locus m~!(0), where
o is the vertex of C(X), and 7*Q¢ extends to a holomorphic complex volume form Qp on B.
In view of Theorem 1.1, we look for non-trivial circle bundles over AC Calabi-Yau 3-folds. In
general affine smoothings of 3-dimensional isolated singularities have vanishing second cohomology
group. For example, this is always the case for hypersurface singularities by a well-known result of
Milnor [67, Theorem 6.5] and for complete intersections by [43, Satz 1.7 (iv)]. In this section we
therefore consider the class of AC Calabi—Yau manifolds given by crepant resolutions of Calabi—Yau
cones.

The following theorem summarises the known existence and uniqueness results for AC Calabi—
Yau structures on crepant resolutions of Calabi—Yau cones. We state the result in complex dimension
3 but an analogous statement holds in every complex dimension.

Theorem 9.1. Let C(X) be a 3-dimensional Calabi-Yau cone with Calabi-Yau cone structure
(we, Qc) and metric go. Let m: B — C(X) be a crepant resolution with complex volume form Qg
extending 7*Qc. Then in every cohomology class containing Kahler metrics there exists a unique AC
Kahler Ricci-flat metric wg on B with %wg = %Re Qo AIm Qg. Moreover, (B,wp, Q) is asymptotic
to the Calabi-Yau cone C(X) with rate —6 if the Kahler class [wo] is compactly supported and with
rate —2 otherwise.

The theorem is the combination of work of various people. The existence in the special case of
ALE manifolds was established by Joyce in [51], in the case of compactly supported Kéhler classes
by van Coevering [80, Theorem 1.2] and in the general case by Goto [42, Theorem 5.1]. The optimal
uniqueness statement in Theorem 9.1 is due to Conlon-Hein [26, Theorem 3.1].

Theorem 9.1 reduces the problem of constructing AC Calabi—Yau metrics to the construction
of Calabi—Yau cones and the classification of their Kéhler crepant resolutions. For example, the
existence of Calabi—Yau cone metrics in the toric setting was completely understood by Futaki—Ono—
Wang [38] and toric crepant resolutions of a toric singularity correspond to nonsingular subdivisions
of the fan of the singular toric variety. Exploiting his result on the existence of AC Kéhler Ricci-
flat metrics with compactly supported Kahler classes, van Coevering constructs infinitely many
examples of toric AC Calabi-Yau 3-folds [81, Theorem 1.3], in fact at least one such example
asymptotic to each Gorenstein toric Kéhler cone with an isolated singularity.

Existence of Calabi—Yau cone metrics, or equivalently, Sasaki—Finstein manifolds, is a difficult
problem. In the regular and quasi-regular cases, the problem is equivalent to the existence of
Kahler—Einstein (orbifold) metrics with positive scalar curvature. Many examples were obtained
exploiting calculations of a—invariants, cf. for example [9] and [11]. The first known examples of
irregular Sasaki-Einstein manifolds were constructed by Gauntlett—Martelli-Sparks—Waldram [40]
and are completely explicit. We refer to the survey paper [76] and the monograph [10], in particular
Chapter 11, for further details on all these constructions.

Very recently, Collins—Székelyhidi [25] proved that the existence of a Calabi—Yau cone metric on
C(X) is implied by K-stability. In the conical setting, K-stability is an algebro-geometric notion for
the affine variety C(X) ¢ CV with an isolated singularity at the origin together with a holomorphic
(C*)™—action generated by a vector field £ which acts with positive weights on the coordinate
functions of CV. The definition of K-stability involves all possible degenerations of (C(X),€) and
is therefore difficult to check in practice. However, in cases with a large automorphism group only
equivariant degenerations need be considered and therefore checking K-stability can be reduced to
combinatorial calculations. For example, in the toric case every degeneration must be isomorphic to
C(X) itself and the result of [38] is recovered in this way. Collins—Székelyhidi also consider certain
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new examples with a complexity-one torus action, i.e. n-dimensional examples acted upon by an
(n—1)-torus. In the next subsection we use these new examples of 3-dimensional Calabi—Yau cones
to construct infinitely many ALC Gg—manifolds.

9.2. Examples from small resolutions. Given a Calabi—Yau cone (C(X),wc, Qc¢), let (B, wo, Qo)
be a crepant resolution of C(X) endowed with an AC Calabi—Yau structure as in Theorem 9.1. Let
M — B be a non-trivial circle bundle. In general it is not straightforward to check condition (6.4),
i.e. c1(M)U|wo] = 0 € H*(B). In this subsection we consider examples where (6.4) is automatically
satisfied because H*(B) = 0. By [17, Theorem 5.2] this is the case if and only if B — C(X) is a
small resolution, i.e. the exceptional set of the resolution has no divisorial component.

Example 9.2. The conifold C(X) = {2 + -+ + 2§ = 0} C C* admits an explicit Calabi-Yau
cone metric: the corresponding Sasaki-Einstein 5-manifold ¥ is S% x S = SU(2) x SU(2)/AU(1)
endowed with a homogeneous Sasaki-Einstein metric. The conifold admits two small resolutions
related by a flop and both isomorphic to the rank 2 complex vector bundle O(—1)®O(—1) — CP'.
Let B be one such small resolution. Note that H?(B) ~ H?(X) is 1-dimensional and H*(B) = 0.
Candelas—de la Ossa [18] constructed an explicit cohomogeneity one AC Calabi-Yau structure
(wo, ) on B, unique up to scale. Hence Theorem 1.1 yields the existence of a 1-parameter family
of ALC Gg-metrics up to scale (and orientation) on the unique simply connected circle bundle
M — B. Because of the uniqueness modulo diffeomorphisms of our construction, the ALC Go—
metrics produced by Theorem 1.1 in this case must in fact admit an isometric cohomogeneity one
action of SU(2) x SU(2) x U(1) and therefore they must belong to the D7 family of cohomogeneity
one ALC Gy-manifolds studied numerically by Cveti¢-Gibbons-Lii—Pope [29].

Let C(X) be a 3-dimensional Calabi—Yau cone admitting a crepant resolution. By [81, Proposition
3.5], C(X) is then a Gorenstein canonical singularity. If C(X) admits a small resolution then C(X)
must be a terminal singularity and therefore [75, Main Theorem (I)] a so-called compound Du Val
singularity: C(X) is a 3-fold hypersurface singularity of the form { f(z,y, 2)+tg(z,y, 2,t) = 0} C C*,
where {f(z,y,2) = 0} C C? defines a Du Val singularity. Equivalently, the generic hyperplane
section of C(X) is a Du Val singularity. If this Du Val singularity is of type W,, = A,, D, or
Eg, E7r or Eg we say that C(X) is a compound W,, singularity, or ¢W,, singularity for short. In
[74, §8] Pinkham observes that it is possible to construct small resolutions of compound Du Val
singularities as deformations of partial resolutions of Du Val singularities. This approach is pursued
by Katz [56], who gives a complete classification of the cA,, and c¢Dy singularities that admit small
resolutions. In the cA,, case partial results were in fact known to various other authors, cf. for
example Friedman [36, §2] and, in very special cases, Brieskorn [14, Satz 0.2].

Theorem 9.3. For p > 1 consider the compound A, singularity X, C C* defined by the equation
(9.4) 22 P 4 2P Pt =0,
(i) Xp admits a Calabi-Yau cone metric with Reeb vector field £ acting on C* with weights
3(p+1,p+1,2,2).

Thus X, = C(X) is the Calabi-Yau cone over a quasi-reqular Sasaki-Einstein structure on
Y~ #, (S x S3).

(i) X, admits a Kihler small resolution B. The exceptional set is a chain of p rational curves
meeting transversely. Moreover, B is simply connected and its Betti numbers are

bo(B) =1,  bi(B) =b3(B) = ba(B) =b5(B) =bs(B) =0,  b2(B) =p.

In particular B admits a p-parameter family of Calabi-Yau structures (wo, Qo) asymptotic
to the Calabi-Yau cone X, = C(X) with rate —2.
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Proof. The existence of a Calabi-Yau cone metric on X, with the given Reeb vector field follows
from [25, Theorem 7.1 (I)]: Collins-Székelyhidi consider more generally Brieskorn-Pham singular-
ities of the form

x2+y2+zh—wk=0

for integers 2 < h < k. They show that, with the most obvious choice of Reeb vector field [41, §3],
this Brieskorn—Pham singularity is K-stable (and therefore admits a Calabi—Yau metric by their
existence result [25, Theorem 1.1]) if and only if £ < 2h. In fact, the necessity of this condition
follows from the Lichnerowicz obstruction of Gauntlett—Martelli-Sparks—Yau [41, §3.2]. However,
the existence of a Calabi-Yau cone metric on these singularities was previously known only when
h =k = 2 (the conifold) and h = 2,k = 3 (thanks to work of Li-Sun [59, §5.2] on Kéhler—Einstein
metrics with cone singularities along divisors). The fact that the link 3 of the singularity X, is
diffeomorphic to #, (5% x S3) is well known, cf. [10, Table B.4.4].

Brieskorn [14, Satz 0.2] has shown that a singularity of the form 22452+ 2" —wk = 0,2 < h <k,
has a small resolution if and only if k£ is a multiple of h. More generally, Katz [56, Theorem 1.1]
has shown that a cA, singularity admits a small resolution if and only if the singularity is given
by 22 + % + g(z,w) = 0 with g(z,w) = 0 an isolated plane curve singularity with exactly p + 1

. 2im
smooth branches. Note that zPT1 — wPt! = [T/—o(z — (Yw), where = e?*T. A small resolution

B of X, is then obtained by blowing-up X,, along p planes of the form z +iy =0 =2 — CJw (or
x —iy =0 = z — (Yw). This shows that B is Kihler since it can be realised as the complement of
a divisor in a blow-up of a weighted projective space.

Katz has shown that the exceptional locus of the resolution B — X, is a chain of p rational curves
meeting transversely [56, Theorem 1.1]. The topology of B can be determined using [17, Theorems
5.2 and 7.2] or more directly exploiting the fact that the C*~action on X, induces a retraction of
B onto the exceptional set of the resolution.

Let Q¢ be the holomorphic complex volume form on any such small resolution B obtained by
pulling-back the conical complex volume form {2c on X,,. By Theorem 9.1, B admits a family of AC
Calabi-Yau structures (wp, {2y) parametrised by the space of classes in H?(B) containing a Kihler
metric. In Section 7.1 we have already noted that the “Kéahler cone” of an AC Calabi—Yau 3-fold
is an open subset of the second cohomology. Since H2(B) ~ H,(B) = 0, the Kéhler class of an AC
Calabi—Yau structure (wp, Q) on any small resolution is never compactly supported and therefore
by the final statement in Theorem 9.1, (wg, ) decays to the conical Calabi—Yau structure on
X, = C(X) with rate —2. O

Corollary 9.5. Let B be a small resolution of the compound Du Val singularity (9.4) for p > 2.
Let M — B be a principal circle bundle. By passing to a finite cover we can assume that c1 (M) is
a primitive element in the lattice H*(B;7Z) so that M is simply connected.

Then M carries a p-dimensional family of complete ALC Go—metrics up to scale. In particular,
there exist families of ALC Go-manifolds of arbitrarily high dimension. Moreover, for p,p’ > 2
with p # p' the ALC Go-manifolds M and M’ constructed in this way are not diffeomorphic. In
particular, there exists infinitely many diffeomorphism types of simply connected complete non-
compact Gog—manifolds.

Proof. The existence of complete ALC Go—metrics follows by applying Theorem 1.1 to the AC
Calabi-Yau manifolds produced by Theorem 9.3 (ii). The fact that H*(B) = 0 implies that the
constraint ¢1(M) U [wg] = 0 € H(B) is trivially satisfied.

Since H3(B) = 0 = H*(B), the Gysin sequence for the circle fibration M — B shows that
integration along the circle fibres yields an isomorphism between H3(M) and H?(B). Since the
image of [¢.] in H?(B) is €[wp] we see that ALC Ga—metrics arising in Theorem 1.1 from AC Calabi—
Yau structures on B with different Kéhler classes cannot be equivalent under a diffeomorphism
isotopic to the identity.



48 L. FOSCOLO, M. HASKINS, AND J. NORDSTROM

In order to show that different choices of p, p’ give rise to non-diffeomorphic 7-manifolds, we use
the computation of the Betti numbers of B in Theorem 9.3 (ii) together with the Gysin sequence
of the circle fibration M — B. If M is a non-trivial circle bundle over a small resolution of the cA4,
singularity X, then by(M) =1

bQ(M):p_]-v b3(M):p7
and all other Betti numbers vanish. O

Remark. While it might be possible to determine fully the diffeomorphism type of M, here we
content ourselves with the determination of the diffeomorphism type of its end. The end of M
is diffeomorphic to (R,00) x N, where N is the total space of a non-trivial circle bundle over
¥ ~ #, (9% x $3). The Gysin sequence for this fibration shows that b1(N) = 0, bo(N) = p — 1
and b3(N) = 2p. In order to determine fully the diffeomorphism class of N we make the additional
assumption that the image of ¢;(M) in im H?(B,Z) — H?(%,Z) is primitive (an assumption
that can always be achieved by passing to a finite cover). Then N has no torsion in cohomology.
Moreover, since NV is a hypersurface in a Go—manifold it is spin. Hence we can use the classification
of such manifolds given by Wall [82, Theorem 5|: the diffeomorphism class of N is determined
by the symmetric trilinear map pu: H?(N,Z) x H*(N,Z) x H*(N,Z) — Z given by cup product
and the first Pontrjagin class, which can be regarded as a linear map py: H?(N,Z) — Z via cup
product. Now, the Gysin sequence for the circle bundle 7: N — ¥ shows that H?(N) ~ 7* H?(X),
hence p = 0 since ¥ is 5-dimensional. On the other hand, since N is a principal circle bundle
over Y and therefore the vertical tangent bundle of 7 is trivial, we have TN = T3 @& R. Hence
p1(N) = 7 p1(X) = 0 since H*(X) = 0. Wall’s result then implies that N is diffeomorphic to the
connected sum of p — 1 copies of S? x S* and p copies of S x S3.

9.3. Other examples. Let (B,wy, ) be an AC Calabi-Yau structure on a crepant resolution of
a Calabi-Yau cone C(X) and assume that H*(B) # 0. Set d = dim H2(B) and b = dim H?(X). As
pointed out in [81, Equation (60)], we have an exact sequence 0 — H2(B) — H?(B) — H?*(X) — 0
and therefore, given a choice of bases, the topological condition ¢;(M) U [wp] = 0 in Theorem 1.1
is a system of d linear equations in d + b variables and we are interested in its integer solutions.
Note that by Poincaré duality the coefficients of the system are determined by triple intersections
of divisors on B (compact and non-compact ones, with at least one compact divisor in each triple).
Toric examples show that the system x U [wo] = 0 € H*(B) can be highly degenerate, but we
expect that Theorem 1.1 can be applied to a wide class of crepant resolutions of Calabi—Yau cones
yielding a plethora of new complete Go—metrics, many of which are potentially defined on the same
underlying smooth 7-manifold. In fact, an extension of the construction of this paper to the case
where B is an AC Calabi—Yau orbifold yields infinitely many distinct families of ALC Gg—metrics
on a manifold as simple as S x R* [34, Theorem 4.12].

We conclude the paper by considering a concrete example of an AC Calabi—Yau B with by(B) = 1.
Set D = CP! x CP! and consider the canonical line bundle B = Kp. Blowing down the zero-section
exhibits B as a crepant resolution of the Calabi—Yau cone C(X) over a free Zo—quotient X of the
homogeneous Sasaki-Einstein structure on S? x 3. By Theorem 9.1 the complex manifold B carries
a 2-parameter family of AC Calabi—Yau structures. In fact these metrics are all invariant under a
cohomogeneity one action of SU(2) x SU(2) and have been determined explicitly [73, §C].

Now, H?(B) ~ H?(D) is generated over the integers by the classes [w1] and [ws] of the Fubini-
Study metrics of the two CP!factors in D. We therefore denote cohomology classes on B by
pairs of real numbers. A cohomology class (a1, a9) is a Kéhler class if and only if a1,as > 0. If
c1(M) = (a1, a2) € Z* and [wo] = (a1, az) then ¢ (M) U [wp] = 0 if and only if

aiag + asap = 0.

Therefore Theorem 1.1 yields the following result.
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Theorem 9.6. Given a pair of coprime integers m,n consider the simply connected 7-manifold M
which is the total space of the principal circle bundle over Kepi cp1 with first Chern class (m, —n).
Then provided mn > 0, for every a € Ry the T-manifold M carries a 1-parameter family {ge }o<e<e,
of ALC Gg—metrics that collapses to Kgpi, cp1 endowed with the AC Calabi-Yau metric with Kdhler
class a(|m|, |n|) as e — 0.

Note that scaling acts simultaneously on € and a and therefore Theorem 9.6 yields a 1-parameter
family of ALC Go—metrics up to scale on M. By uniqueness in our construction the metrics g.
must in fact be invariant under the cohomogeneity one action of SU(2) x SU(2) x U(1) on M.
In [35] we use cohomogeneity one methods to study these families away from the highly collapsed
regime of Theorem 9.6. Based on numerical experiments, Cveti¢—Gibbons—Lii—Pope [28, §4] argue
for the existence of a continuous 2-parameter family up to scale of cohomogeneity one ALC Go—
metrics collapsing to Kgp1, cpt. This contradicts Theorem 9.6, which only guarantees the existence
of countably many 1l-parameter families up to scale of such metrics. However, we note that the
authors of [28] are not very careful about the finite group stabiliser of the principal orbits: the fact
that this is non-trivial seems to force some of the parameters determining initial conditions for
their numerical solutions to vanish.

APPENDIX A. HOMOGENEOUS HARMONIC FORMS ON RIEMANNIAN CONES

In this first appendix we study harmonic forms on a Riemannian cone. We give general statements
that work in every dimension. These results were first obtained by Cheeger [19-21] as degenerate
limiting cases of his more general analysis of eigenforms of the Laplacian on Riemannian cones. For
completeness we give a direct proof of the results about harmonic forms that we use in the paper.

Let C = C(X) be an n-dimensional Riemannian cone over a smooth compact Riemannian (n—1)-
manifold . The following lemma is the result of a straightforward computation.

Lemma A.l. Let v = rMtF (% Ao+ ﬂ) be a k-form on C homogeneous of order \. For every
function u = u(r) we have A(ury) = r F=2 (% NA+ B), where

A:u(Aa—()\+k—2)(/\+n—k)oz—2d*ﬁ)—ru(2/\+n—l)a—r2da,
B:u(Aﬁ—(>\+n—sz2)(>\+k)ﬁ—2da)—ru(2>\+n—1)ﬂfr2ﬂﬂ.

Theorem A.2. Let v = rF (% ANa+ ﬁ) be a harmonic k-form on C homogeneous of order \.
Then ~ decomposes into the sum of homogeneous harmonic forms v = 1 + Y2 + 3 + 4 where
s = Atk (% Aa; + ﬁi) satisfies the following conditions.

(i) f1 =0 and oy satisfies dag =0 and Aoy = (A +k—=2)(A+n—k)ag.

(ii) (ag,fB2) € QFL . x QF . satisfies the first-order system

das = (A + k) B2, d* By = (A+n—k)as.

In particular, if (ag,B2) # 0 then A+ k # 0 # A+ n — k and the pair (ag, B2) is uniquely
determined by either of the two factors, which is a coexact/exact eigenform of the Laplacian
with eigenvalue (A + k)(A+n — k).
(iii) (a3, B3) € Q¥ L < QF . satisfies the first-order system
da3+()\+n—k—2),6’3=0:d*53—|—(/\—|—k—2)a3.
In particular, if (as,B3) 0 then A+ k —2#0# A+ n—k — 2 and the pair (as, 53) is
uniquely determined by either of the two factors, which is a coexact/exact eigenform of the

Laplacian with eigenvalue (A +k —2)(A+n —k — 2).
(iv) aqg =0 and By satisfies d*54 =0 and APy =A+n—k—2)(A+k)B4.
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The decomposition v = 1 + Y2 + 3 + V4 is unique, except when A = —"T_z; in that case forms of

type (ii) and (iii) coincide, and there is a unique decomposition v = v1 + Y2 + V4.

Proof. By Lemma A.1, vy = r*tF (% Ao+ ﬁ) is harmonic if and only if

A3
(A3) AB=A+n—k—-2)(\+ k)3 + 2da.

By Hodge theory on the compact manifold ¥ write o = a. 4+ aee With .. closed and a.e coexact
and B = B¢ + Be with S, coclosed and (. exact. Then a., B¢ satisfy decoupled equations

Nac=A+k—=2)(A+n—k)a,
APee=A+n—k—=2)(A+k)Bec-
Hence for any such a, and S, the pairs (ac,0) and (0, 5..) are solutions to (A.3) and give rise to
harmonic forms of type (i) and (iv) respectively.

In the rest of the proof we can therefore assume that @ = a,. and § = .. Note that (A.3) can
be rewritten as

{Aa: A+Ek—2)(A\+n—k)a+2d*8,

A {Aa—(>\+k)()\+n—k)a:2(d*ﬂ—(/\+n—k)a),

Aﬂ—(>\+n—k)(/\+k)6:2(da—(A+k)ﬂ).

Moreover, a straightforward computation using d*a = 0 = df3, (A.3) and the equations obtained by
taking d and d* of the first and second equation in (A.3), respectively, shows that d*8—(A+n—k)a
and da — (A + k)f are eigenforms of the Laplacian with eigenvalue (A +k —2)(A +n —k — 2).

We now solve (A.4) using the L?-orthogonal decompositions of Q%L and QF ., into eigen-
spaces for the Laplacian: we write (a, 8) = 3, (ay, ) where o, and 3, are eigenforms for the
Laplacian with eigenvalue p. Since d and d* commute with the Laplacian, note that d*/3, and do,,
are eigenforms for the Laplacian with eigenvalue p. Since eigenspaces corresponding to different
eigenvalues are L?-orthogonal, (,, 8,) must be an independent solution to (A.4) for every eigen-
value p. On the other hand, since we know that the right-hand side of (A.4) lies in the eigenspace
of the Laplacian with eigenvalue (A + k — 2)(A +n — k — 2) we conclude that («,3,) = 0 unless
p=A+EkE)A+n—k)oru=(A+k—2)(A+n—k—2). The two cases correspond to harmonic
forms 72 and ~y3 of type (ii) and (iii) respectively.

The modified statement in the special case A = 7"7_2 is clear since then A+k = —(A+n—k—2)
and A\ +n—k=—-\+k—2). O

Remark A.5. A straightforward computation shows that « is closed if and only if da — (A + k)S =
0 = df and coclosed if and only if d*8 — (A +n — k)a = 0 = d*a. We conclude that, when ~; # 0,

(i) 1 is always closed, and coclosed if and only if A+n—k = 0 (in which case ay is harmonic);
(ii) o is always closed and coclosed (in fact exact and coexact);

(iii) ~ys is closed and coclosed when A = _an’ i.e. the degenerate case that forms of type (ii)
and (iii) coincide, and neither closed nor coclosed otherwise;

(iv) =4 is always coclosed, and closed if and only if A + k& = 0 (in which case §4 is harmonic).
Moreover, v is (co)closed if and only if each component ~; is.

We also need to consider harmonic k-forms on C that are expressed as polynomials in logr
with coefficients in the space of k-forms on the cone homogeneous of order A. The structure of
the logarithmic terms in the following lemma is consistent with those that appear in Cheeger’s
discussion of harmonic forms on cones [19, Equation (2.17)7].

Proposition A.6. Let v = Z}”ZO 7; (log r)7 be a polynomial in logr with coefficients in the space

of k-forms on C homogeneous of order . If A~y = 0 then either m =0 (and Ay =0) orm =1,
A= —"T_Q and v =1 logr + vy with Ay, =0 = A~
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Proof. Let £: QF1(Z) @ QF(E) — QF1(X) @ QF(X) be the linear elliptic operator defined by
L(a,B) = (Aa— A+k—2)(A+n—k)a—2d8,A8—(A+n— k:—2)(>\+k)ﬁ—2da).

Note that L is self-adjoint.

For all j = 0,...,m write v; = r**k (% Aoy +ﬁj>. By abuse of notation we use the same
symbol 7; to denote the pair (aj, 8;) € QF1(X) @ QF(Z). We set v; = 0if j > m or j < 0.

Now, using Lemma A.1 with u = (logr)’ it is not difficult to see that A+ = 0 if and only if

(A7) L(vi) =G+ +n—=2)y41+ (G + 1) +2) 742

for all j =0,...,m. The choice j = m in this equation shows that 7, # 0 lies in the kernel of L.
Assume that m > 1 and consider the equation (A.7) with j =m — 1:

L(Ym-1) = m2A+n — 2) Y.

Since L is self-adjoint, the right-hand-side (that is simultaneously in the image and the kernel of
L) must vanish and therefore 2A +n — 2 = 0. Assume this is the case and that m > 2. Then (A.7)
with j =m — 2 is

L(ym—2) =m(m — 1) ym

and therefore leads to a contradiction. O

Proposition A.8. Let v = 377" ;(log )7 be a polynomial in logr with coefficients in the space
of differential forms on C homogeneous of order \. If (d+ d*)y =0 then m = 0.

Proof. Since each pure-degree component of v is harmonic, Proposition A.6 and a straightforward
computation imply that either m = 0orm =1, A = —”52 and v = y;logr + v with harmonic
Y0,71 satisfying the first-order system (d + d*)y1 =0 = (d + d*)yo + 2dr A1 — 20,0m1.

Now, since 79,y are homogeneous of order A, we can think of them as elements of Q*(X) ® R2.
Under this identification d + d* and +dr A - — 18, are operators D and S from Q*(X) ® R? into

itself with the property that S~1'D is self-adjoint. Indeed, one can write
S7ID (o, B) = (d+ d") (B, @) + P(a, B)

where ® is a constant multiple of the identity on each subspace A¥(T*X) @ {0} and {0} @ A¥(T*Y%).
Here d + d* on the right-hand side is an operator on . Since 7; is both in the image and kernel of
S~1D we conclude that it must vanish. O

APPENDIX B. ANALYSIS ON ASYMPTOTICALLY CONICAL MANIFOLDS

In this appendix we collect basic facts about analysis on asymptotically conical manifolds.
Weighted Banach spaces are a standard tool to work on such manifolds. While their use is wide-
spread by now, we still feel it is useful to collect here the statements of the main results of the
theory to make the paper more self-contained. We refer the reader to [61,62,66] and [63, §4.3] for
proofs and a more extensive treatment.

We begin with the formal definition of an asymptotically conical Riemannian manifold.

Definition B.1. Let (B",g) be a complete Riemannian manifold. We say that (B, g) is asymp-
totically conical (AC) of rate p < 0 if there exists a compact set K C B, R > 0, a Riemannian
cone (C(X),dr? + r?gs) over a smooth compact Riemannian (n — 1)-manifold (3, gs) and a diffeo-
morphism f: (R,00) x ¥ — B\ K such that

Vi (F*9 = 9¢) lgo = O ™)
for all j > 0.
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Since we are interested in Ricci-flat AC manifolds, in view of the Cheeger—Gromoll Splitting
Theorem we will always assume that ¥ is connected. In this case B has only one end.

The vector field rd, generates an R*—action on the Riemannian cone (C(X),dr? + r2gs) by
dilations r + Ar. Let Eo — C(X) be a vector bundle equipped with a lift of this RT—action. Since
dilations are diffeomorphisms of C(X), they act naturally on the frame bundle of C(X) and when
E is a vector bundle associated with the frame bundle via a representation of GL(n,R) we always
assume the lift of the RT—action to E. is the induced one. Moreover, in this case the restriction
of the GL(n,R)-action to diagonal matrices induces a scaling action on E: if we assume for
simplicity that E., is associated with an irreducible representation of GL(n,R) then A € R™ acts
via A idg__, where w is the conformal weight of E, cf. for example [39, §1.1]. When E is not
associated with the frame bundle we set w = 0. We say that a section s of F, is 0—homogeneous
if r*s is dilation invariant. Similarly, a triple (Fuo, hoo, Vo) of a bundle, bundle metric and metric
connection on C(X) is said to be 0-homogeneous if E, is equipped with a lift of dilations as above,
heo is a 0-homogeneous section of Sym?(E%) and rVu: I'(Ey) — T'(Es ® T*C(X)) preserves
0-homogeneous sections.

Definition B.2. Let (B, g) be an AC manifold asymptotic to the cone C(X) with rate p < 0. Let
(E,h,V) — B be a bundle E together with a bundle metric A and a metric connection V. We say
that (E, h, V) is admissible if, under the identification f: (R,o0) x ¥ — B\ K of Definition B.1
there exists a bundle isomorphism ®: f*E — E. such that ®*h = hy + 1/ and ®*V = V, + a,
where the triple (Foo, oo, Vo) on C(X) is 0-homogeneous and (I, a) satisfy

Vi lgoha = O* ), [Vialgean., = O ~17).

We will mostly be interested in (sub)bundles of @ T'B ® &°T*B. By Definition B.1, any such
bundle together with the metric induced by g and the connection induced by the Levi-Civita
connection of g is admissible.

Definition B.3. Let (E, h, V) be an admissible bundle. For all p > 1,k € Ng,a € (0,1) and v € R
we define the weighted Sobolev space Li,v and the weighted Holder space C*® of sections of E as
the completion of C2°(B; E) with respect to the norms

1

k P k

lull iy, = (Z ||r?"*fv3u|§p) o ullgse = Y I Vg + VR
J=0 J=0

Here [rf’”kvku]a is the Holder seminorm defined using parallel transport of V to identify fibres

of E along minimising geodesics in a small neighbourhood of each point in B. By dropping the

Holder seminorm [r~*+*V*4], in the definition of the C5“ norm, we obtain the definition of the

space of sections of E of class C¥. Finally, set CS° = ;> CE.

Theorem B.4. Let B be an n-dimensional AC manifold.

() fk=h=>0k=2>h-%2,p<qandv < V' there is a continuous embedding Ly, , C Ly .
Moreover, if k > h, k — % >h— % and v < V' then the embedding is compact.

(ii) If k > h >0, k—% > h—%, p > q and v < V' there is a continuous embedding Lz’u C L‘;W/,
Moreover, if k > h and k — % > h— % then the embedding is compact.

(i) If v < V' and k — % = h+a then there are continuous embeddings LZV c Che L;]W, for
any q.

(iv) If v <V and k + o > h + 3 then there are continuous embeddings C’V“‘l C Cl’f’a C C’Z},’ﬂ C
C’l}f,. Moreover, if v < V' the embedding C** C C’,’}, is compact.

(v) If v1 + va < v then the product Cl’fl’o‘ X C’féa — Cka s continuous.

Definition B.5. Let P: I'(E) — TI'(F) be an elliptic operator of order k between sections of
admissible vector bundles over an AC manifold B. Let f: (R, 00) x ¥ — B\ K be the identification
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of Definition B.1. Let Py : I'(f*E) — T'(f*F) be an elliptic operator such that 7P, preserves
0-homogeneous sections. Assume that there exists p < 0 such that for every > 0
Vi (f*(Pu) = Po f*u) |pe = O(r™"17)
for every smooth section u of E on B\ K. Then we say that P is an admissible operator asymptotic
to Py.
By Definition B.2, if P: T'(E) — T'(F) is an elliptic operator of order k between admissible vector
bundles defined as the composition of V*: I'(E) — T’ ((X)k T*B® E) with a constant coefficient

bundle map ®k T*B®FE — F, then P is admissible. In particular, the Dirac operator, the Laplacian
and d + d* acting on spinors and differential forms on an AC manifold are admissible operators.

Lemma B.6. Let P: T'(E) — T'(F) be an admissible operator of order 1 and let P* be its formal
adjoint. Then for every u € L%U and v € L%l/ with v +1v' < —n + 1 we have

(Pu,v) 2 = (u, P*v) 2.

Many local estimates on domains in R™ extend to weighted estimates on AC manifolds. One of
the basic techniques to obtain these estimates is the following scaling argument. On a fixed compact
set K C B estimates are proved as on compact manifolds. Identify instead M \ K with an exterior
region {r > R} in C(X). For R (and therefore K) large enough, up to small errors we can work
with the model operator P,. We apply the scaling technique of [5, Theorem 1.2]. Decompose the
region {r > R} in C(X) into the union of annuli {2¥R < r < 2¥*!R}. Up to a factor of (2¥R)™7,
on each annulus the weighted Sobolev/Ho6lder norms are equivalent (with constants independent
of R and k) to the standard Sobolev/Holder norms on the fixed annulus {1 < r < 2}. The required
estimates can then be proved by applying standard estimates on these rescaled annuli, rescaling
back and summing/taking supremums over k € Zx¢. For instance, consider the standard elliptic
estimates in Sobolev spaces, the Schauder estimates and the local estimate

lullcrinas) < C (I1Pullcro@e) + lullz2es)

for an elliptic operator P. Here B C R" is a ball and 2B is a ball of twice the radius. The scaling
argument we have sketched yields the following weighted estimates.

Theorem B.7. Let P: T'(E) — I'(F) be an admissible operator of order k. Then for every l > 0,
p>1,a€(0,1) and v € R there exists C > 0 such that

<c(IPuly, +luleg,,) Tl <€ (IPullge +lulcos, )

lullgrine < € (1Pull g + lull 2., )

lellee,, .

for all u € C°.

In order to proceed further it is necessary to study in more detail the mapping properties of the
model operator P,. This can be done explicitly by separation of variables. Note that the natural
R*—action on C(X) generated by the vector field rd, allows us to talk of homogeneous functions
on C(X).

Definition B.8. Let P: T'(E) — I'(F) be an admissible operator asymptotic to the model operator
Py: T(f*E) —» T'(f*F). We say that a section u of f*E — C(X) is homogeneous of rate A if |u|p__
is a homogeneous function of rate A\. We say that A is an indicial root for P, if there exists a
homogeneous section u of rate A such that Peou = 0. Let D(Py) denote the set of indicial roots
for Py. For each A € D(Py) let d()A) denote the dimension of the space of u € ker Py, of the form
u =" uj(log )7 with wg, . .., u;, homogeneous sections of E, of rate \.

In order to understand kernel and cokernel of admissible operators acting between weighted
Holder spaces, the following regularity result is necessary.
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Proposition B.9. Let P: T'(E) — I'(F) be an admissible operator of order k. Fix o € (0,1),
v € R and choose v/ > v so that [v,V'] does not contain any indicial Toot for P. Then there exists
C > 0 such that

Julege < € (1Pulgos, + ullz, ).

Proof. For fixed compact sets K’ C K we have the standard estimate ||u|| k.o < C (||Pullco.e + ||ullz2)-
Omne can then use these estimate on a fixed compact set Ky C B and over annuli {R < r < 2R} to
show that

Julege < € (IPullgne -+ ulsz, )

Finally, since there are no indicial roots of P in the interval [v, '], by solving the boundary value
problem equation Pv = Pu on B\ Ky, v = v on 0K one can show that

Jullgge < C <||Pu||cgfk + Huncfl,a) | 0

Corollary B.10. Let P: T'(E) — I'(F) be an admissible operator of order k and fiz o € (0,1) and
v € R. Then for every f € Cgf‘k such that

<fa H>L2 =0
for alluw € ker P*NC™ there exists u € C** such that Pu = f and

—n—v+k’
lull gt < Cllfll oo

Proof. Fix v/ > v so that [v,7/] does not contain any indicial root for P. Note that f € L2, , by
Theorem B.4 (iii) since v/ > v and that ker P*NC>,_, ., =ker P*NL2 _ ., since [v,1/'] does not
contain any indicial root. By Lemma B.6, f is L?>-orthogonal to the cokernel of P: sz, — lezuk
and therefore we can solve the equation Pu = f with u € L,QW,. If u is Ll%,forthogonal to the kernel
of P in L?,, then we also have an estimate

lulliz, < Clflez, < Clfllgos
for constants C,C’ > 0 independent of u and f. Now apply Proposition B.9. O

The following theorem contains the main statement about admissible operators between weighted
Holder spaces, their Fredholm property and index.

Theorem B.11. Let P: T'(E) — I'(F) be an admissible operator of order k and fixl > 0, a € (0,1)
and v,V € R withv < V.

(i) If v € R\ D(Px) then there exists a compact set K C B and a constant C > 0 such that
fullegsse < € (IPulcre, + lullagey )

In particular, P: CLHFe — Cll/fk is a Fredholm operator.
(ii) Assume that v, ¢ D(Ps) and denote by i(v) and i(v') the indexes of P: Ck* — C’Bfk
and P: C],f,’a — C’S}gk respectively. Then
i(V) —i(v) = N(v,1/'),
where N (v, ') = Y zep(Pa)n(ww) AN).-

Finally, the following result about the asymptotic decay of solutions to Du = f is used in the
proof of the index jump formula in Theorem B.11 and is as useful as the Theorem itself.
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Proposition B.12. Let P: T'(E) — I'(F) be an admissible operator of order k and fix I > 0,
a € (0,1) and v,V € R with v < V' and v,V ¢ D(Px).
Set N = N(v,v'). Let uy,...,uy be a basis of the space of u € ker Py, such that there exist
A € (v, V') and homeogeneous sections T, . .., Um of Ex of rate A such that u = 377" ;(log ).
Then there exists a compact set K C B such that for every f € C’Bf‘k with f = D’ for some
u € Cf,’a there exist a = (ay,...,ay) € RN and u € CH*(B\K) such that u/| g\ = ut+ SN a;u;.
Moreover, there exists a constant C > 0 independent of f,u,u’,a such that

Jull g e+ llal < € (Ifllcae, + ol gpe )
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